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1 Introduction

1.1 Ionic liquids - Solvents of the future?!

The term „ionic liquid“was invented in the middle of the 1990’s for a special class of

chemical solvents. ILs are by definition molten salts consisting solely of cations and an-

ions and have a melting temperature below 100 °C.[1] The term used for this class of

solvents before has been „room temperature molten salts“, which was somehow miss-

leading since „molten salts“was connected with high temperature melts of inorganic

salts like mixtures of NaCl and KCl. The lower melting temperatures of ILs compared

to inorganic melts arise from the use of organic compounds as cations, which are big-

ger than the inorganic ones, often contain delocalized π-systems as well as alkyl chains

and are asymmetric. The bigger size and the mesomeric systems lead to a distributi-

on of the cationic charge across the whole molecule, alkyl chains shield the charge of

counterions. These effects lead to weaker ionic interactions in ILs compared to inor-

ganic salts. Additionally, the asymmetry of the ions hinders effective crystallization of

the ILs and conformational flexible molecules make it from the viewpoint of entropy

more unfavorable to crystalize. These two effects, together with the weaker interacti-

ons are the reason for the lower melting temperatures.[2] Anions can be built up by

inorganic or organic compounds. A selection of typical IL ions is given in Fig. 1.1.[3, 4]

Probably the first molecules that can be termed as IL were reported in 1914 by Walden

et al.[5] and were alkylammonium- nitrate and halide salts with melting temperatures

around 100 °C. Since there was no application for these salts work on low tempera-

ture molten salts was not continued until the 1950’s and 60’s, where mixtures of AlCl3
and 1-ethylpyridinium halides (1, 6, 7 and 9 in Fig. 1.1) were invented and used for the

electrodeposition of Al.[6] This type of ILs was further developed in the U.S. Air Force

Academy in the research for an alternative electrolyte in thermal batteries, which so far

used melts of highly corrosive eutectic mixtures of LiCl-KCl with a melting tempera-

ture of 355 °C. The aim was to find an electrolyte with lower melting temperature, but

with the same advantages of molten salts compared to standard organic solvents, which

are generally a high thermal and chemical stability, non-volatility, their accessibility in

large quantities for a low price and, very interesting for electrochemical applications,

1



1 Introduction

Figure 1.1: Selection of cations (left) and anions (right) used in ILs

their wide electrochemical windows and high electric conductivity.[3] In this context

the chloroaluminate ILs are a bridge across the gap between the standard (high tem-

perature) molten salts and standard organic solvents. By adjusting the composition of

the components (1-alkylpyridinium chloride and AlCl3) it was even possible to achieve

melting points below room temperature, which is very advantageous for the handling

of solvents.[3] The chloroaluminate based ILs, which were later termed as first gene-

ration of ILs, suffer from a big disadvantage: they react with water forming HCl and

can therefore only be used in dry atmosphere. The second generation of ILs therefore

tried to reduce this problem by introducing tetrafluoroborate (21), hexafluorophospha-

te (17), nitrate, sulfate and acetate anions (in combination with 1,3-alkylimidazolium

cations (5)).[3, 7] Still, these ILs are unstable to moisture upon prolonged exposure,

especially at elevated temperatures. For instance, anion 17 and 21 release HF under

these conditions.[4] For further improvement even more hydrophobic and chemically

inert ILs were looked for and were found by, e.g., using trifluoromethylsulfonate (12)

or bis(trifluoromethylsulfonyl)amide (15) as anions,[4, 8, 9] especially in combination

2



1 Introduction

with n-alkylimidazolium (5) and n-alkylpyrrolidinium (1) cations. Finally, in the last

two decades, ILs triggered high expectations for tremendous improvements in all fields

of chemistry. In this context R. Rogers and R. Seddon asked in 2003 in the headline of

a perspective paper of theirs the question which is also stated in the headline of this

chapter: „Ionic Liquids - Solvents of the future?“[10] This question was raised more

than 10 years ago, but is, to be true, still not answered. From the point of view of Ro-

gers and Seddon, (beneath others) two pioneers in the development of ILs, the interest

in ionic liquids is just starting and especially the usage as alternative solvents in synthe-

sis, but also in other fields is very promising. In the forthcoming 10 years, they expect

conventional organic solvents to be replaced by ILs in many applications.[10] This be-

lief was also encouraged by the introduction of the first commercially used multi-ton

process based on the use of ILs, the so called BASIL (biphasic acid scavenging using

ionic liquids) process, invented by the BASF.[10, 11] On the other hand, the authors al-

so remark that there is also a big knowledge gap on the physicochemical properties of

ILs which has to be closed. In the following decade, a replacement of standard orga-

nic solvents by ILs did not occur on a large scale, but this is most probably due to the

lack of basic knowledge on the properties of these liquids. Nevertheless, the belief in

using ILs is unbroken in the community and research in this field is strongly growing,

as shown by a literature survey. In Fig. 1.2a the number of publications found in the

Thomson Reuter web of science containing the keywords „ionic liquid“, „room tem-

Figure 1.2: Number of publications mentioning (a) „ionic liquid“, „room temperature mol-
ten salt“or „ambient temperature molten salt“and (b) in combination with „battery“or „bat-
teries“according to Thomson Reuter, Web of Science.

perature molten salt“or „ambient temperature molten salt“is plotted against the year,

clearly showing a strong increase in this time. To help keeping an overview on the ra-

3



1 Introduction

pidly growing field, some very helpfull review papers and books have been published

recently. A basic introduction to ILs can be found in the book of Michael Freemantle,[12]

a short summary will also be given in the following section.

1.2 ILs and their physicochemical properties

The question asked in the section before and the belief in the benefit of ILs is based on

their very special physicochemical properties. In general, ILs are nonflammable and ha-

ve a high intrinsic conductivity, which is mainly limited by their high viscosity, which

is 10x - 100x higher than that of water. Furthermore ILs are electrochemically very sta-

ble with electrochemical windows of up to 6 V (for comparison: water 1.23 V), they

have a high thermal stability, negligible vapor pressure and are liquid over a wide tem-

perature range. These properties render them interesting for various applications, e.g.,

as solvents in chemical synthesis,[13–15] for the electrodeposition of metals and semi-

conductors (especially of such which cannot be deposited from standard solvents, e.g.,

water)[13], in catalysis,[15–17] as electrolytes in electrochemical devices (e.g., Li ion bat-

teries, fuel cells, electrochemical sensors)[18, 19], as lubricants, heat transfer fluids, sta-

tionary phases in gaschromatography, etc.[20] Of course these features are different for

each single IL. This is on the one hand an advantage, since the composition of an IL can

be changed by the usage of different combinations of anions and cations, by adjusting

the lenght of the alkyl chains at the cations (anions) or by introduction of additional

functional groups at the cations and anions. Literature often gives the number of 1018

possible combinations[20, 21]; essentially there is an endless pool for optimization of

ILs to the task they shall be used for. Because of this versatility they are sometimes also

termed as "designer solvents".[20] On the other hand, this endless amount of possibi-

lities makes it difficult to find a starting point which IL could be the best for a special

task. Here arise two ways to start: trial and error or systematic investigation of the pro-

perties of ILs. Obviously the second choice is the better one, therefore especially in the

last two decades a tremendous amount of data was produced. Overviews can be found

in refs.[1, 12, 14, 18, 22–25]. These data were also used to derive theoretical models to

further predict IL properties.[26–28] A recent and comprehensive review on the struc-

ture and nanostructure in ILs can be found in ref. [29]. Nevertheless, these data concern

mainly the most popular and most used ILs, and here mainly bulk properties rather

than interfacial ones. Therefore for the bulk of ILs many things are still unknown, espe-

cially concerning their interfaces.
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1 Introduction

1.3 Structure formation at the IL - solid interface

As described above one of the first purposes to use ILs was the need for better elec-

trolytes in thermal batteries. This idea was carried on to different battery systems, and

especially for Li ion batteries, which are at the moment the most used electrochemi-

cal storage systems for portable devices and e-drives in cars, ILs are promising new

solvents which can be used to improve Li ion battery electrolytes.[30–37] Work on this

topic was mainly done in the last 10 years and is still emerging as can be seen in Fig. 1.2b

where the annual number of publications mentioning „ionic liquid“(or „room tempe-

rature molten salt“or „ambient temperature molten salt“) in combination with „batte-

ry“or „batteries“according to the Thomson Reuters web of science Database is shown.

Especially ILs based on the bis(trifluoromethylsulfonyl)imide [TFSA]- anion, often in

combination with imidazolium or pyrrolidinium cations, emerged as promising candi-

dates. Standard battery electrolytes (normally mixtures of ethylene carbonate, propyle-

ne carbonate, dimethyl carbonate with a Li-salt, e.g., LiPF6) suffer from disadvantages:

they are flammable and volatile. These properties are a safety hazard in batteries, which

can be avoided when using ILs as main component of the battery electrolyte.

In batteries the interface between the electrode and the electrolyte plays a key ro-

le since the electrochemical reactions take place in this area. A fundamental under-

standing for the processes at the solid|liquid interface is therefore basis for improving

these battery systems systematically. Unfortunately, the electrode-electrolyte interface

in a Li-ion-battery is a very complex system, therefore allocating effects on the per-

formance of the battery to (structural) properties of the SEI is difficult. One attempt

to gain more insight is the simplification of the investigated system to well defined

model systems. This allows to employ different analytical methods which cannot be

applied, e.g., in real battery systems. The attempt to conduct these model studies is

to achieve a general understanding of IL|solid interfaces. A comprehensive summa-

ry of the knowledge of such interfaces can be found in Ref. [29], which dates back to

2015. One approach to gain insight into the solid|liquid interface of ILs is, e.g., to in-

vestigate the potential depending interaction of bulk ILs with a single crystalline metal

surface by combined in situ STM and cyclic voltammetry.[4, 38] For a Au(111) surface in

1-butyl-1-methylpyrrolidinium bis(trifluoromethylsulfonyl)amide [BMP][TFSA] it was

found that at open circuit potential, the Au(111) surface is roughened and has a worm-

like appearance with monatomic defects. Going to lower potentials heals these de-

fects. At -1,2 V against ferrocene/ferrocinium the surface is smooth again and at -1,6 V
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the typically[39] Au(111) herringbone reconstruction reappears. For a different IL on

Au(111), 1-butyl-3-methylimidazolium tetrafluoroborate [BMIM][BF4], a very different

behavior was found: a smooth single crystalline surface was detected with STM at po-

tentials higher than 0.9 V, at lower potentials between 0.9 V and 2.0 V also a wormlike

pattern very similar to that mentioned before was found.[40] The restructuring of the

metal surface seems to depend very sensitively on the applied potential, but also on

the type of the IL cations and anions used. On Au(110) covered with the same IL it was

possible to investigate the interaction between IL and the metal surface even in more

detail. Here it was possible to resolve the adsorbed IL molecules with STM additionally

to the changes of the metal surface during potential change.[41] In the anodic regime

between 0.1 V and 0.4 V, adsorption of the anion is detected in a hexagonal arrangement

while there is no reconstruction of the Au(110) surface visible. The BF4
- anion appears

as a round shaped protrusion in the STM picture. At potentials between 0.1 V and 0.7 V

there is a transition between adsorption of anions and cations, and at potentials below

-0.7 V [BMIM]+ adsorption appears, first in a disordered loose way, then below 0.95 V

this adsorption layer transforms in an ordered layer of cations arranged in domains on

the surface. While this transformation proceeds, the Au(110) surface is etched, but only

at positions which are not yet covered by ordered domains of the IL cation adlayer. In

the ordered domains the cations are adsorbed in double rows with the alkyl chains of

the cations lying parallel to each other. Therefore it was proposed that this structure is

stabilized by strong van der Waals interactions between the alkyl side chains of the ad-

sorbed IL cations, which also inhibit the further etching of the Au(110) surface. This is a

good example which shows that etching processes in ILs can sensitively be affected by

the adsorption geometry of the electrolyte molecules at the solid|electrolyte interface.

Therefore model studies investigating the adsorption behavior of ILs are very import-

ant to understand surface processes/reactions in electrochemical systems based on ILs.

Another very interesting aspect is the formation of layers of the ILs in front of surfa-

ces, which has been reported in several publications[42–52] applying AFM, resonant

soft X-ray reflectivity and high-energy X-ray reflectivity measurements on IL|solid

interfaces. This seems to be a quite common feature of these interfaces since it was

found for such various systems as, e.g., [BMIM][TFSA] and [BMP][BF4] on graphi-

te and mica,[42] [BMIM][PF6] on mica,[44] [BMIM][TFSA] on mica, amorphous silica

and oxidized Si(110),[43] 1-hexyl-3-methylimidazolium tris(pentafluoroethyl)trifluoro-

phosphate [HMIM][FAP], tetrabutylammonium [FAP], [BMP][FAP] and 1-methyl-3-

octadecylimidazolium [FAP] on sapphire(0001),[45, 46] ethylammonium nitrate, propy-
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lammonium nitrate and [EMIM]acetate on mica, silica and graphite,[47] [BMP][TFSA]

and [EMIM][TFSA] on Au(111)[48] and [BMP][FAP] on Au(111)[49]. This solvation

layers cannot be described by the Helmholtz-, Stern- or Gouy-Chapman model for dou-

ble layers between aqueous solutions | electrodes, since these models have been deve-

loped for ions dissolved in a solvent (H2O), therefore they cannot describe a solvent

solely consisting of ions, which forms (multiple) layers in front of an (electrified) so-

lid surface. It is therefore likely that surface reactions in ILs will behave different than

reactions in aqueous solution and that the amount and the nature of the IL layers in

front of the surface will have a big influence on these processes.[52] There have been

attempts to model the IL layering in front of charged surfaces. Oldham et al.[53] tried

to model this interface by a modified Gouy-Chapman-Stern approach, deriving, for a

positivly charged surface, an area directly in front of the surface (thickness 1 nm) which

is solely filled with anions followed by an exponential decay of the anion concentration

together with an equivalent rise in cation concentration until the bulk concentrations

(cation:anion = 1:1) is reached at ca. 3 nm distance from the surface. When comparing

this to the above mentioned experimental data it is clear that this approach does not

reflect reality and that a Gouy-Chapman-Stern approach is not suitable for ILs. An ap-

proach by Kornishev et al.[54–58] is more promising. Here Monte Carlo simulations and

molecular dynamics simulations were employed which also consider that ILs does not

consist of spherical charges, but anisotropic molecules with charged and neutral parts.

Using this approach it was possible to simulate alternating charge densities in front

of the surface, which can be interpreted as IL layers alternatingly enriched with anions

and cations. Capacitance spectra derived from these calculations are also in good agree-

ment to capacitance measurements on IL|metal double layers. Whether this model in

the end properly describes the reality cannot be decided, because too little is known

about the structure and composition of the layers itself.

To achieve more information on the composition of these layers and on the inter-

actions of the IL ions between and within these layers and, in the case of the first

layer adsorbed directly to the surface, between the IL ions and the surface (molecule-

molecule and molecule-surface interactions), it is desirable to employ analytical tech-

niques which can derive layer-by-layer sensitive information and/or which are able

to resolve these layers on a molecular/submolecular/atomic scale. Such techniques

can be found in surface science, e.g., (angle resolved) X-ray photoelectron spectros-

copy ((AR)XPS), infrared spectroscopy (IR), metastable impact electron spectroscopy

(MIES) and scanning probe micrsocopies (STM, AFM), just to name a few. They requi-
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re, however, the use of model systems and (some of them) to work under ultra high

vacuum (UHV) conditions. Nevertheless these techniques are powerfull tools, e.g., for

the investigation of the first IL layers adsorbed on metal and oxidic surfaces. Extensi-

ve investigations in this direction were made in the group of Prof. Steinrück, utilizing

ARXPS as well as infrared reflection absorption spectroscopy (IRAS).[59–64] With IRAS

the adsorption behavior of [BMIM][TFSA] on NiAl(110) supported Al2O3 was investi-

gated. The IL was found to adsorb as intact molecules, the adsorption was reversible.

By comparison with DFT calculations an adsorption geometry of the [TFSA]- anion in

cis configuration was proposed, with the SO2-groups oriented to the surface.[61] Since

ARXPS allows to tune the surface sensitivity by changing the detection angle (a bigger

angle relative to the surface normal gives a higher surface sensitivity), it was possible

to generate a depth profile of adsorbed IL layers and map the vertical distribution of

the atoms in the molecule layers, which in the end made it possible to directly achie-

ve adsorption geometries. There are principally two possibilities for adsorption of IL

molecules on the surface: the cation and anion can adsorb next to each other, both in di-

rect contact to the surface, or with only one ion species in direct contact with the surface

and the other one on top of it. It was found that it depends on the IL and the substra-

tes which adsorption geometry is favored: for [EMIM][TFSA] on glass an adsorption

geometry with the cation in direct contact to the surface and the [TFSA]- anion on top

of the first layer was found by ARXPS. The growth mode of the IL layers on glass

occurs three-dimensionally (non-wetting).[59] In contrast [MMIM][TFSA] adsorbs on

Au(111) with both ions in direct contact in the first layer and with a layer-by-layer

growth. The [TFSA]- anion adsorbs in a cis-conformation, with the SO2 groups poin-

ting to the surface and the CF3 groups to the vacuum side (as it was also found for

[BMIM][TFSA] on glass); the [MMIM] cation lies with its ring flat on the surface.[62]

Using a cation with a longer alkyl chain (in this case octyl instead of methyl, which al-

so introduces new possiblilties of conformational freedom for the cation) the adsorbed

cations show a coverage dependent behavior: in the submonolayer regime (< 1 ML),

the alkyl chains lie flat on the surface (the other adsorption geometries stay the same

compared to [MMIM][TFSA]), while at coverages around 1 ML the alkyl chains change

their orientation and point toward the vacuum to create space in the first adsorption

layer for additional molecules.[62] Finally, for [MMIM][TFSA] on Ni(111), a mixture of

both adsorption geometries was found: for coverages < 0.8 ML a bilayer adsorption

with the anion on top of the cation dominates. At higher coverages the ions exchange

their positions in roughly half of these sandwiches with the result that now a bilayer
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structure with both cations and anions in direct contact with the surface are detected. It

is assumed that this behavior is driven by repelling dipole-dipole interactions between

the stacked ion pairs.[63]

What is nearly completely missing are investigations on the lateral ordering of ILs

on solid surfaces on a molecular scale, no matter if in electrolyte or in UHV. The ex-

perimental data available at the start of this thesis were to the best of our knowledge

four papers with molecular resolution, two in electrochemical conditions investigated

with in situ STM[41, 65] and two of thin layers investigated with STM under UHV

conditions,[66, 67] whereof one stems from our own group. The data of these investi-

gations is illustrated and discussed in detail in the results part and compared with our

own results, therefore they shall not be presented here.

1.4 Objective

As shown above there is already a reasonably good understanding of the alignment

of IL layers normal to solid surfaces, but the ordering of the molecules inside the ad-

sorbed layers of ILs is not yet known very well. Especially measurements directly re-

solving the IL molecules are missing. The scope of this thesis is to contribute data to

fill this gap. To fulfill this task, STM was choosen as the measurement method of choi-

ce, assisted by spectroscopic (XPS) and massspectrometric (QMS) methods. Followi-

ng refs. [41, 65–67], STM is expected to provide the best achievable lateral resolution

compared to other techniques. This shall be assisted by measuring under UHV con-

ditions and by measuring at low temperatures (if necessary, minimum down to LN2

temperature, which is the limit of our STM setup). At lower temperatures molecular

movement is slowed down and therefore resolution in STM is improved. Further expe-

rimental details are described in section 2. Since the relevance for battery applications

is the main motivation for this work, it is straightforward to use ILs which already ha-

ve been tested positively for their use in Li ion batteries. As already stated before ILs

consisting of the [TFSA]- anion and imidazolium and pyrrolidinium based cations ful-

fill this requirement.[1, 33, 36, 68] These ILs are also among the most investigated ILs,

therefore it was possible to find data on most of the bulk properties of these liquids.

Additionally, from experimental reasons, it has to be possible to handle them in UHV

(low vapor pressure at RT under UHV conditions, but vaporizable at elevated tempe-

ratures without decomposition to be able to produce IL layers on substrate surfaces,

details see Experimental 2). Because of these requirements the ILs [BMP][TFSA] and
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[EMIM][TFSA] where chosen as the most prominent ones, for which it was explicitly

shown that they can be used under UHV conditions.[69–72] The investigations are con-

ducted on well defined single crystalline substrates, which can be prepared reproducib-

ly with exactly the same surface properties. This makes it possible to relate changes in

the adlayer structures directly to controlled changes in the adlayer composition, e.g., by

use of different cations in the ILs or by incorporation of foreign atoms. These atomically

flat surfaces are also needed for (sub)molecular resolved STM measurements. We star-

ted with inert surfaces (Au(111) and Ag(111)), then moved on to more reactive Cu(111)

and then to rutile TiO2(110). The latter is interesting since rutile is on the one hand a

possible material for anodes in Li ion batteries, on the other hand the rutile TiO2(110)

surface is nearly as extensively investigated and therefore well known as many single

crystalline metal surfaces. In the results part (section 3) the findings are elucidated in

more detail, focussing on the following points:

1. Section 3.1 presents STM and XPS measurements on the growth, structure for-

mation and thermal disordering of (sub-)monolayer films of [BMP][TFSA] on

Au(111) in a temperature range between 100 K and 300 K.

2. Section 3.2 shows STM measurements on the interaction of [BMP][TFSA] with

Ag(111) together with DFT-D calculations (dispersion-corrected density functio-

nal theory calculations) to derive a detailed model on the adsorption behavior

and on the molecule-molecule and molecule-substrate interactions in this system.

3. Section 3.3 focuses on substrate effects in the structure formation in the [BMP]-

[TFSA] adlayers based on the STM data derived in sections 3.1, 3.2 and additional

data, emphasizing the influence of the Au(111) surface reconstruction pattern.

4. Section 3.4 discusses the influence of different cations and of different alkyl chains

at the cations based on STM measurements on [EMIM][TFSA] and [OMIM][TFSA]

on Ag(111) and Au(111), which are compared to the results on [BMP][TFSA] des-

cribed in the sections before.

5. Section 3.5 focuses on the structure formation of the intact [BMP][TFSA] on the

(compared to Au(111) or Ag(111)) more reactive Cu(111) at low temperatures and

on the thermal decomposition of the IL at higher temperatures. Using STM and

XPS methods allows to identify possible decomposition products.

6. Finally, in section 3.6 the interaction of [BMP][TFSA] adlayers with a rutile

TiO2(110) surface and the influence of Li on the IL adlayers is investigated, which
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is an attempt to get closer to real battery systems. The main difference to the me-

tallic surfaces is the possibility of Li to react with the substrate and intercalate into

the bulk rutile. Since literature data on the intercalation process are not consistent

the interaction of Li with the substrate surface and the intercalation of Li was

investigated in detail by STM and XPS and compared to the literature. Coadsorp-

tion of Li to predeposited [BMP][TFSA] adlayers results in a competition between

the intercalation of Li into the rutile and the reaction of Li with the [BMP][TFSA]

adlayers. The latter leads to decomposition of the IL molecules, similar to the be-

havior on Cu(111). Decomposition mechanisms for the thermal decomposition

and the one triggered by incorporation of Li are proposed, mainly based on com-

paring the decomposition products found by analysis of newly emerging peaks

in XPS not related to the intact [BMP][TFSA] molecules with calculated decom-

position mechanism for the IL cations and anions reported in the literature.
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2 Experimental section

2.1 Ultra high vacuum systems

The experiments were performed under UHV conditions in two different chambers, in

the following denoted as Chamber 1 and 2. Both chambers include a STM, Chamber 2

is additionally equipped with facilities for XPS, UPS and IR measurements.

2.1.1 UHV Chamber 1

The STM measurements on the adsorption behavior and structure formation of [BMP]-

[TFSA], [EMIM][TFSA] and [OMIM][TFSA] on Au(111) and Ag(111) (see sections 3.1,

3.2, 3.3 and 3.4) were conducted in Chamber 1. A schematic drawing is shown in Fig. 2.1.

Chamber 1 is built up of three compartements denoted as STM chamber, XPS chamber

and load lock system. The vacuum in the STM and XPS chamber is generated by a

combination of a scroll pump (Varian SH 110) providing a pre-pressure between 10-2

and 10-1 mbar for a turbomolecular pump (Pfeiffer TMU 071 P) which evacuates the

chambers via a CF 100 flange at the bottom side of the XPS chamber. Additionally both

the XPS and STM chamber are equipped with ion getter pumps (Varian Star Cell and

Varian VacIon Plus 500 Star Cell). After bakeout of the system to 393 K, activation of the

ion getter pumps and cooling down to room temperature the UHV system is at a base

pressure in the range of 1 x 10-10 mbar. The STM chamber is equiped with a manipulator

with a sample storage device with five slots and a stage for sample heating by electron

bombardement from the backside of the sample. The heating stage is equipped with a

type K thermocouple to control the temperature of the sample during annealing. The

thermocouple is spot welded to one of the clamps fixing the sample holder in the sam-

ple stage. Since this is not directly attached at the sample the temperatures measured by

the thermocouple are lower than the real temperature of the sample. For exact tempe-

rature measurement an IR pyrometer is used (LumaSense impac IP 140, measurement

ranges 348 K - 823 K and 573 K - 1573 K, measurement accuracy according to the pro-

ducer: up to 673 K: 2 K, above 673 K: 0.3% of the measured temperature (in °C) + 1 K).

Two sputterguns (SPECS IQE 11/35) are mounted in the STM chamber: one points to
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Figure 2.1: Schematic drawing of Chamber 1. Displayed are the STM chamber in the front with
all details and the XPS chamber in the back with reduced details mounted on a massive table
consisting of a steel plate and concrete legs. For a better general view neither pipes, hoses and
wiring from/to the chamber are shown nor the pumping system and details of the XPS chamber.
For details see description in the text. Reprinted with permission from Ref. [73].
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the heating stage of the manipulator for sample sputtering, the second to the STM for

in situ preparation of the STM tip. The core part of the STM chamber is a commercial

STM system (SPECS, STM 150). A detailed mechanical drawing of the STM is shown in

Fig. 2.2.

Figure 2.2: Mechanical drawing of the variable temperature STM 150 of the SPECS GmbH.
Reproduced and adapted from Ref. [74] with permission from Michael Roos.

The design of the STM follows the so-called “Aarhus type“ STM design invented

by Besenbacher, Laegsgaard and Stensgaard 1987 at the University of Aarhus, Den-

mark.[75, 76] The STM itself is situated onto/inside a Au-plated Cu-block which itself

hangs via three springs in a metal rack attached to a CF 150 flange. The springs pro-

vide damping against external vibrations. The support in which the sample holder is

positioned is mounted on top of the Cu block. The sample holder is attached in a way

that the surface of the sample to be investigated is pointing downwards. The STM tip

together with the whole scanner is approached by an inchworm motor from below the

sample. The motor has an operating distance of a few mm. The approach is controlled

with a feedback loop which stops the movement upon detection of a tunneling current
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between tip and sample. While scanning the x-y-z movement of the tip is achieved with

a piezo tube with four segments (ßingle tube scanner", ref. [77]). The STM is operated

with the SpecsProbe Data Acquistion Software and the SPECS SPC 260 control unit.

The Cu block (together with the STM) can be cooled to nearly LN2 temperature (ca.

90 K) by pressing a cooling piston containing a LN2 feed-through from the backside

against the Cu block. For STM measurement the cooling piston has to be released from

the Cu block since in cooling position the Cu block is pressed into the guiding and

therefore the damping is not active and the sample is electrically grounded. For ap-

proach and during measurement the Cu block is cooled (with lower efficiency) through

Cu strands connecting the Cu block with the cooling piston. Because of its size the Cu

block itself acts as thermal reservoir and keeps the temperature of the sample near-

ly stable during STM measurement. With turned off LN2 supply the temperature of a

sample in the STM increases only little over several hours. Nevertheless, this tempe-

rature increase leads to a higher drift (especially at the lower temperature limit) in the

STM images compared to a measurement at completely stable conditions (e.g., at room

temperature (RT)). The temperature of the STM tip and the sample (+ Cu block) are

measured by two type K thermocouples with the first one connected with the base pla-

te of the STM scanner and the second one with one of the clamps holding the sample

holder in position. Sample (+ Cu block) and STM scanner (+ tip) can be heated sepera-

tely by two Zener diodes to up to 373 K. This way the temperature of each can also be

hold at an intended value by a feedback loop controlled via the thermocouples.

The XPS chamber can be separated with a valve (VAT, DN 150) from the STM cham-

ber and is equipped with an X-ray source (twin anode X-ray source XR3 with 8025

power supply, Fisons Instruments) capable of emission of non-chromatized AlKα and

MgKα radiation, a hemispherical analyzer (CLAM 2, VG Microtech) and a manipula-

tor (VG Scienta Miniax HPT; capable of sample heating by electron bombardement and

cooling with a LN2 feed through and Cu strands to 200 K sample temperature) for XPS

measurements. Since the XPS is not capable of the same resolution which can be achie-

ved in Chamber 2 (see Ref. 2.1.2), it is mainly used for checking sample cleanliness.

A quadrupole mass spectrometer (Balzers QME 125) is also attached for residual gas

analysis.

The load lock system is evacuated by a separate turbomolecular pump (Pfeiffer TMU

071 P) and connected by a valve (VAT, DN 40) to the STM chamber. Therefore, it can

be vented separately from the main chambers, which is used for transfer of samples

into/out of the chamber. The load lock system is additionally equipped with a triple
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Knudsen evaporator (Ventiotec, OVD 3), usable for evaporation of organic molecules or

ionic liquids. Opposite of the evaporator a QMB is attached for measuring the molecule

flux evolving from the evaporator. With two transfer rods, the first one along the main

axis of the STM and XPS chamber and the second one vertical to this direction and

along the main axis through STM chamber and load lock system, it is possible to move

the sample between the different positions (STM chamber - XPS chamber and STM -

manipulator with sample stage - transfer rod 1 - load lock/Knudsen evaporator). For

transfer between transfer rod 1 and XPS manipulator a wobblestick is attached at the

XPS chamber. The transfer system is based on the Omicron system. Sample holders for

this system are shown in Fig. 2.3, in our case they are made from Tantalum for high

thermal and mechanical stability. The sample holder has a rectangular knob at which it

can be grasped. The plate of the sample holder itself can be barged into a rack/sample

stage, e.g., in the STM (compare enlargement in Fig. 2.2) and is held with two clamps

(made of spring steel) in this position. Therefore a transfer is always possible between

a position, where the sample is grasped at the knob (either by the transfer rod mounted

in the load lock chamber or by the wobble stick in the XPS chamber), and one, where

the Ta holder body is pushed into a sample stage with clamps (all other positions, e.g.,

the sample stage of the STM, see Fig. 2.2). The sample crystals (Au, Ag, Cu and rutile

Figure 2.3: Schematic drawing of sample and sample holder.

TiO2) itself are purchased from MaTeck GmbH in the highest available purity (5N). The

crystalls have a hat shape form with diameters of the outer and inner cylinder of 9 mm

and 7 mm, an overall thickness of 1.1 mm and a thickness of the brim of 0.6 mm. The

smaller side is polished to a roughness better 30 nm and with an orientation accuracy
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< 0.1° relative to the intended crystal facet ((111) in the case of Au, Ag and Cu and (110)

in the case of TiO2) according to the specifications of the manufacturer. In the middle

of the sample holder a whole is drilled with the inverse hat shape form of the sample,

but with 0.4 mm larger diameters compared to the sample crystal and in a way that the

front surface of the sample is standing 0.1 mm above the surface of the Ta plate, when

the crystal is placed in the holder. (This prevents transfer of contaminations from the Ta

metal to the sample surface when sputtering.) On the positions where the brim of the

sample touches the sample holder three triangles (marked blue in Fig. 2.3) are molded

out of the material. The sample comes to rest only on these three positions on the sample

holder when mounted upside down in the STM. This geometry minimizes vibrations of

the sample in the sample holder, which is important for the STM measurements. When

the sample is positioned in the holder, two Ta wires are spot welded to the backside

of the Ta holder in a way that they prevent the sample from falling out, but that the

sample crystal can move freely in its socket.

2.1.2 UHV Chamber 2

Measurements on the structure formation and decomposition of [BMP][TFSA] on

Cu(111) and TiO2 and all XPS measurements have been conducted in Chamber 2. This

UHV system is built up of three chambers: STM chamber, XPS chamber and load lock

system. A schematic drawing of Chamber 2 is shown in Fig. 2.4. The STM chamber

(drawn on the right side of Fig. 2.4) is identical in construction compared to Cham-

ber 1. It contains a manipulator with a sample storage with 5 slots and a heating stage,

two Sputterguns (SPECS IQE 11/35) for sample and in situ tip preparation and a STM

(SPECS SPM 150 Aarhus). The STM is a newer model of the one in Chamber 1, its se-

tup is very similar except for two details: the damping system is supplemented by four

Viton bands mounted parallel to the springs to damp a wider vibration spectrum, and

the STM tip is exchanged by a so called KolibriSensor®, which is able to make beneath

STM also nc-AFM measurements (nc-AFM and STM in parallel is possible, too). In the

KolibriSensor® a tungsten-tip is mounted on top of a quartz-crystal. For AFM measu-

rements an AC voltage is put onto the crystal which leeds to oscillation of the crystal

and with this of the tip position on the z-axis. For standard STM measurements no vol-

tage is applied on the crystal and the system behaves as if a standard tungsten tip is

mounted. Since the AFM option was not used in this thesis I refer for a more detailed

description of the KolibriSensor® to the manufacturer’s description (SPECS). The STM

is controlled with the SPECS Nanonis SPM Controller and Software.
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Figure 2.4: Topview schematic drawing of Chamber 2.

The STM chamber is connected via a valve (VAT, DN 150) to the XPS chamber. This

chamber has a pill-shaped longish form. It is built up in a way that all CF-ports of the

chamber are pointing to one of three “focus points“ all situated on the central axis of

the chamber. On the first one (“XPS/UPS position“) points a X-ray gun (SPECS XR 50),

a hemispherical analyzer (SPECS Phoibos 150), a He I+II UV lamp (SPECS UVS 300)

and a flood gun (SPECS FG 15/40). This arrangement is for measuring high resolution

(AR)XPS and UPS spectra. The X-ray source is capable of emitting non-chromatized

AlKα and MgKα radiation. Additionally a Li-evaporator is mounted. The second fo-

cus point (“transfer position“) is used for the transfer to the load lock system of the

chamber. On the third focus point a quadrupole mass spectrometer (Pfeiffer HiQuad

QMG 700), a Triple Knudsen effusion cell (ventiotec OVD-3) containing ILs and an eva-

porator for liquids with high vapor pressure (e.g., ethylene carbonate (EC) or water) are

pointing. Additionally a third Sputtergun (SPECS IQE 11/35) for sample preparation

points toward this focus point. To be able to load the IL evaporator without venting the

main chambers, the IL evaporator is connected via two gate valves (VAT, DN40) (and

a bellow) to the XPS chamber and the load lock system. Additionally the evaporator is

mounted on top of a z-hub to be able to move it nearer to the focus point in the XPS

chamber. Nevertheless, due to geometrical reasons it is not possible to move it directly

in front of the sample as it is possible in Chamber 1. Therefore higher temperatures are

needed to achieve the same molecule flux at the sample. The QMS is mounted on a

18



2 Experimental section

z-hub, too. The ionization area of the QMS can be moved directly to the position of the

focus point and the molecule flux evolving from the evaporators can be detected with

the QMS.

The XPS chamber is extended on its main axis with a CF 100 tube with three CF 40

flanges attached vertically. At the CF 40 flanges viewports are mounted, the ones op-

posite to each other are IR transparent and are equipped with connection ports for an

IR spectrometer (spectrometer not shown in the schematic drawing). Attached to the

CF 100 tube and opposite to the STM chamber a manipulator is attached with a sample

stage at its head. The manipulator can move the sample stage between the IR measu-

rement position and the XPS position and can turn it by ± 180° around the main axis.

An x-y-stage makes it possible to move the sample stage by ± 50 mm in all directi-

ons vertical to the main axis. Additionally the manipulator together with the sample

stage is coolable via a LN2 feedthrough to a minimum of 80 K. For all IR, XPS and

UPS measurements and all evaporation steps (IL or Li) the sample is positioned in this

manipulator.

The load lock system is separated from the XPS chamber via a gate valve (VAT

DN 40). It is equipped with a rotateable sample stage and a quick access door for trans-

fer of samples into/out of the UHV system. The transfer system is compatible with

the one of Chamber 1, therefore the same samples can be used. Movement through the

chambers is achieved by three transfer rods. The first is mounted in the XPS chamber

and is pointing toward the load lock system. It is used for the transfer load lock stage

- XPS chamber, where the sample can be either put into the sample stage of the XPS

manipulator or into the sample stage on the second transfer rod. The second transfer

rod is mounted in the STM chamber on the main axis through STM and XPS chamber.

It can move the sample between the transfer point from rod 1 and the STM chamber.

All facilities in the STM chamber are accessible by a third (shorter) transfer rod, which

can take a sample out of the sample stage of transfer rod 2.

The vacuum in the STM and XPS chamber is created by a turbomolecular pump

(Pfeiffer HiPace300) which is situated at a CF 100 flange at the bottom of the XPS cham-

ber. A scroll pump (Varian SH110) generates the pre-pressure for the turbomolecular

pump of 10-2 to 10-1 mbar. Additionally at each of both chambers a combination of a

ion getter pump with a Ti sublimation pump (Varian VacIon Plus 300 StarCell) is moun-

ted at CF 150 flanges at the bottom of the chambers. After bakeout of the XPS chamber

to 400 K and of the STM chamber to 390 K and activation of the ion getter pumps, the

chambers work at a base pressure of 2 x 10-10 mbar. The load lock system is pumped by
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a separate combination of turbomolecular pump (Pfeiffer HiPace80) and Scroll pump

(Varian SH110). Since the load lock is normally not baked and the viton-sealed gate is

less tight than the Cu-sealed connections, the load lock operates at a base pressure of

1 x 10-8 to 1 x 10-9 mbar. Therefore the gate between XPS chamber and load lock system

is closed except for transfers to protect the vacuum in the main chambers.

2.2 Data acquisition and evaluation

2.2.1 STM

All STM measurements were performed in constant current mode. When the sample is

inserted into the sample stage of the STM, it is necessary to wait until sample and STM

are in thermal equilibrium and the temperature is as stable as possible to reduce thermal

drift effects in the STM. To start measurement the cooling piston has to be withdrawn

from the Cu-block because otherwise the damping system of the STM is bypassed and

the sample is electrically grounded. All further settings are controlled with the soft-

ware provided by SPECS, in case of Chamber 1 with the SpecsProbe Data Acquistion

Software and in case of Chamber 2 with the (newer) Nanonis SPM Software. First the

tip is approached until tunneling contact is accomplished; the movement is controlled

via a feedback loop and is stopped automatically when a tunneling current is detected.

Since the samples never lie completely flat in the holder, a slope compensation has to

be applied via the software. In case of Chamber 1 this can only partly be done: here the

scan direction is oriented in a way that the fast scan direction (= x-direction) is running

vertical to the slope and therefore on the same height level in one line of the scan and

the slow scan direction (= y-direction) is running parallel to the slope and therefore the

piezo has to ramp the tip up/down in this direction. In the Nanonis Software of the

STM in Chamber 2 a slope compensation is integrated: Here it is possible to correct for

the slope by setting a voltage ramp on the piezos which make the movement in x and

y-direction. This can be done automatically or manually, best results are achieved when

first the automatic compensation is applied and afterwards it is tuned manually. After

proper slope correction the setup is in principle ready for measurement. Quite often no

image can be achieved due to problems with the tip (double-, multi tip, bad tip geome-

try, contaminations). For fine tuning of the tip voltage pulses can be applied of up to 10

V, which can clean the tip and alter its appearance in a positive, but also in a negative

way. On soft metals like Au(111), Ag(111) and Cu(111) the tip can also be altered with

a controlled crash with the surface. If all this does not help the measurement has to be

20



2 Experimental section

aborted and the tip has to be cleaned with a sputter step.

STM images were taken with standard tunneling voltages UT for atomic resolution of

the substrates of 100 - 1500 mV and tunneling currents IT of 0.1 - 9.0 nA. For resolution

of IL adlayers tunneling conditions of UT = 1 - 2 V and IT < 0.1 nA are necessary. At cur-

rents above ca. 0.15 nA (depending on the substrate and the temperature) the adsorbed

molecules are moved by the tip and therefore the adlayers are altered. Because of this

reason it was not possible to obtain STM images of atomically resolved substrate next

to IL adlayer islands. Evaluation of the STM was done with an analysis software based

on IDL and with the WSxM software package [78]. The scale of the STM images was

calibrated in case of the STM in Chamber 1 on the atom-atom distances in atomically

resolved STM images of Ag(111) and Au(111) and additionally, since these structures

can only be resolved in small scale images, for larger scales also the distances of 6.3 nm

in 〈11̄0〉 direction in between two double rows of the herringbone reconstruction[39]

are used. In case of the STM in Chamber 2, atomically resolved images of Cu(111) were

used and additionally for images with larger scales the distance between the bridged

oxygen rows of the TiO2(110) (1x1) surface. To account for thermal drift, the calibra-

tion is made only from distances measured in the fast scan direction (x-direction). In

this direction distances are nearly not affected by thermal drift because of the fast mo-

vement of the tip and therefore distances can be calibrated with an accuracy of ±4%.

In y-direction the scanning speed is much lower and the lenght scale is changing for

each measurement day. The length scale in y-direction is also affected by changing the

position of the scan area: for a change in position the voltage applied on the piezos is

suddenly changed and the piezos need some time (seconds to minutes) to adapt a new

equilibrium. In the affected STM images this leads to a non-linear drift, strong at the

beginning and (exponentially) decreasing. Because of these effects a calibration of the

STM in y-direction is generally not possible. Nevertheless, for STM images showing no

non-linear drift, drift correction and calibration can be achieved for each picture indi-

vidually using distances measured before in x-direction (e.g., in different STM images)

which reappear in this image. For measurements at completely stable conditions (e.g.,

at room temperature) and without changes in the position and the scan area in prece-

ding STM images, distances in y-direction are stable and match to the calibration made

in x-direction. For more detailed explanation on drift correction and calibration please

refer to the following example and sections 2.3.1-2.3.3.

The further processing of STM images is exemplarily shown in Fig. 2.5. In Fig. 2.5a

a STM image of a clean Au(111) is shown as it was recorded. The image was taken in
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Figure 2.5: Example for STM image processing: (a) original STM image and (b) after height
leveling on one terrace or (c) after global height leveling. Starting from (b), the image can be cut
along the steps and the contrast can be enhanced for each terrace (d). Afterwards the image can
be reassembled again (e). (f) shows the image drift corrected (UT = 1250 mV, IT = 0.030 nA, T =
300 K).

Chamber 1 and shows therefore a height gradient in y-direction. This can be corrected

with both STM image processing softwares using linear or parabolic height offsets or

by defining by hand that certain areas in the picture (e.g., on one terrace) shall have in

average the same height across the image (which was done in Fig. 2.5b) or the who-

le image shall have in average the same height (Fig. 2.5c). The first case gives a more

realistic representation of the surface, nevertheless it is sometimes advantageous to use

the second case, e.g., when, like in this example, many steps are present in the STM

image. In this case it is possible to achieve a higher contrast on the terraces when using

the second method while at the same time the representation of the steps in the image

is not altered. In both cases it is additionally possible/necessary to stretch the height

range of the STM image on the full scale of the used color palette (in this example a

grey-scale palette) to enhance contrast in the image. Sometimes it is even reasonable

to overscale the STM image in a way that the contrast is maximized in one part of the
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STM image while in other parts the information gets lost because it is out of range of

the color palette (these parts are then displayed black or white in a grey-scale palette).

The right preparation of the STM images depends therefore on what is aimed at: For

quantitative analysis of heights or extraction of height profiles only STM images pro-

cessed like in Fig. 2.5b can be used (or images processed in this way and afterwards

overscaled, as long as the evaluated area is still inside the color palette), for evaluati-

on of distances in x-direction it can be advantageous to use an image processing like

in Fig. 2.5c because of the enhanced contrast. For presentation of data the image can

also be further processed as it is shown in Fig. 2.5d and e: here coming from Fig. 2.5b

the contrast in the image is maximized for each terrace separately. Afterwards using

a standard picture editing software, which is capable of marking areas with the same

greyscale in an image, the parts of the next higher terrace which are displayed whi-

te are removed and the STM image parts are put together to a full image again. With

this method it is possible to maximize contrast on multiple terraces in one image, but

the height information at the steps gets lost. To compensate thermal drift is also possi-

ble for STM images where an already known structure is visible. This is possible, e.g.,

for Au(111) where the herringbone reconstruction can be used as internal standard for

drift compensation. The IDL software is capable of correcting STM images depending

on two vectors, which are marked in the image and which should ideally be roughly or-

thogonal to each other. For Au(111) multiples of the distances between double rows of

the herringbone reconstruction can be used. After drift correction two such directions

should stand in 120° to each other with distances of 6.3 nm in between double rows of

the herringbone reconstruction. The software stretches the length of the marked vectors

and the angle in between the vectors to the setpoint values which have been given to

it. The result for the example STM image is shown in Fig. 2.5f. The STM image shown

here is an example with very pronounced thermal drift to make the effect clearly visi-

ble (In this case the thermal drift is so pronounced because the STM image was taken

during a heat up of the STM from LN2 temperature to 300 K). With this method only

linear drift can be compensated, but no non-linear drift. A deformation of STM images

by non-linear drift is normally clearly visible by curved features in the STM images

and therefore it is quite easy to prevent evaluation errors caused by non-linear drift.

E.g., the first 10% of all STM images are not used for evaluation since a slight non-linear

drift is visible in most of these images due to a jump of the tip from the top end of the

scan area at the end of the previous STM image back to the bottom when starting the

actual image (in Chamber 1 it is not possible to change this scan sequence, in Cham-
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ber 2 also a bounce scan sequence (first image: in y-scan direction tip moves upwards,

second image: downwards, ...) is possible, which prevents for this drift effect). After a

bigger jump into a new position the measurement is stopped for some minutes to allow

the piezos to adapt to the new equilibrium position or the first measured STM image(s)

is (are) not stored. In STM images shown in this thesis normally the first 10% of the

full STM scan are removed. In contrast, to prevent for measurement errors by linear

(thermal) drift effects, especially in STM images without a known structure usable as

internal standard for drift compensation, e.g., on Ag(111) and Cu(111), where no sur-

face reconstruction patterns are visible, it is very important to wait long enough until

the whole STM system is in thermal equilibrium and, since this can only minimize the

drift but not eliminate it completely in our setups, only to measure distances in the fast

scan dircetion (x-direction), as it was also done for the size calibration of the images.

For determination of a unit cell therefore the length of both sides have to be measured

in different STM images. For all distances measured from STM images and given in

the results part several distances from several STM images from several independent

measurement days were averaged and the standard deviation is given.

In Appendix 6.1 a register with the origin of all STM images shown in this thesis is

given.

2.2.2 XPS

XPS measurements were conducted using the Al Kα radiation (1486.6 eV) of the X-ray

source at a power of 250 W (U = 14 kV, I = 17.8 mA) in the measurements on [BMP]-

[TFSA] on Cu(111) and Ag(111) (sections 3.2 and 3.5) and 150 W (U = 12 kV, I = 12.5 mA)

in the measurements on [BMP][TFSA] and Li on TiO2(110) (section 3.6). The spectra we-

re recorded at a pass energy of 100 eV at emission angles of 0° and 80° relative to the

surface normal. At 80° the surface sensitivity of the measurement is enhanced relative

to 0°. The spectra shown in the figures are all taken at an electron emission angle of

80° relative to the surface normal if not stated otherwise. Peak fitting was performed

with CasaXPS as well as the Igor Pro 6 software. For background subtraction a Shir-

ley background (where necessary convoluted with a parabolic background) was used,

for fitting of Ti2p peaks also a convolution of a Shirley background with a linear back-

ground was used. The peaks were fitted using a Pseudo-Voigt type peak shape, which

is a convolution of a Gaussian and Lorentzian function. For the background subtrac-

tion of the Li1s and N1s peaks it was additionally necessary to subtract the signal of

the pure TiO2 surface before performing the Shirley background subtraction. For the
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Li1s peak this was necessary due to the small intensity of the peak, for the N1s peak

because of a background peak (Ta4p3/2) in this region, which is superimposed on the

N1s signal. The Ta4p peak stems from the Ta sample holder and is detected under an

emission angle of 80°. In this configuration the area probed by XPS is slightly larger

than the sample surface due to the tilt of the surface normal relative to the detector. The

manipulator position for XPS measurements was optimized for each sample in such a

way that the Ta4d and Ta4f signals are minimized relative to the substrate peaks (Cu2p,

Ti2p, Ag3d). This configuration is a compromise between the probed area and with this

the intensity of the measured peaks, and the amount of probed sample holder area.

The [BMP][TFSA] adlayers were found to slowly decompose in the X-ray beam du-

ring XPS measurements, as it is already known from previous experiments applying

non-monochromatized X-ray radiation [79]. We quantified the beam damage occur-

ring on our samples by measuring the decay of all peaks in the XP spectra assigned

to [BMP][TFSA] over several hours. A decomposition rate of ca. 0.002 min-1 of the to-

tal intensities of the peaks for both the anion as well as the cation was found for a

[BMP][TFSA] adlayer with a coverage of 0.7 ML at room temperature and with the

X-ray source operated at 150 W. Decomposition products due to beam damage could

not be detected in the spectra, which is clearly different from the decomposition due

to addition of Li or the thermal decomposition of the adlayers described in sections

3.5 and 3.6. We assume that the reaction products formed during exposure to X-ray

radiation are desorbed right after formation. Therefore the decomposition mechanism

under X-ray radiation seems to be completely different from the one induced thermal-

ly and/or by Li incorporation. In the evaluation of the XPS data the loss of intensity

due to beam damage is taken into account by addition of the accumulated signal loss

of 0.002 min-1 to the measured IL peaks. To minimize influences of the beam damage

on our measurement the radiation time per sample was kept reasonably short (in most

cases much shorter than 3 h, which relates to a signal loss < 30 % due to beam damage).

2.3 Sample preparation and characterization

2.3.1 Au(111) and Ag(111)

The preparation of clean Au(111) and Ag(111) surfaces is analogous to each other. Befo-

re insertion into the UHV chamber the crystalls as well as the Tantalum holder and Ta

wires are cleaned separately and again after mounting the crystalls with the Ta wires

in their Ta holders (the mounting is described above) by flushing with acetone. Af-
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ter transfer into the UHV chamber several cycles of sputtering with Ar+-ions (0.5 keV,

30 min, 4 µA) and heating to 770 K (30 min) were applied. After the last heating step

the sample was cooled down slowly (1 Ks-1) to 300 K. For preparation of the Au(111)

and Ag(111) surfaces between two experiments a single preparation cycle is sufficient.

The temperature of the samples during heat up is controlled with a IR pyrometer (Lu-

maSense impac IP 140).

STM images of Ag(111) surfaces prepared via this procedure are shown in Fig. 2.6a-d.

The surface arranges in atomically flat terraces with a width >200 nm. The terraces are

separated by straight steps with monatomic height. The steps preferably run parallel to

each other or in angles of 120° to each other. Some (narrow) terraces separated by such

steps are shown in Fig. 2.6a. Atomically resolved STM images (as shown in Fig. 2.6b-d)

reveal that the surface-atomic layer is atomically clean and arranged in a hexagonal pat-

tern, as evidenced from FFTs of these images showing a hexagonal pattern (a FFT of the

STM image in Fig. 2.6c is shown in the inset of this figure). Additionally, in Fig. 2.6d an

atomically resolved STM image with a monatomic step of the Ag(111) surface is shown

running along the 〈11̄0〉 direction of the surface. Information from such atomically re-

solved STM images and from larger scale images as in Fig. 2.6a with the steps running

parallel (or in angles of 120°) to each other indicate that the preferable orientation of

the steps is along the 〈11̄0〉 direction of the surface. This is a common finding for single

crystalline surfaces[80] which will be used later on in the results part for determining

the alignment of adsorbed molecule structures relative to the substrate lattice. The re-

solution in Fig. 2.6d directly at the steps is lower than on neighboring terraces due to

a 2D adsorption-desorption equilibrium of Ag-atoms at these steps at 300 K.[81] Also

on bigger scale STM images (like in Fig. 2.6a) the steps appear frizzy due to the latter

reason. For a better understanding of the STM images and of (111) indexed surfaces

and its position in the bulk crystal in Fig. 2.7a a sphere model of a fcc crystal is shown

with the low indexed facettes forming the surfaces. In Fig. 2.7b the unit cell of a fcc

crystal is shown with a (111) plane marked with an equilateral triangle, Fig. 2.7c shows

a sphere model of a (111) surface facette with a step running along one of the closed

packed 〈11̄0〉 directions on the surface. When the step is changing its direction, a kink

side is formed. In Fig. 2.7d an atomically resolved STM image is shown for comparison.

Examples of STM images of clean Au(111) surfaces prepared after the same method

as for Ag(111) are shown in Figs. 2.8 and 2.9. STM images with larger scale like in

Figs. 2.8a and b reveal terraces with widths >50 nm and separated by monatomic steps,
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Figure 2.6: STM images of clean Ag(111): (a) frizzy steps aligned along 〈11̄0〉 direction sepa-
rating flat terraces. (b, c) atomically resolved STM images of the Ag(111) terraces and (d) of a
frizzy step. Inset in (c) shows a FFT of the image with the expected hexagonal pattern (a: UT =
1096 mV, IT = 0.050 nA; b: UT = 136 mV, IT = 0.170 nA; c: UT = 158 mV, IT = 0.110 nA; d: UT =
338 mV, IT = 0.130 nA; T(all images) = 300 K).
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Figure 2.7: (a) Structure model of a fcc crystal and its low indexed facettes. (b) unit cell of a fcc
crystal with the (111) plain marked. (c) Structure model of a (111) surface with terraces, steps
and kinks. (d) high resolution STM image of a Ag(111) surface (UT = 158 mV, IT = 0.110 nA, T =
300 K).

which can either, similar to the situation on Ag(111), run straight along the closed

packed 〈11̄0〉 directions of the surface (like in the upper right corner of Fig. 2.8a), or

they show a high kink density while always changing by 120° between two 〈11̄0〉 di-

rections (all other steps in Figs. 2.8a and b). The terraces are not atomically flat, but

show a zigzag-pattern of double rows, the so called herringbone surface reconstructi-

on. This structure was investigated in detail in ref. [39] and is characteristic for a clean

and well prepared Au(111) surface. A closer look on this structure is given in Figs. 2.8c

and 2.9a,b with atomically resolved STM images and in Figs. 2.9d a structure model

is given following ref. [39]. In short, the energetically most stable configuration of the

Au(111) surface is achieved when in the uppermost atomic layer 23 atoms come to lie

on top of 22 atoms in the (unchanged) next lower layer. With this, the surface atoms in

this unit cell come to lie on fcc sites between double lines and on hcp sites between the

two lines of one double line. The lines itself, which are the transition areas between fcc

and hcp, appear higher since the surface atoms in these areas come to lie on more un-

favourable positions compared to fcc or hcp sites. They are therefore less well stacked
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Figure 2.8: STM images of clean Au(111) surfaces with the typical herringbone surface recon-
struction on the terraces, in (c) resolved with atomic resolution. (a) is drift compensated as
explained in Fig. 2.5, (b,c) were taken under stable conditions, therefore no drift-compensation
was necessary. In (a,b) the STM images were cut along the steps and the contrast was enhanced
independently for each terrace (a: UT = 1250 mV, IT = 0.030 nA, T = 237 K; b: UT = 1790 mV, IT =
0.100 nA, T = 300 K; c: UT = 1030 mV, IT = 0.220 nA, T = 300 K).
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Figure 2.9: (a, b) Atomically resolved STM images of Au(111) surface reconstruction patterns (a:
UT = 1684 mV, IT = 0.100 nA, T = 300 K; b: UT = 1030 mV, IT = 0.220 nA, T = 300 K). (c) shows a
height profile along the white line in (a) running in 〈11̄0〉 direction, (d) a structure model of the
reconstruction pattern (following ref. [39]).

relative to the bulk-like atom layer below, leading to positions of these atoms which are

also geometrically a bit higher compared to neighboring surface areas with the atoms

positioned on fcc/hcp sites. The corrugation height of the reconstruction pattern can

be seen in the height profile shown in Fig. 2.9c, which is taken perpendicular to the

reconstruction lines along the white line (〈11̄0〉 direction) in Fig. 2.8c. It is with 0.02 ±
0.005 nm identical to the one reported in literature.[39] From the atomically resolved

STM images it is also evident that the distance between two neighboring double lines

is made up of 23 atoms as expected from the literature. With an interatomic distance in

the bulk crystal of 0.288 nm[82] and the compression of 23 surface atoms on the distance

of 22 bulk atoms in 〈11̄0〉 direction this gives a distance of 6.3 nm in between two dou-

ble rows.[39] As described in section 2.2.1, the STM in Chamber 1 was calibrated using

this distance. The double rows run perpendicular to the 〈11̄0〉 directions (therefore in

〈112̄〉 direction). The reconstruction pattern of the Au(111) surface from time to time
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bends by 120° forming the so called „elbows“at the domain boundaries. This bending

can happen regularly which leads to the typical zig-zag pattern on the terraces (with

the domain boundaries running parallel along the third 〈112̄〉 direction; see terraces

Figs. 2.9a and b), but it can also bend irregularly (see ref. [39]). The „elbows“are more

reactive as the other parts of the surface, therefore contaminations preferably adsorb at

these sites.

2.3.2 Cu(111)

The cleaning of the Cu crystal surface and the sample holder before insertion into the

vacuum is the same as for Au(111) and Ag(111). After transfer into the chamber the Cu

sample was cleaned by several cycles of Ar+ ion sputtering (1 keV, 30 min) and hea-

ting to 820 K (30 min). On the resulting surface round shaped cavities with a diameter

of 1 nm are found on the terraces as shown in the STM image in Fig. 2.10a; an image

with atomic resolution is shown in the inset. We attribute these cavities to contamina-

Figure 2.10: STM images of Cu(111) before (a) and after (b) a second preparation step in a ma-
nipulator cooled to LN2 temperature during heating (a: UT = 1024 mV, IT = 0.112 nA, T = 300 K;
b: UT = 1496 mV, IT = 0.143 nA, T = 300 K).

tion with adsorbed oxygen, since a comparable appearance of adsorbed oxygen can

be also found on similar surfaces, e.g., on Ag(111).[83] The cavities have a density of

< 0.016 nm-2. This amount is by far too small to be detected by XPS, therefore it was not

possible to finally prove the interpretation as adsorbed oxygen. For further cleaning

of the surface an additional preparation step was applied by another cycle of Ar+ ion

sputtering (1 keV, 5 min) (at 300 K, as in the steps before) and heating to 820 K (2 min)
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while the manipulator holding the sample was cooled down to LN2 temperature. We

think this prevents the vaporisation of contaminations at elevated temperatures from

the manipulator, which can (partly) adsorb on the sample surface again. The tempera-

ture of the manipulator (measured with the type-K thermocouple spot-welded at the

clamps holding the sample) rises to less than 300 K during heat up of the sample to

820 K (measured with the IR pyrometer in the middle of the sample surface). An exam-

ple STM image of the resulting surface is shown in Fig. 2.10b (same scale as in image a).

The amount of surface contaminations clearly decreased by a factor of 100 and this sur-

face can be considered as „clean“. This preparation method was further improved by

performing both preparation steps in a single one by Ar+ ion sputtering (1 keV, 30 min,

300 K) followed by heating to 820 K (2 min) in the cooled manipulator, which leads to

a comparable clean surface when preparing the Cu(111) surface for a new experiment.

STM images of the clean Cu(111) surface are shown in Fig. 2.11. In Fig. 2.11a a large sca-

le STM image is displayed with 2 terraces separated by one monatomic step in between.

The surface properties are compareable to those of Ag(111) with atomically flat terraces

extending across >200 nm and monatomic steps in between, which are fluctuating at

300 K due to a 2D desorption-adsorption equilibrium of Cu-atoms, as visualized in ato-

mically resolved STM images of the steps like in Fig. 2.11b. Atomically resolved STM

images as shown in Figs. 2.11c and d reveal the expected regular hexagonal pattern of

a fcc(111) surface.

2.3.3 TiO2

The initial preparation of the rutile TiO2 crystal(s) follows procedures reported in the

literature [84]: the crystal is cleaned in an ultrasonic bath in 2x 5 min acetone, 5 min in

caroic acid and 2x 5 min in ultrapure water (in between the steps the crystal is rinsed

with ultrapure water). Afterwards the crystal is calcined at 1173 K under air atmos-

phere and cooled down at 5 Kmin-1. This procedure produces clean and fully oxidized

colorless or slightly yellow rutile crystals. A photo of the crystal is shown in Fig. 2.12.

After mounting the crystal in a cleaned Ta sample holder it is transferred into the UHV

chamber and heated in UHV to 1023 K for 5 h which partly reduces the sample (forma-

tion of Ti3+ interstitials and oxygen vacancies, details see below). Upon reduction, the

color of the rutile crystal changes to blue. To achieve a properly prepared smooth (110)

surface several cycles of Ar+ ion sputtering (0.5 kV, 45 min) and heating to 973 K for

30 min were carried out. The surface structure and cleanness is checked by STM and

XPS. Typical large scale STM images are shown in Fig. 2.13, atomically resolved STM
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Figure 2.11: STM images of clean Cu(111): (a) large scale STM image showing flat terraces and a
frizzy step; in (b) the frizziness of such a step is shown with atomic resolution (for comparison
of the scales of (a) and (b) the size of image (b) is marked in (a) with a red rectangle); (c, d)
atomically resolved Cu(111) terraces with different contrasts (a: UT = 1496 mV, IT = 0.143 nA;
b: UT = 9.84 mV, IT = 8.836 nA; c: UT = 197 mV, IT = 0.285 nA; d: UT = 9.05 mV, IT = 8.834 nA;
T(all images) = 300 K).
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Figure 2.12: Photo of a (a) fully oxidized rutile crystal and (b) after reduction in the UHV.

images in Fig. 2.14a and b. In the STM image of Fig. 2.13a a topographical overview on

the terrace structure of a typical sample is given. The terraces formed on TiO2(110) are

Figure 2.13: Large scale STM images of clean TiO2(110) (a: UT = 1732 mV, IT = 0.650 nA, T =
307 K; b: UT = 1102 mV, IT = 0.021 nA, T = 115 K).

smaller compared to the metallic substrates, but can as well extend up to 100 nm. The

TiO2(110) terraces are forming islands and cavities which is less typical for the metallic

substrates. On a smaller scale like in the STM image presented in Fig. 2.13b, bright spots

randomly distributed across the terraces are visible, together with lines running paral-

lel to each other. In atomically resolved images like shown in Fig. 2.14a the bright spots

appear to be situated in between the bright lines visible on the surface. It is also pos-
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sible to achieve the inverted contrast in STM images as it is the case in Fig. 2.14b. The

structures, which appeared bright in the other STM images shown before, here appear

dark, i.e., the bright lines and randomly distributed bright spots in between these lines

here appear as dark lines and spots, the formerly dark areas in between the bright lines

now itself appear as bright lines (in this case, since the image has a higher resolution

than the images before, as bright spots aligned in lines). The invertion of the contrast

between these STM images was not controlled by changing the settings of tunneling

current and voltage, but rather is explained by changed conditions of the STM tip. The

contrast shown in Fig. 2.13 and Fig. 2.14a was more commonly achieved in our STM

measurements.

The row structure of the TiO2(110) surface is already known from literature, a detai-

led description is given in a review by Diebold et al..[85, 86] The lines are the characteri-

stic (1x1) surface pattern typical for a (110) oriented surface of a slightly reduced rutile

TiO2 crystal. A model of this surface is shown in Fig. 2.14d. For a better understanding

in Fig. 2.14c the unit cell of the rutile crystal structure is shown as well, where the O2-

ions in the structure are resembled by blue spheres and the Ti4+ ions by smaller grey

spheres. In the rutile crystal the oxygen ions are coordinated by three next-neighboring

Ti4+ ions, the Ti ions are positioned in the center of a slightly distorted oxygen octahe-

dron. The crystal structure can be described by oxygen octahedra ordered in rows along

the 〈001〉 direction. Inside the rows the octahedra are connected via the short edges, the

next-neighboring rows of octahedra are rotated by 90° around the axis of the rows and

connect via the top and bottom corners of the octahedra. The Ti-O distances in a octa-

hedron are 0.1946 nm (marked with red lines in the unit cell) and 0.1983 nm (yellow

lines).[85] The dimensions of the unit cell are a = b = 0.4587 nm, c = 0.2953 nm.[85] In

the unit cell the (110) plane is drawn in by a dark grey transparent rectangular. For re-

lation in the front part of the (110)(1x1) surface model the corresponding area is drawn

in by a pink rectangular. The (110)(1x1) surface is basically built up of alternating rows

of lying and standing oxygen octahedra where the oxygen atoms forming the upper

tip of the standing octahedra are missing. Therefore for the formation of this surface

from the bulk only the longer Ti-O bonds are broken. In this configuration the amount

of dangling bonds at the cations equals the amount of dangling bonds at the anions on

the surface. According to the theory of autocompensation[85, 87] and to electrostatic

considerations[88] this surface geometry is very stable.

The surface structure can also be described by atoms aligned in rows along the 〈001〉
direction with a a-b-a-c-sequence of the rows, where „a“are rows of threefold coordina-
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Figure 2.14: Atomically resolved STM images of clean TiO2(110)(1x1) with (a) inverted contrast
which is commonly found in literature [85] and (b) with non-inverted contrast (a: UT = 1102 mV,
IT = 0.595 nA, T = 300 K; b: UT = 1732 mV, IT = 0.650 nA, T = 307 K). (c) Unit cell of the rutile
TiO2 crystal and (b) model of the TiO2(110)(1x1) surface structure.
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ted oxygen atoms, „b“of bridge-bonded twofold coordinated oxygen-atoms (on top of

sixfold coordinated Ti atoms), which stick out of the surface plane, and „c“of fivefold

coordinated Ti-atoms. This alignment very well explains the rowlike structure found

in the STM images: in Fig. 2.14b the bright protrusions aligned in rows resemble the

bridge-bonded oxygens standing up from the surface, the positions in the rows where

bright spots are missing are surface defects where one (or two) of these bridge-bonded

oxygens are missing. In most STM images found in literature as well as in most of our

STM images an inverted contrast is obtained. Hence the contrast in the STM images is

mainly generated by electronic effects, in which the oxygen vacancies appear as bright

spots, the rows of fivefold coordinated Ti-atoms as bright lines and the geometrically

upstanding bridge-bonded oxygen rows as dark lines in between the bright ones. Since

the surface does not form further superstructures or undergoes reconstruction proces-

ses (only relaxation of the surface atom positions can be found, e.g., the Ti-O distance at

the bridge-bonded oxygen atoms is with 1.71 ± 0.07 nm shorter than in the bulk [85]),

the 2D unit cell of the (110) plane derived from the bulk rutile unit cell describes in this

configuration the real (110) surface and is therefore termed as (1x1) surface structure. It

shall be noted that the TiO2(110) surface is able to form different surface structures if the

crystal is prepared differently, e.g., at higher preparation temperatures or by heating in

O2 atmosphere. Since these structures are not of importance for the thesis at hand they

are not further discussed. Details on these structures can be found elsewhere.[85]

The unit cell of the TiO2(110)(1x1) surface has dimensions of 0.65 nm x 0.295 nm

(= [11̄0] x [001]);[85] the distance of 0.65 nm between the bridge-bonded oxygen rows

was used for calibration of the STM as described above. For a well prepared surface

it is reported[85] that the steps are preferably aligned along the 〈11̄1〉 directions of the

surface. This is also the case in our STM images and can be exemplarily shown in the

small scale STM images in Fig. 2.14a (inset with enhanced contrast) and Fig. 2.14b, but

also in larger scale images like in Fig. 2.13a.

2.3.4 Deposition of ILs on the surfaces

The ionic liquids [BMP][TFSA] and [EMIM][TFSA] were purchased from Merck,

[OMIM][TFSA] from Io-Li-Tec, all of them in the highest available quality (ultrapure).

The IL adlayers were prepared by physical vapor deposition using a triple Knudsen

effusion evaporator (ventiotec, OVD-3). Prior to use, the glass crucibles were baked at

870 K in UHV to remove vaporizable impurities from the glass. After cooling down

and dismounting of the evaporator from the chamber, the ILs were filled into the cru-
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cibles, the evaporator was then reinstalled at the UHV chamber and evacuated. The ILs

were degassed for 24 hours under UHV conditions at temperatures below the evapora-

tion temperature ([EMIM][TFSA] and [BMP][TFSA] at 350 K; [OMIM][TFSA] at 300 K).

This procedure ensures contamination-free IL vapor (checked by QMS). Residues such

as H2O, Li+ or Na+ ions, or Al2O3 particles, which often appear even in “ultrapure”

ILs,[4, 89] are either not vaporizable and thus remain in the crucible during evapora-

tion, or were removed by the degassing process. The evaporation rate was calibrated

against the evaporator temperature by a quartz micro balance (intellemetrics IL150) and

by mass spectrometric measurements, using a quadrupole mass spectrometer (Pfeiffer

HiQuad QMG700), which was mounted with its ionization area in line of sight of the

IL beam. Details on the calibration can be found in my Diploma thesis.[73] Defined

IL adsorbate coverages were obtained by adjusting the evaporation time and the eva-

poration temperature. Since the distance between sample and evaporator is bigger in

UHV Chamber 2 than in Chamber 1, the evaporation temperature was choosen higher

for Chamber 2 to achieve roughly the same deposition rates and thus times for com-

parable coverages. In Chamber 1, evaporation temperatures between 350 K and 390 K

for [EMIM][TFSA] and [BMP][TFSA] and between 300 K and 330 K for [OMIM][TFSA]

were chosen, for [BMP][TFSA] in Chamber 2 a temperature of 450 K is necessary. The-

se evaporation temperatures where found to result in deposition speeds of ca. 1 ML

in 3 min, as veryfied by STM imaging. The cleanness of the IL vapor was tested with

a quadrupole mass spectrometer, the cleanness of the adsorbed layers on the substrate

with XPS (compare XP spectra in the results part, e.g., Figs. 3.9 or 3.35). The base pressu-

re in Chamber 1 rose only slightly to a maximum value of 5 x 10-10 mbar, in Chamber 2

(due to the higher evaporation temperature) to a maximum value of 1 x 10-9 mbar. A

monolayer is defined as a closed layer of ions in direct contact to the surface, as measu-

red by STM. When comparing to literature (e.g. Refs. [62, 63]) one has to be careful, since

in some cases (due to the different adsorption behaviour of the IL adlayers on different

substrates) 1 ML is defined as a bilayer of IL molecules with the cation and anion on

top of each other, which gives 50% smaller coverage compared to our definition for the

same film. In the further discussions in the results part the coverage values given in the

literature are adjusted to fit our definition. In the case of Chamber 1, the sample tem-

perature during vapor deposition of the ILs is at room temperature (measurements of

[BMP][TFSA], [EMIM][TFSA] and [OMIM][TFSA] on Au(111) and Ag(111)), in Cham-

ber 2, since the manipulator head holding the sample during the deposition process

can be cooled with LN2 and heated, the temperature during evaporation can be (de-
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pending on the experiment) adjusted to every desired temperature higher than 80 K

(measurements of [BMP][TFSA] on Cu(111) and TiO2(110)).

2.3.5 Deposition of Li

For Li deposition a SAES Getters Li-metal-dispenser was used. The setup of the eva-

porator is shown in Fig. 2.15. A drawing of the Li-dispenser is displayed on the right

hand side, together with a cut through the dispenser. The dispenser consists of a NiCr

Figure 2.15: Schematic drawing of the Li evaporator using a SAES Getters Li-metal-dispenser
as Li source.

metal sheet bent in a boat form and leaving only a slit on the top side. The slit is closed

with a NiCr wire and around both ends of the NiCr boat butting pieces are wrapped.

The dispenser is filled with a mixture of a Li-salt, e.g., Li2CrO4, and a reducing agent,

e.g., St101, an alloy consisting of 84% Zr and 16% Al.[90] The type used in this thesis

has a length of 12 mm, it is the smallest one which is sold by SAES Getters. The dis-

penser is positioned in a homebuilt electrical heating stage displayed schematically on

the left hand side of Fig. 2.15. The heating stage is built on a CF 63 flange equipped

with a three-pin feedthrough and a rotary feedthrough. On three Cu rods (in the sche-
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me only two are shown) mounted on the CF 63 flange the stage for mounting the Li

dispenser is positioned. The stage is made of two Al2O3 (Frialit F99.7) half-discs, which

are electrically isolating, and two Cu-plates screwed on top of each other onto each of

the ceramic-half-discs. The Cu plates are electrically connected to the feedthroughs and

the butting pieces of the Li dispenser are clamped between the Cu-plates. In front of

the dispenser stage two round steel sheets with a round aperture (diameter 1 cm) are

positioned to limit the evaporated Li beam as well as a shutter, that can be rotated in

and out of the Li beam.

The Li evaporator, equipped with a new Li dispenser, is mounted in the UHV cham-

ber in such a way that the sample can be placed in line of sight of the slit of the Li

dispenser. After bakeout of the UHV chamber, the Li dispenser is degassed by apply-

ing a DC current at the electrical feedthroughs. The current directly flows through the

dispenser and heats it by resistive heating. The current is slowly increased from 0 A

to 6 A, hold at this temperature for a while, then raised to 7 A and hold there for ano-

ther several minutes. With increasing current also the temperature of the Li dispenser

increases. The degassing time depends on the amount of gaseous products formed by

the dispenser, which increase the pressure in the chamber during the degassing pro-

cess. When heating up the dispenser, the NiCr boat containing the Li salt is slightly

warped and the slit opens. At lower currents moisture contained in the Li salt and the

St101 alloy is evaporated, at currents above 6 A also the reaction of the Li salt with the

St101 alloy takes place. It may be necessary to make this degassing process a second

time to ensure that a clean Li stream is evolving from the Li dispenser. For deposition

the dispenser was operated at 7.1 A. The sample was placed in line-of-sight in front of

the dispenser, the evaporation time was controlled with the shutter in between sample

and dispenser. For calibration of the Li evaporation rate a Cu(111) crystal was used,

which was cooled to 80 K. At these conditions Li adsorbs atomically on the surface, it

does not react with the substrate and only very slowly with residual contaminations

adsorbing from the UHV gas phase (compare Ref. [91]). The coverage was evaluated

by the damping of the Cu2p3/2 peak. For our setup we determined a deposition rate of

0.049 ± 0.009 ML min-1. The cleanness of the deposited Li adlayers both on Cu(111)

and on TiO2(110) was checked by XPS and partly by STM.
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3.1 At the ionic liquid | metal interface: Structure formation
and temperature dependent behavior of an ionic liquid
adlayer on Au(111)

The content of this section was published in Ref. [92] and was adopted with permission

from the PCCP Owner Societies, ©2013. The style and numbering of the references and

the figures have been adapted to fit the layout of the thesis. Abbreviations which al-

ready have been introduced in the thesis before are not expanded in the text anymore.

The STM measurements were partly performed and used in the diploma thesis of the

author of this PhD thesis. The XPS measurements were performed and evaluated by

Till Cremer and Florian Maier, Institute of Physical Chemistry II, Friedrich Alexander

University Erlangen-Nürnberg. This work was financially supported by the Deutsche

Forschungsgesellschaft via the Collaborative Research Centre SFB 569 (Ulm) and by

the Helmholtz Institute Ulm (HIU) Electrochemical Energy Storage. We would like to

thank Michael Roos and Thomas Waldmann for their help in the initial phase of the

project. The IL was supplied by the Centre of Solar Energy and Hydrogen Research

(ZSW) Ulm.

3.1.1 Abstract

The growth, structure formation and thermal disordering of (sub-)monolayer films of

1-butyl-1-methylpyrrolidinium-bis(trifluoromethylsulfonyl)imide [BMP][TFSA] grown

under ultrahigh vacuum (UHV) conditions on Au(111) have been investigated by scan-

ning tunneling micro-scopy (STM) and angle resolved X-ray photoelectron spectrosco-

py (ARXPS) under UHV conditions at temperatures between 100 and 298 K. At room

temperature, two-dimensional film growth occurs up to one monolayer coverage, with

both cation and anion in direct contact with the gold substrate, as shown by ARXPS,

and STM images reveal a 2D liquid state of the adlayer. At lower temperatures, motion

is frozen and a disordered 2D glass state as well as a 2D crystalline phase with long-

range order are formed. The structure of the 2D crystalline phase is influenced by the
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underlying Au(111) reconstruction pattern. Annealing experiments reveal that the 2D

crystalline phase is thermally more stable against melting than the 2D glass state, and

that the stability is strongly affected by the adsorbate coverage.

3.1.2 Introduction

Ionic liquids have attracted considerable interest in recent years because of their unu-

sual physical properties, such as high ionic conductivity, low flammability, high ther-

mal stability, very low vapor pressure, high electrochemical stability and the stability

as a liquid over a wide temperature range.[14, 89, 93, 94] These features render them

interesting for many applications, e.g., for electrodeposition of (non-waterstable) me-

tals [22, 95] or as solvents for chemical reactions [14, 96] and extraction processes.[97,

98] In recent years they received additional attention because of their stability over a

wide potential range (wide electrochemical window), which makes them interesting

as solvents in electrochemical applications, for example as electrolytes in lithium ion

batteries.[32, 99] Among other ionic liquids, [BMP][TFSA] emerged as a promising new

solvent for this application.[100–103] Structural models of the cation and the anion of

this ionic liquid are shown in Fig. 3.1. For electrochemical applications, the interface

Figure 3.1: Models of the energy minimized structures of [BMP]+ and [TFSA]- (grey: C, white: H,
blue: N, red: O, green: F, yellow: S).

between the electrolyte and the surface of the electrode is decisive. A deeper insight

into the processes and the structures in the solid-liquid boundary layer is crucial, e.g.,

for a systematic development of better battery systems. There have been several stu-

dies on bulk [BMP][TFSA] in contact with a metal surface using, e.g., CV, AFM and in

situ STM.[38, 48] Nevertheless, the structure and structure formation of the ionic liquid

[BMP][TFSA] at the surface is still an open question and could not be clarified so far.
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An alternative approach to investigate the IL | metal interface involves studies of ul-

trathin IL films, in the order of submonolayers up to several molecular layers, which

are deposited in situ from the gas phase. This approach was first applied for n-alkyl-

imidazolium [TFSA] films on Au(111),[62] using ARXPS as experimental method to

probe the adsorption behavior. These ultrathin films are also very well suited for STM

investigation, to obtain direct structural information on the surface arrangement under

UHV conditions. Waldmann et al. [66] recently succeeded in imaging an ionic liquid

layer, in that case [BMP][FAP] adsorbed on Au(111), with submolecular resolution at

low temperatures. While at RT these authors detected only frizzy features along the

fast scan direction in the STM images, indicative of rapidly moving adsorbates in a mo-

bile 2D gas or 2D liquid phase, they could resolve round shaped protrusions in the STM

images at a sample temperature of around 210 K. These protrusions did not exhibit any

long-range order, but a short-range ordered arrangement with a mean distance of 0.45

± 0.02 nm between the protrusions and no preferential orientation (2D glass or 2D dis-

ordered phase). There was also no indication that the Au(111) surface reconstruction

affects the lateral distribution of the adsorbate species. From the dimensions of the pro-

trusions in the STM image and the distances between them the authors ruled out that

the protrusion represent a single ion species and the other ion is placed between the

protrusions, since the size of the [BMP]+ cation as well as the [FAP]- anion is too big for

this. A definite structural assignment, however, distinguishing, e.g., between structures

with one ion located on top of the other one in a “sandwich alignment” or with alter-

nating [BMP]+ cations and [FAP]- anions in the same layer, was not possible from these

data.

Structural information, in particular on the vertical distribution of the adsorbed spe-

cies and the atoms therein in a monolayer of adsorbates, was also obtained by

ARXPS.[62–64] This was demonstrated, e.g., by Cremer et al. [62] for the adsorption of

1,3-dimethylimidazolium-bis(trifluoromethyl)imide ([C1C1Im][Tf2N] = [MMIM]-

[TFSA]) [62] and 1-methyl-3-octylimidazolium-bis(trifluoromethyl)imide ([C8C1Im]-

[Tf2N] = [OMIM][TFSA]) [62] on Au(111). Note that due to a different definition of ML

in Refs. [62] (1 ML = saturated layer of vertically arranged ion pairs vs. saturated single

layer of alternating anions and cations used herein), the coverages given there have to

be multiplied by a factor of 2, which is done in the following. For [MMIM][TFSA], in

the submonolayer regime up to ~0.8 ML Cremer et al. observed shifts of all C1s and

N1s peaks relative to the signals at higher coverages or in the bulk, an overproportio-

nal high intensity of the F1s signals, and lower intensities of the cation signals than
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expected from the nominal stoichiometry. Based on these observations the authors con-

cluded: i) the anions are positioned between the cations, with both in direct contact to

the surface, but the anions slightly higher on the surface than the cations which leads

to a slight damping the cation signal for grazing electron emission; ii) the CF3 groups

point towards the vacuum and the O-atoms bind to the surface; iii) the imidazolium

ring is lying flat on the surface, which results in a slightly higher position of the anion

atoms compared to those of the cation. The latter has also already been assumed by

Sobota et al. for [C4C1Im][Tf2N] on Al2O3 based on infrared reflection absorption spec-

troscopy (IRAS) measurements).[61] For [OMIM][TFSA], the situation was found to be

slightly different: as compared to [MMIM][TFSA], one additional peak is observed in

the C1s region, which corresponds to the additional alkyl chain of the cation. For co-

verages < ~0.6 ML, the octyl chains lie flat on the surface, as deduced from the nearly

stoichiometric intensity ratio of 5 : 7 between the Chetero and Calkyl peaks. Between 0.6 –

1.2 ML, the overproportional increase in intensity of the Calkyl peak and a binding ener-

gy shift of this peak compared to the Chetero peak, indicates that the octyl chains stand

up and point towards the vacuum, in order to accommodate additional molecules next

to the surface.

The structure formation of the ILs depends also strongly on the chemical nature of

the substrate. From similar ARXPS experiments described above, thin films of [MMIM]-

[TFSA] deposited on a Ni(111) substrate were proposed to initially adsorb in a structure

where the cations lie flat in direct contact to the surface, and the anions are located on

top of the imidazolium ring of the cations.[63] A similar behaviour was also reported

for [EMIM][TFSA] adsorbed on glass substrates.[59] On Ni(111), at higher coverages

of ~0.8 ML, the arrangement changes to an in plane checkerboard structure of alterna-

tely oriented ion pairs, and it was assumed that this change is induced by repulsive

dipole–dipole interactions between neighboring ion pairs with the same orientation,

which increase at higher surface coverage due to the lower intermolecular distances.

While these angle-resolved XPS measurements allow for determining the vertical ar-

rangement of the ionic liquid on the surface, unambiguous conclusions on the details

of the lateral arrangement are difficult to achieve. This requires techniques which pro-

vide direct access to the surface structure such as STM or AFM.

In this paper we present results of a combined STM and ARXPS study on the ad-

sorption and structure formation of [BMP][TFSA] on Au(111), where ARXPS gives in-

formation on the vertical distribution of the atoms/molecules on the surface and their

electronic state, while STM gains information on the lateral arrangement of the mole-
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cules. To the best of our knowledge, this is the first publication where it was possible

to resolve and identify anions and cations of an ionic liquid adsorbed to a surface, in

contrast to previous studies.

3.1.3 Results

Adlayer structure at room temperature: In a first step, we investigated the structure forma-

tion of a [BMP][TFSA] adlayer on a Au(111) substrate at room temperature. STM images

of a Au surface covered by a monolayer film of [BMP][TFSA] show the typical pattern of

the Au(111) herringbone reconstruction,[39] but with considerable noise (not shown).

This noise does not appear on a clean, adsorbate free Au(111) surface, i.e., it is characte-

ristic for the [BMP][TFSA] adlayer. Similar findings were reported by Waldmann et al.

[66] for a Au(111) surface covered by a [BMP][FAP] adlayer and by Foulston et al. [67]

for a Au(110) surface covered by a [EMIM][TFSA] adlayer. Our RT STM images do not

indicate any IL-induced modification of the surface reconstruction, as it was reported

in an electrochemical in situ STM study by Atkin et al..[48] At open circuit potential,

the latter authors found a wormlike pattern with holes in the gold surface with a depth

of about 1.5 – 2.0 nm. Hence, the interaction between [BMP][TFSA] and Au(111) at the

electrified solid | liquid interface may lead to additional restructuring not present du-

ring adsorption under UHV conditions. The noise in our measurements is ascribed to

mobile adsorbed [BMP][TFSA] species on the surface, which pass through the surface-

tip junction and modify the tunnel current. Based on these observations and analogous

to Waldmann et al. [66] and Foulston et al.,[67] we conclude that at room temperature

the ionic liquid adlayer forms a 2D-liquid on the surface.

In order to characterize the initial growth, we recorded ARXP spectra at RT as a func-

tion of deposition time, similarly to investigations on ultrathin n-alkyl-imidazolium

[TFSA]- films on Au(111).[62] Fig. 3.2a shows the attenuation of the Au 4f substrate

signals with increasing amount of IL deposited up to nominal 2.8 nm film thickness,

which corresponds roughly to the height of seven layers (ML) of IL molecules. The

spectra were recorded under bulk sensitive (0° emission relative to surface normal, in-

formation depth ~9 nm) and under surface sensitive (83°, information depth ~1.1 nm)

conditions. The exponential decrease of the measured Au 4f signal intensities with in-

creasing film thickness, which was obtained in both geometries, agrees well with the

behavior predicted for layer-by-layer growth (solid and dashed curves). In addition,

cation and anion related core level binding energies were evaluated as a function of

film thickness, as shown for the surface sensitive geometry (83°) in the C1s and N1s
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Figure 3.2: ARXP spectra of [BMP][TFSA] thin films deposited at room temperature on Au(111)
as a function of deposition time. The film thickness is given in monolayers of ion pairs (one
layer of [BMP][TFSA] corresponds roughly to 0.8 nm film thickness). (a) Relative intensity of
the Au 4f substrate signal plotted against deposition time, solid symbols are measured in 0°
(bulk sensitive), open symbols are measured in 83° (surface sensitive) electron detection angle
relative to the surface normal. The dashed and the full line represent an exponential decay
calculated for a homogeneous [BMP][TFSA] layer considering only inelastic scattering for the
two different detection angles.[62] (b) and (c): Cation signals (Calkyl and Chetero, atoms marked
with circles and asterisks, respectively; Ncation) and anion signals (Canion, Nanion), recorded at
surface sensitive detection angle of 83°.
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region (Fig. 3.2b and 3.2c). For a closed layer of IL molecules, all signals are shifted

by around 1.1 eV towards lower binding energy compared to the thicker films with

thicknesses exceeding the information depth for this high surface sensitivity (~1.1 nm

information depth corresponding to ~2.8 ML [BMP][TFSA]). As shown earlier for imi-

dazolium [TFSA] films on Au(111),[62] this shift clearly reveals that both cation and

anion are directly adsorbed on the metal surface, most likely next to each other in a

so-called “checkerboard arrangement”.[62] No deviations from the nominal IL stoichio-

metry could be detected for emission at 83° in the coverage regime up to 1.0 ML (i.e., up

to one closed layer of IL molecules). In particular, the Nanion/Ncation ratio for all films is

one within the margin of error. Hence, a sandwich type adsorption, with the cation in

direct contact to the metal surface and the anion on top such as in the case of imidazo-

lium [TFSA] ILs on Ni(111),[63] can unequivocally be ruled out. In Fig. 3.2b, the Calkyl

signal does not increase in intensity (relative to the other peaks) when a closed layer is

reached; this differs from the findings for [OMIM][TFSA] on Au(111), where the octyl

chains were found to be oriented towards the vacuum for a full ML.[62] Conclusions

on the orientation of the alkyl chains in case of [BMP][TFSA] are, however, not straight-

forward in the present case: While for [OMIM][TFSA], the Calkyl peak originates from

7 carbon atoms in the octyl chain only, in [BMP][TFSA] it is composed of only 3 carbon

atoms in the much shorter butyl chain plus the 2 carbon atoms in the pyrrolidinium-

ring with only carbon neighbors. As the former and the latter are at opposite sides of

the molecule, an unequivocal differentiation between a flat-lying molecule (ring and

chain), or upright standing molecules (ring and chain) with the butyl chains towards

the vacuum side is not possible, given the error bars of the measurements. All in all, the

ARXPS measurements of the interface IL layer at room temperature do not reveal any

significant preferential adsorption or orientation of molecules, which is in agreement

with our STM observations described above.

Adlayer structure at low temperature: Upon cooling to lower temperatures, surface dif-

fusion is slowed down and finally the adlayer is frozen and the adsorbed species can

be resolved in STM images. Since cooling was done very slowly (ca. 2 K min-1), these

images resolve the structure of the adlayer in thermal equilibrium at the temperature

where the adlayer structure is frozen because of too low mobility for maintaining the

stable equilibrium structure. Two types of structures are found on the surface, one with

short-range order, but no long-range order (see Fig. 3.3), which in the following is ter-

med as “2D glass”, and a structure with a well defined long-range order (see Fig. 3.4),

in the following named as “2D crystalline” structure. It depends sensitively on the pre-
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Figure 3.3: STM images of [BMP][TFSA] covered Au(111) surfaces at different coverages: (a)
0.36 ML (UT = 2087 mV, IT = -0.040 nA, T = 103 K), (b) 0.66 ML (UT = -1907 mV, IT = -0.050 nA,
T = 113 K), (c) 0.88 ML (UT = -1790 mV, IT = -0.060 nA, T = 120 K) and (d) full coverage (UT =
1736 mV, IT = -0.060 nA, T = 103 K). The inset in (d) shows the Fourier transformation of this
image.

paration procedure which structure is dominant; mostly both are obtained in varying

amounts. The physical origin for the high sensitivity to the preparation process is not

yet resolved. We assume that it strongly depends on the cooling rate of the sample and

that very small changes, smaller than what can be controlled in our instrument, lead to

a different phase distribution on the surface. These observations also indicate that ener-

getically the two phases are rather similar, which allows for the observed differences in

adlayer composition at the temperature of formation / crystallization. In addition, also

the terrace width and, for the full monolayer, the adlayer density may play a role.

Fig. 3.3 shows a series of STM images with different increasing adlayer coverages

recorded at temperatures between 100 and 120 K. The adlayers were prepared by eva-

poration of [BMP][TFSA] with the effusion source at 373 K. The coverage in Fig. 3.3a
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was produced by three minutes of evaporation at 298 K sample temperature, the higher

coverage adlayers in Figs. 3.3b, 3.3c and 3.3d were obtained by repeated evaporation for

another 1 min in each case. Before each evaporation step, the sample was warmed up

to room temperature outside the STM, for imaging it was cooled down to 100 K, where

no more mobility is visible. The ionic liquid adsorbates appear as round dots, which

in the submonolayer regime form islands on the Au(111) surface. This indicates alrea-

dy the presence of attractive interactions between the adsorbates. Between the islands,

we see the Au(111) surface with its typical herringbone reconstruction. [BMP][TFSA]

adsorbs preferentially at the step edges of the Au(111) surface. This is obvious, e.g., in

Figs. 3.3a-c. The IL adsorbates are preferentially adsorbed at the upper side of the step

edges, forming lines along the steps. This indicates a stronger substrate-adsorbate bond

at the step atoms. At the lower side, in front of the ascending step edges, adsorbate is-

lands are attached to the step, pointing to nucleation and growth of 2D islands at the

ascending step.

In the 2D glass adlayer structure, the ionic liquid adsorbates do not show any long-

range order, neither within the islands nor in the closed layer. This is illustrated in

Fig. 3.3d, which shows an STM image of a closed adsorbate layer together with a Fast

Fourier transformation (FFT) of that image in the inset. The FFT exhibits a broad circle,

but no discrete spots, reflecting the absence of any long-range order. This can be des-

cribed as a 2D glass state of the adsorbates, with short-range order only. The average

diameter of the circle in the FFT is 1.05 ± 0.05 nm-1, which corresponds to a mean di-

stance to the next neighbors of 0.95 ± 0.05 nm. For comparison, the dimensions of the

cation and anion of [BMP][TFSA] in the gas phase were estimated with a MM2 force

field implemented in the ChemBioOffice 2010 software package (this is not an exact cal-

culation, but good enough to determine the dimension of the molecules). The result is

shown in the structure model in Fig. 3.1: It gives a maximum diameter of 0.91 nm both

for the cation and also for the anion, which fits very well to the value obtained from

the FFTs. The density of the protrusions was evaluated from ~20 STM images, yielding

a value of 0.61 ± 0.03 nm-2. Calculating the density from the average next neighbor di-

stance derived from the FFT, and assuming that the ions have a round shape and are

closely packed gives a density of 0.78 ± 0.08 nm-2. This is clearly more than obtained

from the evaluation of STM images as in Fig. 3.3, which reflects the less dense packing

in the non-perfectly ordered adlayer.

Long-range ordered structure: Next we concentrate on the long-range ordered 2D cry-

stalline structure. Fig. 3.4a resolves this structure in an island in the submonolayer re-

49



3 Results and discussion

gime, Fig. 3.4b shows it in a closed layer of [BMP][TFSA] adsorbate. In the submono-

layer regime, most of the adsorbed species are included in islands on the terraces with

the periodic structure, but there are also disordered islands on the surface. Mostly, the

latter ones are smaller and are at-tached to steps or to the elbows of the Au(111) recon-

struction pattern. In general, each island of the ordered structure consists only of a sin-

gle domain of that structure. In addition, on top of descending steps, the [BMP][TFSA]

adsorbates form a single line of admolecules as observed before (see Fig. 3.3). As also

described for Fig. 3.3, [BMP][TFSA] adsorbates also form islands attached to the ascen-

ding steps, but in the presence of an ordered island on the lower terrace the islands in

front of the steps are much smaller and only a few protrusions wide. Apparently, the

ordered islands act as effective traps for diffusing [BMP][TFSA] adsorbates, indicating

that 2D condensation at the perimeter of the ordered islands is energetically more fa-

vourable than at a disordered one. In a closed layer (or at coverages close to 1 ML), it

is also possible that different rotational domains of the ordered structure coexist. These

may be in direct contact to each other, but mostly they are separated by an area with

disordered phase in between. Apparently, during cool-down of the sample a reorienta-

tion of domains is hindered by kinetic limitations. The disordered regions in between

the ordered domains can be considered as extended domain boundaries.

The different rotational domains have defined orientations relative to that of the un-

derlying Au(111) reconstruction pattern. The reconstruction pattern of the Au(111) sur-

face always points into the same direction as the connection line through the “double

dots” in the ordered adlayer phase (marked in Fig. 3.4c). When the dislocation lines of

the Au(111) herringbone pattern bend by 120°, the [BMP][TFSA] structure is not able to

follow this change and the structure mostly breaks down over the area where the direc-

tion of the dislocation lines differs from that of the connection line through the double

dots. This occurs both in the mono- and in the submonolayer regime. An example is

shown in Fig. 3.4b, where the ordered structure changes periodically into a disordered

phase. At these positions, the orientation of the Au(111) reconstruction pattern does not

fit to the orientation of the ordered structure of the surrounding domain (see above).

For coverages close to a full monolayer, where domains of different orientations were

formed by coalescence of differently oriented islands, it is likely that the domain boun-

dary is located on top of an orientation change of the subjacent Au(111) reconstruction.

But also the opposite case, where the adlayer overgrows the area with ‘wrong’ orien-

tation of the dislocation lines without disordering, was frequently observed (see, e.g.,

Fig. 3.4b). In the submonolayer regime (also Fig. 3.4b), the island edges are often placed
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Figure 3.4: STM images of ordered domains of [BMP][TFSA] in the (a) submonolayer regime
(UT = -1846 mV, IT = 0.060 nA, T = 102 K) and (b) monolayer regime (UT = -1846 mV, IT =
-0.030 nA, T = 110 K). (c), (d) Higher resolution images in the monolayer regime, resolving
rotational domains of the adlayer ((c): UT = -1846 mV, IT = -0.040 nA, T = 140 K; (d): UT =
-1846 mV, IT = -0.040 nA, T = 139 K). (e) Detail view of the structure in the submonolayer regime.
The unit cell of the adlayer phase is marked with white lines, the positions of the round shaped
protrusions (adsorbed cations) are marked with black dots and those of the pairs of longish
protrusions (adsorbed anions) with black lines in the unit cell (outside the unit cell with black
ovals for better visibility, (UT = 1846 mV, IT = -0.050 nA, T = 102 K) and (f, g) structure models,
giving distances and angles. The accuracy of the distances and angles is ± 0.04 nm and ± 2°,
respectively.
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on top of a line along the elbows in the Au(111) herringbone reconstruction.

As the ordered structure follows the Au(111) reconstruction and there are only 3 ori-

entations of the dislocation lines possible for the Au reconstruction with angles of 120°

in between (be-cause of the threefold symmetry of the Au(111) surface), there are on-

ly 3 orientations on the surface possible for the ordered structure of the adsorbates.

Considering also that the adsorbate unit cell is a parallelogram, the structure can form

two orientations in each direction which are mirror symmetric to each other, so that 6

orientations are possible in total. This is illustrated in Figs. 3.4c and 4d, which show ro-

tational domains of the structure and the angles between. In Fig. 3.4c, the two domains

are rotated by 120°, which would be consistent with formation on different rotational

domains of the Au(111) reconstruction pattern. In Fig. 3.4d, four domains (I – IV) are

resolved, where the line through the double dots (marked as almost vertical dashed

white line in the image) runs in the same direction in all domains. The two domains in

the upper half of the picture show exactly the same orientation, but compared to the

two domains in the lower half of the picture the orientation of the zigzag lines (along

the dots) differs by 24° (2 x (90 – 78)°). Therefore, the two sets of domains are mirror

symmetric to each other and chiral.

Molecular structure assignment: Fig. 3.4e, recorded on an island in the submonolayer

coverage regime, shows a more detailed view of the molecular structure. Here the circu-

lar structures are marked with black dots for better visibility. Also the longish protrusi-

ons are well resolved in this detail picture. They are aligned in lines which are oriented

in a herringbone pattern, in the other direction they are parallel to the general orienta-

tion of the zigzag lines. These longish protrusions are also observed in the disordered

2D glass adlayers. Also in that case they lie in between the dots and are arranged in

pairs, but without a visible long-range order. The density of the dots relative to that of

the longish protrusions was evaluated in ~10 STM images, both in the ordered as well

as in the disordered structures, and it was always found to exhibit a ratio of exactly 1 : 2

(dots : longish protrusions).

The resulting unit cell in Fig. 3.4e is indicated with white lines. One lattice vector

goes along the zigzag line, the other one is along the connection line of the dot pairs,

with an angle of 68° between the two lattice vectors (which often coincides with the

orientation of the dislocation line in the underlying Au(111) reconstruction). A schema-

tic representation of the adlayer structure is given in Figs. 3.4f and 3.4g, including the

measured distances and angles between the protrusions. The unit cell has a dimensi-

on of 4.20 ± 0.04 nm x 3.37 ± 0.04 nm with an angle of 68° between the unit vectors,
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and an area of 13.1 ± 0.3 nm2. It includes 8 protrusions, yielding a density of 0.61 nm-2.

This is exactly the same density as derived above in the disordered phase. The shortest

distance between two protrusions is 0.73 ± 0.04 nm.

In a closed adlayer of [BMP][TFSA] on Au(111), the structure looks very similar, but

the shape and dimensions of the unit cell differ slightly, with side lengths of 3.79 nm x

2.89 nm (± 0.04 nm each) with an angle of 78 ± 2° in between. This results in a unit cell

area and a density of the protrusions of 10.7 ± 0.03 nm2 and 0.75 ± 0.05 nm-2, respec-

tively. Hence, the density is significantly higher than in the disordered phase and in the

ordered islands, indicating that in the closed adlayer the phase is more compressed.

So far, we have not discussed the identity of the different motifs, of the round dots

and the longish protrusions. Considering their stoichiometry and the fact that the lon-

gish protrusions are always paired, one may assume that the dots resemble one type of

ion and the pairs of longish protrusions the other one. Another possibility is that one

dot together with one longish protrusion resembles one ion type and another longish

protrusion the other ion. To distinguish between anion and cation, it is often helpful to

vary the tunneling voltage or to invert the voltage between tip and sample. This should

lead to a different appearance in the STM image, since other orbitals are addressed,

especially when molecules with very different electronic structures are imaged. Unfor-

tunately, we did not find any significant voltage dependence in the appearance of these

features in STM images. The physical reason for this is not yet clear and will be subject

to further investigation.

Another possibility is to compare the calculated sizes of the molecules to the mea-

sured sizes of the protrusions. Because the molecules have many conformational and

rotational degrees of freedom and STM does not show directly the geometric proporti-

ons but electron densities, this can also be only an estimate. Assuming a cubic packing

geometry, the size of an ion pair was previously calculated from the density of the bulk

to 0.79 nm.[48] From ARXPS measurements, we know that at room temperature both

ion types are in direct contact to the surface, hence they have to be next to each other.

When we put as a rough estimate both ion types next to each other on the surface with

the dimensions given in Fig. 3.1, without considering distances between the ions, we

obtain a minimum area for the ion pairs of 0.62 nm2. Assuming a minimum distance

of 0.17 nm (estimated from the molecule dimension and the van der Waals radii of the

outer atoms [104]) in between the ions, this would yield a minimum area of 1.1 nm2. In

the ordered structure shown in Fig. 3.4, one dot and two longish protrusions occupy an

area of between 1.64 nm2 (submonolayer coverage) and 1.34 nm2 (monolayer covera-
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ge), as calculated from the size of the unit cell. This fits well to the size required for an

ion pair of the IL.

Evaluating more than 100 dots in ~10 STM images, the round shaped protrusions

have a diameter of 0.70 ± 0.04 nm (full width at half maximum), equivalent to an area

of 0.38 ± 0.06 nm2. A longish protrusion occupies an area of 0.42 ± 0.06 nm2, as calcu-

lated from the FWHM of a pair in both directions. We can compare that with the size

of an adsorbed [TFSA]- anion. The orientation of the [TFSA]- anion relative to the sur-

face has already been discussed earlier,[62] and it was found for [MMIM][TFSA] and

[OMIM][TFSA] on Au(111) that the anion has a cis-conformation on the surface with

the O-atoms pointing to the surface and the CF3 groups pointing to the vacuum. This

conformation is also shown in Fig. 3.1 for the [TFSA]- anion. Assuming this conforma-

tion, the anion has a length (longest direction) of approximately 0.9 nm, which is more

than the size of either the dots or the longish protrusions. On the other hand, if we

assume that two longish protrusions represent one adsorbed anion, oriented with the

anion lying orthogonal to the protrusions, the length would fit. In that case, the longish

protrusion could originate from the orbitals of the CF3 groups in the adsorbed [TFSA]-

anions, and the dots represent the adsorbed [BMP]+ cation. From the size of the dot

an adsorption geometry of the cation with the alkyl chain parallel to the surface (i.e.,

a length of ~0.91 nm) is unlikely. However, a geometry with the cation perpendicular

to the surface and the butyl chain pointing toward the vacuum would be consistent

with the observations and would also explain that the dots appear much higher than

the anions (note that due to the electronically equivalent Calkyl atoms in the ring and

in the chain in this cation, XPS is not sensitive to the molecular orientation). A similar

conformation was indeed reported earlier for the adsorption of similar type cations, but

with a longer alkyl chain, adsorbed on Au(111).[62]

In total, the above arguments indicate that [BMP][TFSA] is adsorbed in a very similar

way as [MMIM][TFSA] and submonolayers of [OMIM][TFSA] on Au(111), with the

alkyl chain of the cation standing upright and pointing away from the surface and the

anion adsorbed in a cis-conformation with the O-atoms pointing to and the CF3-groups

pointing away from the surface. In that case the round shaped protrusion in the STM

images are assigned to adsorbed [BMP]+ cations and the two longish protrusions to

one adsorbed [TFSA]- anion. It should be noted that our data do not allow conclusions

on the charge state of the adsorbed ions and hence on possible discharging of the ions

during adsorption.

Thermal ordering: To obtain more information on the transition from the 2D liquid at
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RT to the 2D crystalline solid at 100 K, we investigated the order-disorder transition

and the process of disordering at temperatures higher than 110 K by slowly heating the

sample to room temperature during STM imaging. In general, the noise level increased

with increasing temperature, and getting “good” pictures with a low noise level beca-

me more difficult. This agrees well with the picture of a thermally induced increasing

mobility of the adsorbates. Looking in more detail, however, the thermal mobility de-

pends sensitively on the coverage and structure of the adlayer, differing, e.g., between

islands in the submonolayer regime and closed monolayers, and 2D glass phase and 2D

crystalline phase. Islands of the disordered adsorbed ionic liquid phase could be detec-

ted and resolved up to a temperature of 113 K at lower coverages (see, e.g., in Figs. 3.3a

and 3.3b). At coverages close to a full monolayer, the adsorbates could be resolved in

the 2D glass phase up to 173 K. Hence, closed layers are more stable against “melting”

than the islands of the adsorbed ionic liquid. At coverages near a full monolayer and at

temperatures between 113 and 173 K, motion of the adsorbates is visible as stripy noise

in between areas with 2D solid. At lower coverages, also the distance to the island pe-

rimeter plays a role. While far away from the island perimeter, the Au(111) surface can

be imaged sharp and with only little noise, the adsorbate free surface around an island

and the ionic liquid adsorbates at the border of an island appears more and more noisy

with increasing temperature.

The islands and domains with long-range order show a very similar behavior, but

in this case even higher temperatures are necessary to “melt” the structure, 170 K for

islands at submonolayer coverage and 225 K in the closed monolayer. It should be noted

that the IL adsorbates, which were present as 2D glass around or between 2D crystalline

islands or domains, are already highly mobile at temperatures well below these melting

temperatures and appear only as noise in the STM images.

These results show that the long-range ordered islands and domains are more stable

than the disordered ones, although the difference cannot be large since it is possible

to form both structures during cool down. The higher stability of the ordered phase

can easily be explained by the stronger effective adsorbate – adsorbate interactions,

resulting from the higher density of that phase and the higher number of pairwise in-

teractions. This also explains the higher stability of the adlayer structure in the (denser)

closed monolayer film than in the islands. Furthermore, the islands in the submono-

layer regime can undergo a 2D sublimation process, i.e., they are less stabilized by the

dilute 2D gas phase compared to the monolayer film, where the density is much higher.

Finally we would like to note that we did not detect a transition from the 2D glass
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state to the 2D solid at 250 – 265 K, as it was concluded by Souda and Günster et al.

[105, 106] for a thin film of [EMIM][TFSA] adsorbed on HOPG and polycrystalline Au.

3.1.4 Conclusions

The growth, structure formation and thermal disordering of (sub-)monolayer films of

the ionic liquid [BMP][TFSA] on Au(111) under UHV conditions were investigated by

ARXPS and STM between RT and 100 K. These measurements led to the following

conclusions:

1. At room temperature ARXPS revealed an adsorption geometry of the ionic liquid

adsor-bates in the first monolayer where the [BMP]+ cation and the [TFSA]- an-

ion are in direct contact to the surface. For higher coverages, the XPS data are

compatible with a layer-by-layer growth of the ionic liquid adlayers.

2. STM reveals that the adsorbed species form a 2D liquid on the surface at room

temperature. Cooling down freezes the mobility of the adsorbed species, leading

to 2D crystalline or 2D glass phases. Furthermore, island formation of the adsor-

bates is observed in the submonolayer regime.

3. Preferred adsorption sides are steps of the Au(111) substrate as well as the elbows

of the Au(111) reconstruction pattern. Island formation on the terraces starts from

the ascending side of the steps and from the elbows of the Au(111) reconstruction

pattern, whereas on the upper terrace side the steps are only decorated by a line of

adsorbed molecules. Two different (island) structures coexist on the surface, one

with extended, long-range order (‘2D crystalline solid’) and one with short-range

order only (‘2D glass’). The ratio between these structures depends sensitively on

the preparation procedure and defect structure of the surface.

4. The ionic liquid adsorbates appear as round shaped protrusion (“dots”) and lon-

gish protrusions, where the latter always appear in pairs. The dots represent the

cations, the pairs of longish protrusions the anions. The adsorption geometry of

the cation is assumed to be with the ring binding to the surface and the alkyl chain

sticking up from the surface into the vacuum. For the anion, a cis-conformation on

the surface with the O-atoms pointing toward the substrate and the CF3 groups

toward the vacuum is assumed as most likely in analogy to [MMIM][TFSA] and

[OMIM][TFSA]. In this case, a dot in STM is mainly generated by an upsticking

alkyl chain and a longish protrusion by one CF3 group of the anion.
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5. STM measurements performed while slowly heating up the sample show a mel-

ting of islands of the 2D glass phase at 113 K and of the crystalline phase at 170 K.

In a closed layer, the respective temperatures are 173 K and 225 K. Hence, the 2D

crystalline structures are more stable than the disordered ones, both phases are

more stable at monolayer coverage, in the absence of regions with 2D liquid pha-

se, than at submonolayer coverages, where 2D evaporation on adsorbed species

into adjacent regions with the less dense 2D liquid is possible.
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3.2 Toward the Microscopic Identification of Anions and
Cations at the Ionic Liquid | Ag(111) Interface: A
Combined Experimental and Theoretical Investigation

The content of this section was published in Ref. [107] and was adapted with permissi-

on from the American Chemical Society, ACS Nano, ©2013. The style and numbering of

the references and the figures have been adapted to fit the layout of the thesis. Abbre-

viations which already have been introduced in the thesis before are not expanded in

the text anymore. The DFT-D calculations were performed by Katrin Forster-Tonigold,

the STM measurements by the author of this thesis, Dorothea Alwast, Nadja Wagner

and Florian Buchner; the evaluation of the STM data was done by the author of this

thesis, Dorothea Alwast and Florian Buchner. Data included in this section was also

partly used in the Bachelor thesis of Dorothea Alwast. This work was financially sup-

ported by the Helmholtz Institute Ulm (HIU) Electrochemical Energy Storage.

3.2.1 Abstract

The interaction between an adsorbed layer of [BMP][TFSA] and a Ag(111) substrate,

under UHV conditions, was investigated in a combined experimental and theoretical

approach, by high-resolution STM, XPS and DFT-D calculations. Most importantly, we

succeeded in unambiguously identifying cations and anions in the adlayer by com-

paring experimental images with submolecular resolution and simulated STM images

based on DFT calculations, and these findings are in perfect agreement with the 1 : 1

ratio of anions and cations adsorbed on the metal derived from XPS measurements.

Different adlayer phases include a mobile 2D liquid phase at room temperature and

two 2D solid phases at around 100 K, i.e., a 2D glass phase with short-range order and

some residual, but very limited mobility and a long-range ordered 2D crystalline pha-

se. The mobility in the different adlayer phases, including melting of the 2D crystalline

phase, was evaluated by dynamic STM imaging. The DFT-D calculations show that the

interaction with the substrate is composed of mainly van der Waals and weak electro-

static (dipole-induced dipole) interactions and that upon adsorption most of the charge

remains at the IL, leading to attractive electrostatic interactions between the adsorbed

species.
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3.2.2 Introduction

Ionic liquids (ILs), which are molten salts usually consisting of organic ions with a

melting point below 100 °C,[13, 96] have attracted considerable interest in recent years

because of their unusual physicochemical properties such as high ionic conductivity

and electrochemical stability, very low vapor pressure, or low flammability. Due to the

large variety of combinations of different anion-cation pairs, the properties of the ILs

can be adjusted over a wide range, making them highly interesting molecular building

blocks for both fundamental research and specific applications.[13, 14, 20, 96] One very

interesting application is their use as solvent in electrochemical energy storage, where

ILs could replace standard solvents in lithium ion and lithium air batteries.[37, 108–

110] They are also discussed as support-modifying functional layers in heterogeneous

catalysis.[64, 111] For the successful transfer into application, it would be highly de-

sirable to understand the processes at the IL | solid and IL | vacuum interface on a

fundamental level, at the molecular scale. As one important point, this includes the va-

rious aspects of structure formation of ILs on flat surfaces, as a model for the IL | solid

interface.

In this paper we report results of a combined experimental and theoretical study on

the adsorption and structure formation behavior of the anion-cation pair [BMP][TFSA]

on Ag(111) under UHV conditions in the submonolayer to monolayer range, applying

high resolution STM, XPS and DFT-D calculations.[112] Despite numerous investiga-

tions, conducted both in situ, in an electrochemical environment [48, 49, 52, 113, 114]

and ex situ under UHV conditions,[60, 63, 64, 69–71, 111, 115–120] studies on the inter-

action of IL monolayers with single-crystalline surfaces are rare. Cremer et al. studied

the adsorption of [MMIM][TFSA] and [OMIM][TFSA] on Au(111) by ARXPS and con-

cluded that at a coverage of up to 1.0 ML both anions and cations are in direct contact

with the surface, presumably in an alternating arrangement.[62] (Note that the authors

of that study defined a coverage of 1 ML as a saturated layer of anions and cations

on top of each other, while in the present study we define a monolayer coverage by

using the number of adsorbed ions in direct contact with the surface at saturation of

the surface as reference. This requires multiplying the coverages from the above group

by a factor of 2, which is done in the following.) In contrast to the findings for Au(111),

Cremer et al. found for [MMIM][TFSA] adsorption on Ni(111) that up to coverages of

~0.80 ML the ions are vertically aligned, with the imidazolium cation directly on the

Ni surface and the corresponding anion on top of it.[63] By analyzing infrared reflec-
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tion absorption spectroscopy (IRAS) measurements with the help of DFT calculations,

Sobota et al. concluded that at submonolayer coverages the adsorption geometry of an

imidazolium-based IL on Al2O3/NiAl(110) is likely to be a cis-conformation for [TFSA]-

anions, with the SO2 groups attached to the substrate.[61]

In a very first molecular resolution STM investigation, a short-range-ordered struc-

ture was resolved for [BMP][FAP] on Au(111) under UHV conditions at 200 K.[66] Mo-

lecular objects in the form of dots could be identified, which could be either ion pairs

in a double-layer arrangement or individual ions, with both ions in contact with the

surface. More recently, STM measurements by Foulston et al. [67] on [EMIM][TFSA] ad-

sorbed on Au(110) resolved molecular entities, which they assumed to consist of closely

associated ion pairs. However, in neither of these cases was it possible to distinguish

and to molecularly identify anions and cations by STM imaging. This is in contrast to

other 2D ionic networks involving adsorbed alkali ions (Cs+, Na+ or Li+) and orga-

nic anions such as anionic carboxylate or tetracyano-p-quinodimethane adsorbed on

smooth noble metal surfaces (Cu(100), Au(111)),[121–123] where STM identification of

the respective adsorbed ions was possible in several cases. The relative size difference

for the adsorbed IL species, however, is much less, rendering the identification of an-

ions and cations much more complicated. In this context it is also of pivotal importance

to obtain information on the actual ratio of adsorbed anions and cations on the surface.

For a detailed molecular scale understanding of the processes at the IL | solid inter-

face, the identification of single adsorbed ions would be highly desirable, together with

a similar understanding of the nature of the substrate – adsorbate and adsorbate – ad-

sorbate interactions. This is topic of the present work, where the combination of high

resolution STM imaging with submolecular resolution, XPS measurements and density

functional theory based calculations allows for an unambiguous identification of the

different adsorbed species and gives detailed insight into the bonding situation of the

adlayer, including both substrate – adsorbate and adsorbate – adsorbate interactions. To

the best of our knowledge, this is the first time that individual ions could be resolved

and identified in an IL adlayer, which is a prerequisite for the detailed understanding

of the solid | IL interface in general. The latter in turn is the basis for systematic impro-

vements in related applications as described above.

3.2.3 Calculational Methods

Periodic DFT-calculations were performed using the exchange-correlation functional of

Perdew, Burke and Ernerhof (PBE) [124] as implemented in the Vienna ab initio simula-
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tion package (VASP).[125, 126] In order to account for dispersive interactions missing in

the exchange-correlation functionals of the generalized gradient approximation (GGA),

we employed Grimme’s correction scheme of 2010 (DFT-D3).[112] It has recently been

shown that this approach yields reliable adsorption energies and structures for organic

molecules and hydrogen-bonded networks on metal surfaces.[127–129] Ion cores are

represented by means of the projector augmented wave (PAW) method.[130, 131] The

electronic one-particle wave functions were expanded in a plane wave basis set up to

an energy cut-off of 400 eV.

The Ag(111) surface was represented by a slab consisting of 3 metal layers, separa-

ted by a vacuum region of about 25 Å. To model the adsorption of one cation-anion

pair at the surface, we chose a Ag(111)-(5x5) overlayer structure with one adsorbed

cation-anion pair per unit cell. For the integration over the first Brillouin zone a 2x2x1

Monkhorst-Pack k-point mesh [132] with a Methfessel-Paxton smearing of 0.1 eV was

employed. The geometry of the adsorption complex was optimized by relaxing all

atoms of the IL pair and the atoms of the uppermost layer of the metal surface. On-

ly these atoms were taken into account for the evaluation of dispersive interactions.

STM simulations are based on the Tersoff-Hamann approximation.[133] Within that

model the tunneling current is proportional to the local density of states (LDOS) at the

surface close to the Fermi energy at the position of the tip. Constant-current images are

simulated by an isosurface of the LDOS integrated between the Fermi energy of the

system and the sample bias.

Isolated molecules have also been calculated using the GAUSSIAN09 code [134] in

connection with the atom centered basis set aug-cc-pVTZ.[135–137] For isolated mole-

cules no dispersion corrections have been employed.

3.2.4 Results and Discussion

To begin with, we discuss the adsorption behavior of [BMP][TFSA] on Ag(111) based

on large-scale STM images at submonolayer and monolayer coverages. STM images

recorded at 300 K do not allow us to resolve single IL entities. Instead, stripy features

appear, which are not observed on the clean Ag(111) surface (Appendix Fig. 6.1). There-

fore these features are related to adsorbed IL entities in a 2D gas / 2D liquid adlayer

that diffuse rapidly on the time scale of the STM experiment and can therefore not be

resolved.[138–140] Similar observations were reported by Waldmann et al. for RT ima-

ging of a [BMP][FAP] ionic liquid adlayer on Au(111) [66] and by Foulston et al. for

[EMIM][TFSA] on Au(110).[67]
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In Fig. 3.5 we present constant current STM images recorded at submonolayer (Fig. 3.5a)

and monolayer coverage (Fig. 3.5b) at around 100 K, where a monolayer is defined as

the coverage required to completely cover the surface. Fig. 3.5a shows four silver terra-

ces (depicted as I, II, III, IV), which are covered with the adsorbed IL species in different

ways. On terrace I, we find a large, long-range ordered and homogeneous adsorbate

phase without any internal domain boundaries. These large ordered areas are solely

observed on large silver terraces; small domains or islands of that phase, separated by

domain boundaries or other phases, have not been observed on these terraces. (We he-

re consider terraces to be large, if they exhibit a width of at least 20 - 30 nm, and they

extend mostly over the entire scan area in the other direction, which from experimental

reasons was limited to 100 nm x 100 nm.) These areas, which shall be referred to as an

ordered 2D crystalline phase, mostly extend over the entire terrace, from step to step

(see also Appendix Fig. 6.2), while phase boundaries to an adjacent 2D liquid or 2D

gas phase were largely orthogonal to the steps. From the reasons given above it was

mostly not possible to determine the lengths of these areas as they exceeded at least in

one direction the STM scan area. Note that at large terraces, at least close to the steps,

we also observed regions where the IL adsorbates are arranged in a disordered way,

which will henceforth be referred to as a 2D glass phase. Terrace II (Fig. 3.5a), which

is only ~10 nm wide, shows an apparently uncovered, adsorbate-free region, at least

there is no adlayer structure visible, neither ordered nor disordered. Noisy features in

the fast scanning direction are again attributed to highly mobile adsorbed species, i.e.,

also this area is not free of adsorbates. At the left side of terrace II, two islands with

arbitrary shapes grow from the step. At the present resolution, these islands consist of

single dots, which are arranged in a disordered way (see below). Terrace III (Fig. 3.5a)

shows a larger region covered with a disordered 2D glass phase, which extends from

the left to the right step. Finally, terrace IV (Fig. 3.5a) is nearly completely filled with

the disordered 2D glass phase.

Successively increasing the coverage (Fig. 3.5b), the 2D crystalline phase is exclu-

sively found on the large terraces; in addition, also disordered regions are found on

large terraces close to the steps. Narrow terraces (~10 nm width) in Fig. 3.5b are now

completely filled with the disordered 2D glass phase. As the influence of the steps is

much larger at narrow terraces, it is likely that the interaction with these defects is re-

sponsible for the formation of the disordered 2D glass phase, inhibiting the ordering

process. In large-scale STM images, three orientations of the 2D crystalline phase are

found (only one orientation per terrace (Appendix Fig. 6.2)), whose orientation differs
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Figure 3.5: Constant current STM images of [BMP][TFSA] on Ag(111) recorded at 100 K. (a)
The STM image at submonolayer coverage shows four silver terraces (indicated by numbers).
Both an ordered 2D crystalline phase on the large Ag terrace and a disordered 2D glass phase
on small Ag terraces (width ~10 nm) could be resolved. (b) At monolayer coverage, the lar-
ge terrace is occupied by the ordered 2D crystalline, while small terraces are covered by the
disordered 2D glass phase ((a) UT = -0.42 V, IT = 110 pA, (b) UT = -0.37 V, IT = 130 pA).
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by multiplies of 120°. Hence, these domains are rotationally aligned with the underly-

ing Ag(111) surface lattice. The observation that large terraces are largely occupied by

large and homogeneous areas of 2D crystalline phase points toward (weakly) attractive

adsorbate-adsorbate interactions.

Next we concentrate on the dynamic behavior of [BMP][TFSA] on Ag(111) at 100 K.

Fig. 3.6 shows the boundary between an ordered 2D crystalline phase and an adjacent

2D liquid phase, which typically appears frizzy (Fig. 3.6a). Such frizzy features are ge-

nerally due to surface mobility at the phase boundary. Even though we used a high

tunneling resistance (Rt ~2 – 44 GΩ), we cannot totally exclude tip-induced effects. Ti-

me sequences of STM images were acquired and selected images from two series are

shown in Fig. 3.6b and 3.6c. The time interval from image to image was ~25 s in Fig. 3.6a

and ~6 s in Fig. 3.6b. The main finding is that the interior of the domain remains stable

over time, while the location of the phase boundary changes gradually. This behavior

can be explained by a 2D adsorption-desorption equilibrium at the phase boundary.

The IL entities in the 2D liquid phase are highly mobile and cannot be resolved.[138–

140]

Dynamic STM measurements were also performed at regions of the surface where

both the ordered 2D crystalline phase and the disordered 2D glass phase coexisted. Se-

lected images extracted from the time lapse movie (see SI III of Ref. [107]) are shown

in Fig. 3.7. On the right terrace, the features in the ordered 2D crystalline phase re-

main highly stable over time. As in Fig. 3.5a, disordered regions are found close to the

step. On the left terrace, the STM time sequence shows that an apparently uncover-

ed region successively fills up with IL species in the disordered 2D phase; that is, the

phase boundary changes with time. As discussed before, the stripy features in the fast

scan direction are presumably due to highly mobile adsorbed IL species in a 2D liquid

phase.[138–140] Thus, there is an exchange of adspecies at the boundary between dis-

ordered 2D phase and 2D liquid. In contrast to the 2D crystalline phase, the adsorbed

species in the disordered 2D phase are not fully immobile; infrequent molecular jumps

are observed. Although we do not have experimental evidence for that, such kind of

molecular motion would allow, at least from a kinetic point of view, a slow transforma-

tion from the 2D disordered phase into the 2D crystalline phase. We assume, however,

that both the interaction with the steps and the absence of strongly attractive adsorbate-

adsorbate interactions prevent the adlayer from ordering on small terraces or directly

along the steps on larger terraces. As described before, even at low temperatures of

around 100 K we did not observe small islands of the ordered [BMP][TFSA] adlayer
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Figure 3.6: Constant current STM images of [BMP][TFSA] on Ag(111) recorded at 100 K. (a)
STM image of the ordered 2D crystalline phase exhibiting frizzy features at the phase boundary
to the 2D liquid phase, which are presumably due to exchange of adsorbed IL species at the
phase boundary between 2D solid and 2D liquid. Time sequences of STM images with an image
to image time of 25 s in (b) and of ~6 s in (c) illustrate the dynamic changes at the phase
boundary ((a) UT = -0.33 V, IT = 150 pA), (b) UT = -1.2 V, IT = 90 pA, (c) UT = -1.2 V, IT = 100 pA).
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Figure 3.7: STM time sequence of [BMP][TFSA] on Ag(111) recorded at ~100 K. On the left
Ag terrace, the phase boundary between disordered 2D glass and 2D liquid is monitored with
a time interval from image to image of ~12 s (every fourth image is shown). Both the stripy
features close to the phase boundary and the gradually changing phase boundary illustrate the
exchange of adsorbed IL species between the phases. The right terrace is partly covered by a
stable 2D crystalline phase (UT = -0.86 V, IT = 50 pA).
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phase on Ag(111), but just larger ordered areas.

In similar time-resolved measurements we could resolve the 2D melting of the 2D

crystalline phase. The results were acquired by applying “slow” linear heating ramps

(~0.5 K min-1), starting from an initial temperature of around 100 K. This way, we could

reproducibly determine a 2D melting temperature of the ordered 2D crystalline phase

of 180 ± 10 K. Above 180 K, we observed stripy features, which are attributed to a 2D

liquid adlayer (Appendix Fig. 6.3). The "melting" temperature of the 2D glass phase

is presumably slightly lower than that of the 2D crystalline phase; an accurate value

cannot be given. However, extrapolating the intrinsic motion in this phase at 100 K

to higher temperatures, a lower melting point compared to the ordered 2D crystalline

phase seems plausible. In a more general sense, the presence of long-range ordered

islands with a low melting point and their equilibrium with a surrounding 2D liquid

phase point to weakly attractive adsorbate – adsorbate interactions and a low barrier

for surface diffusion.

We now focus on the structure of the stable, ordered 2D crystalline phase. The high-

resolution STM image of this phase in Fig. 3.8a resolves an alternating sequence of

pairs of longish protrusions and round dots, where the latter are indicated by symbols

in the STM image. The dimensions of the unit cell are |a| = 2.3 ± 0.1 nm and |b| = 1.1

± 0.1 nm and α = 98 ± 5°, with two dots and four longish protrusions per unit cell.

Hence, the ratio of dots to longish protrusions is 1 : 2 (Fig. 3.8b). The pairs of longish

protrusions as well as the dots are aligned along one of the lattice vectors, with always

one line of dots followed by one line of longish protrusions. Between successive lines

of longish protrusion their orientation changes by ~120°. This together with the obser-

vation of three rotational domains indicates that the adlayer is aligned along the atomic

lattice of the Ag(111) surface, most likely with the lines oriented along the close-packed

directions of the Ag(111) surface.

To directly identify the ratio and composition of the adsorbed ions on the metal,

in addition to the structural information gained by STM, XP data were acquired on

a Ag(111) surface covered by a submonolayer of [BMP][TFSA] at room temperature

(from the damping of the Ag3d signals a layer thickness of 3.5 Å was calculated). The

C1s and N1s core level signals, which are common elements of both ions, are depicted

in Fig. 3.9a and b. A molecular stick presentation for [BMP][TFSA] is placed above the

spectra; the color-coded arrows refer to the corresponding XP peaks. In the C1s region

(Fig. 3.9a), the peak referred to as Calkyl originates from five carbon atoms, i.e., three car-

bon atoms in the butyl chain and two carbon atoms in the pyrrolidinium ring, which
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Figure 3.8: High resolution STM images of [BMP][TFSA] on Ag(111) recorded at ~100 K. (a)
High-resolution STM image of the ordered 2D crystalline phase; on the right-hand side dots
and longish protrusions are superimposed on the image. (b) Enlarged STM image highlighting
the structure of the ordered 2D crystalline phase. The unit cell is included (|a| = 2.3 ± 0.1 nm,
|b| = 1.1 ± 0.1 nm, α = 98° ± 5°), which contains two dots and four longish protrusions (UT =
-1.32 V, IT = 110 pA).
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Figure 3.9: XP C1s (a) and N1s (b) core level spectra of a submonolayer [BMP][TFSA] layer on
Ag(111) at room temperature (nominal thickness ~3.5 Å, see text). Stick presentations of the
molecules are placed above the spectra. The color-coded arrows refer to the correspondingly
color coded XP peaks. The experimental peak areas are close to the nominal stoichiometry of
the molecules, indicating that anions and cations are adsorbed on the surface with a ratio of
1 : 1. (c) Sequence of C1s spectra for increasing coverage of [BMP][TFSA] on Ag(111). Dashed
lines indicate the binding energies of the anion and cation related peaks in the limits of small
coverages (adsorbed species with metal – adsorbate bond) and of high coverages (17.5 Å film),
reflecting condensed ion species (no metal – ion bond).
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both have solely carbon neighbors. The peak referred to as Chetero is due to the four

carbon atoms with the nitrogen atom in the ring as a neighbor and Canion is attributed

to the two carbons in the anion; the nominal ratio of these peak areas is 5 : 4 : 2. The

experimentally determined peak areas are 5.0 : 4.1 : 1.9 (normalized to Calkyl), which is

close to the nominal IL stoichiometry, indicating a 1 : 1 ratio of adsorbed anions and

cations on the metal surface. In the N1s region (Fig. 3.9b), a Nanion : Ncation ratio of one

is found within the limits of accuracy, which further proves that the anion : cation ra-

tio on the surface is 1 : 1. Overall, the XPS data provide clear proof that anions and

cations adsorb without decomposition. Furthermore, upon successively increasing the

[BMP][TFSA] coverage (Fig. 3.9c), it was found that for small amounts of the IL on the

surface the peak positions of the signals remain at constant binding energies, while for

thicker films a gradual shift of all signals toward higher binding energies occurs, which

reveals, in agreement with previous observations by Cremer et al. for [MMIM][TFSA]

and [OMIM][TFSA] on Au(111),[62] that below 1 ML both anions and cations are direct-

ly adsorbed on the Ag surface, while at higher coverages condensed multilayer species

dominate the spectra increasingly. (The peak shift is highlighted by the dashed lines in

Fig. 3.9c, which mark the positions of the fitted peaks for the submonolayer signal and

for the 17.5 Å thick layer, respectively.)

Despite of the detailed structural information gained from the STM data, it is not

possible to identify the origin of the different features from these images alone. Fur-

ther insight comes from DFT-D calculations, which provide a detailed understanding

of the anion-cation adsorption complex and can explain the appearance in STM images

for the given tunneling conditions. However, both the cation and the anion have many

possible conformations at the surface due to rotation around C-C, N-C or S-C single

bonds. In order to reduce the number of possible starting conformations of the adsorp-

tion structure of the IL pair, we will first analyze the most stable conformations of the

isolated cation and the isolated anion. Especially for the cation, the orientation of the

alkyl chain may have a strong impact on the appearance in the STM image and/or the

packing density of the molecules at the surface. In the gas phase, the five-membered

ring of [BMP]+ adopts an envelope conformation in which the butyl group occupies

either the axial position (as shown in Fig. 3.10a) or the equatorial position, i.e., the bu-

tyl group is either perpendicular or parallel to the cyclopentane ring. For the isolated

cation, the equatorial position is about 18 meV more stable. As this energetic difference

is rather small and the actual conformation at the surface may depend on the coverage,

the conformer with the butyl group in the axial position was considered as well. On the
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other hand, it should also be considered that the axial position, with the butyl group

sticking up when the imidazole ring is parallel to the surface, would allow a higher

packing density.

To identify the most probable locations for the attachment of an anion, we evalua-

ted the electrostatic potential at an isosurface of the total charge density of the [BMP]+

cation (see Fig. 3.9a). The blue regions reveal the most positive electrostatic potential

experienced by a positive test charge, i.e., they indicate the regions where a negative

(partial) charge would attach preferentially. In contrast, the red regions reveal the least

positive electrostatic potential a positive test charge would experience. Accordingly,

the anion most probably attaches in the middle of the triangle formed by the hydrogen

atoms of the α-C-atoms.

For the isolated [TFSA]- anion, two stable conformations are obtained. In the first

one, the CF3 groups are both located above (or below) the S-N-S plane, which is subse-

quently denoted as cis-conformation. In the second conformation, which is accordingly

termed as trans-conformation, one CF3 group is above and the other one below the S-

N-S plane. The trans-conformer is about 40 meV more stable than the cis-conformer.

Additionally, the rotational barrier that needs to be overcome for transferring from the

one into the other conformer is rather small, in the range of 50-100 meV. Sobota et al.

reported for an imidazolium-based ionic liquid that in the multilayer both the cis- and

the trans-conformers of [TFSA]- coexist, whereas in the monolayer the cis-conformer

is found on a Al2O3/NiAl(110) support.[61] Considering the adsorbed ionic liquid rat-

her than an individual anion, two additional factors may affect the relative stability of

the respective conformers: the interaction with the counterion, here the cation, and the

interaction with the surface. Due to these interactions, even quite different conformers

might be involved in the most stable complexes. Similar to the procedure for the [BMP]+

cation, the electrostatic potential is calculated at and mapped onto an isosurface of the

total charge density of the [TFSA]- anion (see Fig. 3.9b) to estimate possible positions

of attached cations. For both the cis- and the trans-conformation (not shown), the most

attractive regions for positive charges (red regions) are within the S-N-S plane. In order

to probe the possible changes in the stability induced by an attached cation, we choo-

se the alkali metal ion Li+ as a simple model. Both the cis- and the trans-conformers

of [TFSA]- lead to stable complex structures with the alkali metal cation. Due to the

similar stabilization of both [TFSA]- conformers upon interaction with the cation, the

trans-conformer is more stable than the cis-conformer also in a cation-anion complex.

To elucidate effects resulting from the interaction with the substrate, we first explo-
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re the adsorption of [TFSA]- on Ag(111). In that case, the trans-conformer leads to the

most stable adsorption structure, being about 0.2 eV more stable than the metastable

cis-conformer. Both the cis- and the trans-conformer adsorb with their respective di-

pole moment aligned normal to the surface, with the negatively charged end of the

molecule oriented toward the surface. The adsorption distances of both conformers are

comparable as well. The distance between the average z-position of the O-atoms (only

2 atoms are taken into account in the case of the trans-conformer) and the Ag atoms

of the topmost surface layer is 2.472 Å and 2.717 Å for the trans- and cis-conformer,

respectively.

Although we have worked out stable anion and cation conformations in the gas pha-

se and at the surface, there are still many possibilities for the structure at the surface. In

the following we restrict the discussion to only one possibility that has been found to

be theoretically stable and that is compatible with our experimental results. A valuable

experimental input is that the appearance and the size of the unit cell of [BMP][TFSA]

on Ag(111) and others that we observed for related ILs with different alkyl groups

([EMIM][TFSA], [OMIM][TFSA]) are nearly identical, which is a strong indication that

the alkyl chain of the cation adopts the axial position, pointing toward the vacuum.

Furthermore, the XPS data (Fig. 3.9) clearly indicated that both the cation and the anion

are in contact with the surface. Similar findings were also reported for ARXPS measu-

rements for the adsorption of [MMIM][TFSA] on Au(111).[62] The authors of the latter

study also proposed that the oxygen atoms of adsorbed [TFSA]- are pointing toward

the surface, whereas the fluoromethyl groups are directed toward the vacuum. These

experimental findings suggest that the butyl group of adsorbed [BMP]+ adopts the axi-

al position and the cis-conformer of adsorbed [TFSA]- is present in the monolayer of

[BMP][TFSA] on Ag(111). Although, as shown above, both this conformation itself and

its adsorption are less stable than that of the trans-conformer, it might still lead to a mo-

re stable structure of the total adsorption complex due to more favorable adsorbate –

adsorbate interactions, as the electrostatic potential of [TFSA]- is most negative in the S-

N-S plane, which in turn is parallel to the surface in the case of the cis-conformer. Thus,

the interactions with neighboring cations are expected to be stronger than in the case

of the trans-conformer where the S-N-S-plane (and thus the most negative electrostatic

potential) is normal to the surface.

When looking at the structure of the adsorption complex (see Fig. 3.10c) and com-

paring it to that of pure adsorbed [TFSA]- (in the cis-conformation), there are barely

any differences: the anion is only slightly further away from the surface (about 0.10 Å)
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Figure 3.10: Electrostatic potential at an electron charge isosurface (isosurface charge density
4 x 10-4 e bohr-3) of (a) [BMP]+ (view onto the Cbutyl-N-Cmethyl plane) and (b) [TFSA]- (view
along the S-N-S plane). Red regions refer to the least positive / most negative electrostatic po-
tential a positive test charge experiences. Blue regions reveal the most positive / least negative
electrostatic potential a positive test charge experiences. (c) Side view of the adsorption complex
of the ionic liquid ion pair on Ag(111). (d) Isosurfaces (-0.0058 e Å-3 (blue) and +0.0049 e Å-3

(red)) of the adsorption induced changes in the charge density of [BMP][TFSA] adsorbed on
Ag(111). The chosen values for the isosurfaces depict a total electron shift of 0.205 e from the
blue regions into the red regions.
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than for the pure adsorbed [TFSA]-. The adsorption energy with respect to the ionic

liquid pair in the gas phase is 1.30 eV. However, 95% of the adsorption energy is due

to dispersion interactions, i.e., all other interactions (electrostatic interactions, covalent

bonding) lead to an adsorption energy of only 0.06 eV. The charge density difference

map (Fig. 3.10d) provides an insight into the electronic changes occurring upon adsorp-

tion. Upon adsorption, electrons are shifted from the blue regions to the red regions. As

expected, there is a depletion of electron charge in the region between the anion and

the surface, whereas it is enhanced in the region between the surface and the cation.

Thus, the ion pair induces a lateral dipole at the surface that is opposite in sign to the

dipole generated by the two adsorbed ions. For the understanding of the adsorption

bond it would be interesting to know whether the enhanced/depleted electron den-

sity is due to a charge transfer from the surface to the ionic liquid (and vice versa) or

whether it is due to polarization effects within the individual components. This could

tell us whether the charge remains at the ionic liquid or whether there is a significant

charge transfer to / from the adsorbed species. In the first case, there will be conside-

rable electrostatic adsorbate - adsorbate interactions, which lead to the formation of an

ordered structure, in the second case ordering has to occur via different mechanisms,

e.g., weaker dipolar interactions or van der Waals interactions between adsorbates, and

indirect (surface-mediated) adsorbate - adsorbate interactions. However, it is hard to

distinguish between charge transfer and polarization effects as the assignment of char-

ges to individual components mainly depends on the position of the border between

them. Therefore, different methods for charge analysis that are based on different divi-

ding schemes can lead to very diverse results. In order to get at least a rough estimate of

the charge distribution within the system, we used the Bader charge analysis. We found

that the charges of the cation and the anion hardly change upon adsorption on Ag(111).

This is in agreement with the rather small interaction energy of 0.06 eV if dispersive

interactions are excluded, i.e., with the absence of any significant covalent bond forma-

tion.

In Fig. 3.11a we show simulated STM images of two possible adsorption structures

with comparable adsorption energy. These simulations suggest that the experimentally

observed dots in the high-resolution STM images correspond to the cations. This seems

to be the only way to explain the large corrugation of the isosurface of the partial elec-

tronic density contributing to the STM image. The longish protrusions could be related

to the adsorbed anion. It seems that each anion leads to two longish protrusions, each

of them stemming from two F atoms of the fluoromethyl groups. This could explain
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Figure 3.11: (a) Ball and stick presentation of two mirror symmetric configurations of the ad-
sorbed IL ions together with the corresponding simulated STM images (UT = -1.35 V, isosurface
value = 3 x 10-7 e Å-3 of the adsorption structures of [BMP][TFSA] on Ag(111). The dots and
longish protrusions seen in the experimental STM images are indicated on the right. (b) High
resolution STM image of the ordered 2D solid phase. On the right hand side, the anion and ca-
tions are labeled by schematic drawings, and the unit cell is marked (UT = -0.33 V, IT = 150 pA).
The inset in the left lower corner shows a pseudo three-dimensional STM representation with a
magnified scale, exhibiting the scale as that in the simulated image.
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the ratio of 1 : 2 of dots to longish protrusions. Furthermore, different voltages in bet-

ween -0.3 V and -1.5 V have been studied; however, no voltage dependency could be

observed.

Following the STM simulations, the anion-cation pairs in the ordered 2D crystalline

phase are depicted in the high-resolution STM image in Fig. 3.11b on the right-hand

side by superimposed dots and longish protrusions. To allow for a direct comparison

with the simulated STM images, we inserted a pseudo-three-dimensional STM repre-

sentation with a similar scale to that used in the simulated presentation in the left lower

corner of Fig. 3.11b. Apparently, the IL structure is formed by an alternating sequence

of rows in which the anion-cation pairs exhibit the same azimuthal orientation. In this

herringbone-type arrangement, the azimuthal orientation of the ion pairs changes by

120° between subsequent rows. The unit cell is included as well; it contains two dots

and four longish protrusions, which are now identified as two “anion-cation pairs”

with different orientations. It should be noted that the term ädsorbed ion pairïs insofar

misleading as we have no indication for a structure dominated by strongly attractive

interactions between intact ion pairs and weak interactions between neighboring ion

pairs. Instead, Fig. 3.11b clearly demonstrates that the spacing between anions and ca-

tions is rather similar, resembling a 2D ion crystal. Furthermore, the layer is rotationally

aligned with the substrate, possibly due to the interaction of the oxygen atoms of the

anion with the surface.

Finally it should be noted that for computational reasons the DFT calculations dis-

cussed so far were performed for a simplified unit cell with a (5 x 5) geometry with

quasi-isolated adsorbed ion pairs (one ion pair per unit cell) (see section 3.2.3), whi-

le the unit cell depicted in Fig. 3.8b containing two ion pairs is equivalent to a (4 x 9)

periodicity. However, we also performed a structure optimization within the correct

(4 x 9) periodicity with two ion pairs per unit cell (see Appendix Fig. 6.4), starting with

the configuration of the isolated ion pairs. Because of the large computational costs for

these calculations, due to the large number of variable parameters for relaxing the ad-

layer structure, we had to reduce the thickness of the Ag slab to one layer so that the

STM simulations can not be reliably based on this calculation. Yet, we only obtained a

slight structural re-arrangement leading to a stabilization by ~0.3 eV in a shallow mini-

mum. This indicates that the adlayer is rather flexible and that there are only relatively

weak interactions between the adsorbates. Considering the little variation in energetics

and electronic structure, this also means that the STM simulations obtained within the

(5 x 5) cells can be used to interpret the observed structural elements. These findings
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also mean that further optimization of the adlayer is likely to not have a strong impact

on the energetics (substrate – adsorbate and adsorbate – adsorbate interactions). This

latter finding is in good agreement with expectations for an adlayer system dominated

by repulsive interactions.

3.2.5 Conclusions

Having investigated the interaction of [BMP][TFSA] with Ag(111) and the structure

formation in the adlayer by variable-temperature STM measurements and DFT-based

calculations, we arrive at the following results and conclusions:

1. Following deposition of [BMP][TFSA] on Ag(111) at room temperature and cool-

down to around 100 K, we observed the coexistence of an ordered 2D crystalline

phase, a disordered 2D glass phase and a 2D liquid phase. The 2D glass phase was

solely observed on small Ag(111) terraces (d ≈ 10 nm), and is probably induced

by the interaction with the steps and the lateral confinement. On large Ag(111)

terraces, long-range ordered and homogenous domains are formed without any

internal domain boundaries.

2. Variable temperature STM measurements reveal melting of the ordered 2D cry-

stalline phase at 180 ± 10 K.

3. Dynamic STM measurements at around 100 K resolve exchange of adspecies at

the phase boundaries 2D crystalline phase | 2D liquid and disordered 2D glass |

2D liquid. While the interior of the ordered 2D crystalline phase is stable over

time, infrequent molecular jumps are observed in the 2D glass phase.

4. The fact that we observe long-range ordered domains with a low 2D melting point

and an equilibrium between the 2D crystalline phase and the 2D liquid phase

points to weakly attractive adsorbate-adsorbate interactions and a low surface

diffusion barrier.

5. RT XPS measurements confirm adsorption of the [BMP]+ cation and the [TFSA]-

anion with an anion : cation ratio of 1 : 1, where both ions are in direct contact with

the metal surface. Furthermore, they show that IL species adsorb intact, without

decomposition.

6. DFT-D calculations reveal a stable adsorption complex for one IL pair with the

anion and the cation laterally placed side by side. The butyl group of the cation
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points toward the vacuum and the anion exhibits a cis-conformation of the S-N-S

plane, with the SO2 groups binding to the surface and the trifluoromethyl groups

pointing toward the interface IL | vacuum. STM simulations agree with the mole-

cular features in high-resolution STM images, allowing us to identify anions and

cations. In addition, the calculations show that the charge remains at the ionic li-

quid and the interaction with the substrate mainly occurs almost exclusively via

dispersion interactions and weak electrostatic (dipole-induced dipole) interacti-

ons. The ordered 2D crystalline phase is stabilized by weakly attractive electro-

static interactions between the positive and negative charges of the adsorbed ions.

Finally, the layer is rotationally aligned with the substrate surface, probably due

to the interaction of the oxygen atoms of the anion with the surface.
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3.3 Adsorption of the ionic liquid [BMP][TFSA] on Au(111)
and Ag(111) – Substrate effects on the structure formation
investigated by STM

The content of this section was published in Ref. [141] as an Open Access article under

the Creative Commons Attribution License, ©2013, and was adapted with permission

from the Beilstein Institute, Beilstein Journal of Nanotechnology, ©2013. The style and

numbering of the references and the figures have been adapted to fit the layout of the

thesis. Abbreviations which already have been introduced in the thesis before are not

expanded in the text anymore. STM measurements and evaluation of the STM data

of the system [BMP][TFSA] on Au(111) were performed by the author of this thesis,

the ones of the system [BMP][TFSA] on Ag(111) by the author of this thesis, Florian

Buchner, Dorothea Alwast and Nadja Wagner. This work was financially supported by

the Helmholtz Institute Ulm (HIU) Electrochemical Energy Storage, the Deutsche For-

schungsgemeinschaft via the Collaborative Research Center SFB 569 (Ulm) and by the

Fonds der Chemischen Industrie (FCI). We gratefully acknowledge intense collabora-

tions with Katrin Forster-Tonigold and A. Groß (Ulm, DFT-D calculations) and with F.

Maier, T. Cremer and H.-P. Steinrück (Erlangen, XPS measurements), as well as discus-

sions with Michael Roos and Thomas Waldmann.

3.3.1 Abstract

In order to resolve substrate effects on the adlayer structure and structure formation

and on the substrate – adsorbate and adsorbate – adsorbate interactions, we investiga-

ted the adsorption of thin films of the IL [BMP][TFSA] on the close-packed Ag(111) and

Au(111) surfaces by scanning tunneling microscopy, under ultra high vacuum (UHV)

conditions in the temperature range between ~ 100 K and RT. At RT, highly mobile 2D

liquid adsorbate phases were observed on both surfaces. At low temperatures, around

100 K, different adsorbed IL phases were found to coexist on these surfaces, both on

silver and gold: a long-range ordered (‘2D crystalline’) phase and a short-range orde-

red (‘2D glass’) phase. Both phases exhibit different characteristics on the two surfaces.

On Au(111), the surface reconstruction plays a major role in the structure formation of

the 2D crystalline phase. In combination with recent density functional theory calcula-

tions, the submolecularly resolved STM images allow to clearly discriminate between

the [BMP]+ cation and [TFSA]- anion.
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3.3.2 Introduction

In the last 15 years ionic liquids (ILs) have attracted increasing attention due to their

special physical and chemical properties such as a low volatility, high chemical stabili-

ty, low flammability, high intrinsic conductivity, high polarity, nearly vanishing vapor

pressure and their wide electrochemical window [14, 19, 96]. Because of the enormous

flexibility in varying the combination and nature of cations and anions [89], e.g., by

using different alkyl chain lengths at the cations [14, 26, 27, 103] it is possible to syste-

matically optimize ionic liquids for a specific application. Aside from many other appli-

cations, ionic liquids have been proposed as promising new solvents in electrochemical

applications, e.g., in lithium ion batteries [30, 109]. For the latter application, [TFSA]- ba-

sed ionic liquids have turned out to be promising candidates; members of this group,

e.g., alkylmethylpyrrolidinium-[TFSA] seem to suppress dendrite formation.[99] The

underlying molecular processes, however, are not yet understood. Thus, a systematic

and fundamental understanding of the interface between ionic liquids and the respec-

tive electrode surface (solid - liquid interface) is essential for developing improved fu-

ture battery systems based on ILs. Correspondingly, the interaction between different

ILs and various electrode materials was investigated by electrochemical methods, in-

cluding, e.g., cyclovoltammetry, but also by other techniques such as in situ scanning

tunnelling microscopy.[38, 95, 142]

More detailed insight, on a molecular scale, may be gained in model studies investi-

gating the interface between the respective solid surface and thin films of the IL under

UHV conditions. These films can be deposited by physical vapor deposition, which al-

lows to accurately control the film thickness (coverage) in the submono- to multilayer

regime. Furthermore, applying proper cleaning procedures, high purity films can be

obtained. This not only allows to use a wide variety of surface science tools for cha-

racterization of the IL adsorbates / adlayers, but also to vary the temperature over a

wide range, down to cryogenic temperatures, where molecular motion is largely fro-

zen. This way, the interaction between substrate and adsorbed ILs was investigated in

a number of studies, applying both spectroscopic techniques such as UPS [67, 143], XPS

[59, 62–64, 144], or TPD [70], as well as scanning probe microscopies (STM and AFM)

[48, 66, 67]. These surface science techniques allow to gain detailed information on the

electronic properties of the ILs and adsorption induced modifications therein, on the

chemical nature of the adsorbed species, and on the structure and structure formation

in the resulting adlayer. The latter in turn provides information on the molecule - sub-
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strate and molecule - molecule interactions in the respective adsorption system.

In the following, we will discuss these aspects for the adsorption of [BMP][TFSA]

(ball and stick models of the ions are shown in Fig. 3.12a, comparing adsorption on the

close-packed surfaces of Au and Ag. In that comparison, we will make use of new and

recently published data [92, 107]. In addition to their different chemical nature, these

surfaces differ from each other in that the Au(111) surface is reconstructed, forming the

well-known herringbone reconstruction [39], while the Ag(111) surface is not recon-

structed. We will focus on questions related to structure and structure formation such

as the nucleation and growth behavior and temperature effects thereon, the nature and

stability of ordered phases, or the role of the substrate. First we will discuss the ad-

sorption behavior for room temperature adsorption, then concentrate on the structure

formation at low temperatures down to 100 K, and finally elucidate the thermal stability

of the different adlayer phases.

3.3.3 Results and Discussion

3.3.3.1 Room temperature adsorption

Previous STM studies by Waldmann et al. and by Foulston et al. on the structure and

structure formation of IL thin films on single crystal substrates, specifically for [BMP]-

[FAP] adsorption on Au(111) [66] and [EMIM][TFSA] adsorption on Au(110) [67], re-

spectively, indicated that at room temperature the thermal mobility of IL adsorbates is

too high for resolving individual molecular entities by STM. Images recorded under

these conditions resolved a characteristic noise in the tunnel current on the IL covered

surfaces, which was not observed in the absence of the IL adlayer. The authors of those

studies attributed this noise to the formation of a 2D gas or 2D liquid adlayer phase,

where the IL adsorbates are mobile on the surface and cause a temporary modification

in the tunnel current whenever a diffusing admolecule passes through the tunnel gap

underneath the tip. (Note that the 2D gas and 2D liquid adlayer phase differ mainly by

the adlayer density.) Similar effects were observed also for adsorption of [BMP][TFSA]

on Au(111) [92] and on Ag(111) [107]. While this point shall be discussed in more detail

later, it should be noted here already that the high mobility of the adsorbed species,

which reflects a low lateral corrugation of the adsorption potential along the surface, is

incompatible with the formation of localized covalent bonds between substrate and the

adsorbed IL species.

Finally it should be noted that the STM images showed no indications of a restructu-
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Figure 3.12: a) Ball and stick model of [BMP][TFSA] (grey: C, white: H, blue: N, red: O, green:
S, yellow: F) (drawn with Chem3D). b) STM image of a Au(111) surface covered with 0.7 ML
of [BMP][TFSA] arranged in islands of the 2D glass phase. Inset: detail of the image in b) with
enhanced contrast between the adsorbate islands, resolving the Au(111) reconstruction pattern
(T = 112 K, UT = -1.9 V, IT = 40 pA); c) STM image of a Au(111) surface with a small amount
(~ 0.2 ML) of adsorbed [BMP][TFSA], resolving the preferential decoration of steps and the
nucleation of small islands with 2D glass structure at the elbows of the Au(111) reconstruction,
while islands with a 2D crystalline structure have grown larger. The Au(111) reconstruction
pattern is visible on the uncovered parts of the surface (T = 111 K, UT = -1.74 V, IT = 20 pA).
d) High resolution image of the 2D glass phase on Au(111): longish protrusions with a lower
height are visible between the round shaped protrusions (partly marked by white circles and
ellipsoids) (T = 119 K, UT = 1.06 V, IT = 80 pA).
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ring of the Ag(111) or Au(111) surfaces upon interaction with [BMP][TFSA], as it was

reported by Atkin et al. [48] for [BMP][TFSA] on Au(111) in electrochemical STM mea-

surements, where bulk IL was in contact with the surface at potentials between 0.4 and

2.2 V vs. the ferrocene / ferrocenium (Fc/Fc+) redox couple [145]. Hence, the presence

of the IL adsorbate alone is not sufficient to induce a restructuring of the substrate sur-

face.

The information derived from STM imaging can be combined with results of spec-

troscopic measurements. XP spectra presented in ref. [92] for submono- to multilayer

[BMP][TFSA] films on Au(111) showed a similar dependence of the intensity of the dif-

ferent XPS signals (C1s and N1s) on the emission angle and an XPS based composition

identical to the stoichiometric ratio, both in the submono- to monolayer regime and

at higher coverages. Therefore, the authors of that study concluded that in average all

atoms of the two ions are located in the same layer, with anions and cations placed side

by side on the surface. Therefore, both ions in the first layer are in direct contact with

the surface. This is also confirmed by the fact that for coverages up to 1 ML the C1s

and N1s XPS signals show a shift of 1.1 eV to lower BE, due to the interaction with the

Au(111) surface. For Ag(111), where ARXPS measurements are not available, we ex-

pect a comparable adsorption behavior. This is supported also by the results of DFT-D

calculations discussed below.

These results can be compared with findings reported for other IL adsorption sys-

tems. For [MMIM][TFSA] and [OMIM][TFSA] adsorption on Au(111) [62], the same

adsorption geometry with both the anion and cation in direct contact to the surface

was concluded from ARXPS measurements at room temperature. The authors of that

study deduced that the cation adsorbs with the imidazolium ring flat on the surface

and that the anion adsorbs in a cis-conformation, with the SO2-groups pointing to the

surface and the CF3-groups pointing towards the vacuum. The same adsorption geo-

metry for the anion was also proposed by Sobota et al. [61] for [BMIM][TFSA] (B =

butyl) adsorbed on a thin alumina film grown on NiAl(110), utilizing a combination of

infrared reflection absorption spectroscopy (IRAS) and density functional theory (DFT)

calculations. [OMIM][TFSA], which differs from [MMIM][TFSA] only by its longer al-

kyl chain, showed a coverage dependent adsorption geometry on Au(111): at covera-

ges below 0.6 ML, the octyl chain lies flat on the surface, while at higher coverages it

sticks up from the surface, reducing the space requirement of the adsorbed ion pair. In

contrast, for adsorption on other surfaces, also other adsorption geometries were repor-

ted: For [EMIM][TFSA] adsorption on a glass substrate, an adsorption geometry with
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the cations lying flat in direct contact with the surface and the anions placed on top

of the cations was proposed based on ARXPS measurements [59]. For [MMIM][TFSA]

adsorption on Ni(111) [63], a similar adsorption geometry was proposed for adlayers

in the submonolayer coverage regime up to 0.8 ML. Finally, for coverages > 0.8 ML,

the ARXPS data did not show a vertical layering of the different ions, therefore under

these conditions both adsorbed cations and anions have to be in direct contact to the

substrate. This behavior was explained by an increasing repulsive electrostatic interac-

tion between the ion pairs with increasing coverage, leaving the former configuration

energetically less favourable at coverages above 0.8 ML compared to a structure with

both species in direct contact with the surface.

Overall, though structural resolution of the IL adlayer was not possible at room tem-

perature, the examples discussed above, with their very similar ILs (most of them con-

tain the same anion and an imidazolium- or pyrrolidinium-based cation), demonstrate

already that the structures resulting in ionic liquid adlayers depend sensitively on the

substrate. This will become even more evident when comparing adlayer structures on

the two different surfaces Ag(111) and Au(111) in the next section.

3.3.3.2 Low-temperature adsorption

The situation changes considerably when cooling the samples to lower temperatures.

Under these conditions, molecular motion is frozen and the adsorbates can be resolved

in STM measurements. Since cool-down was done very slowly (ca. 2 K min-1), the sys-

tem stays in thermal equilibrium until the adsorbates are immobilized and STM images

show the surface at this freezing temperature. Although the resulting adlayer differs

clearly from that in the solid - liquid interface at room temperature and above, e.g., by

the much higher molecular mobility, these measurements provide sensitive information

on the interactions between the adsorbed ions and on the variation in substrate – adsor-

bate interaction (adsorption potential) along the surface. These characteristic energies

can be used as starting point also for the description of the solid - liquid interface at

room temperature and above.

In their STM study on [BMP][FAP] adsorption on Au(111), Waldmann et al. resolved

round shaped protrusions at temperatures below 210 K [66]. A direct assignment of

these structures to adsorbed cations or anions and a clear identification of the adlayer

structure in terms of co-planar adsorption of both types of ions or adsorption of one

species on top of the other one, however, was not possible from these data. Likewise,

in their STM study of [EMIM][TFSA] adsorption on Au(110), Foulston et al. identified
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round shaped protrusions at liquid nitrogen temperature, which were oriented along

the missing row lines of the (1x2) reconstruction of the Au(110) surface, but without

long-range ordering along the lines or strict correlations between neighboring lines.

These protrusions were proposed to represent the complete IL ion pair. Also in these

images it was not possible to resolve and identify anions and cations [67]. Overall, these

studies succeeded in resolving individual molecular entities, but were not able to derive

the actual structure of the adlayer, or to identify anions and cations separately.

Going to the present system, [BMP][TFSA] adsorption on Ag(111) and Au(111), we

find two types of structures, one type which (similar to the above observations) does

not exhibit a long-range order but rather a short-range order, which we denote as ’2D

glass’ phase, and a second one exhibiting a distinct long-range order [92, 107]. This

latter structure can be denoted as ‘2D crystalline’ phase. Examples for the ‘2D glass’

adlayer structure are shown in Fig. 3.12 for adsorption on Au(111) and in Fig. 3.13 for

adsorption on Ag(111). STM images of the 2D crystalline structures are depicted in

Fig. 3.15 - 3.17.

We will first concentrate on the discussion of the ‘2D glass’ structure. In Fig. 3.12b,

a Au(111) surface covered with 0.7 monolayers (ML) of [BMP][TFSA] adsorbates is

shown (for a definition of 1 ML see Experimental Section). In that image, the IL ad-

sorbates appear as round shaped protrusions and form distinct islands on the surface.

In between the islands, adsorbate free Au(111) surface areas appear, where the typical

[39] zigzag pattern of the Au(111) surface reconstruction is resolved (see inset with en-

hanced contrast in Fig. 3.12b. The formation of islands demonstrates the presence of

attractive interactions between the adsorbed IL species, which must be strong enough

to cause island formation at the freezing temperature. Interestingly, the steps of the

Au(111) surface are decorated with adsorbate species, hence these sites seem to be pre-

ferred adsorption sides. While this is true for both the ascending and descending side

of the steps, on the lower and upper terrace side, respectively, the structural characte-

ristics differ for both sites. On the upper terrace side, a single row of IL adsorbates fol-

lows the step, indicative of a stronger adsorption at these sites, similar to the frequent

observation of stronger adsorption of atomic adsorbates and adsorbed small molecules

[146]. At the lower terrace side, the IL adsorbates seem to condense at the ascending

steps, forming large IL islands which grow over the Au(111) terraces. Interestingly, 2D

condensation of IL adsorbates at the row of adsorbate species decorating the step ed-

ge on the upper terrace side is not possible. The physical reason for the different 2D

condensation behavior on the upper and lower step edge is not yet clear.
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In addition to the step edges, also the elbows of the Au(111) reconstruction act as

nucleation sites for 2D island formation. A few examples are visible in Fig. 3.12b. More

clearly, this is observed in STM images recorded at low coverages, where only the steps

and the elbows are covered with adsorbates, as illustrated in Fig. 3.12c. This points to

a higher adsorption energy at the elbow sites as compared to the other surface are-

as, similar to findings for metal epitaxy, e.g., Ni/Au(111) [147], or adsorption of large

molecules such as porphyrin molecules [148, 149].

The (short-range) ordering of the adsorbates in the islands was checked by calcula-

ting a Fourier transformation (FFT) in sections of STM images which show solely one

island and the distribution of round shaped protrusions on it. The FFT always shows a

broad circle (see ref. [92]), as expected for a short-range ordered system. We found no

evidence for a coverage effect on the density and structural characteristics of this phase

in the submonolayer and monolayer regime.

On Ag(111), adsorption of [BMP][TFSA] leads to a similar ‘2D glass’ structure. In this

case, however, it is formed only on narrow terraces with a width of ≤ 10 nm, as can be

seen exemplarily in the STM image in Fig. 3.13, while on Au(111) there was no obvious

influence of the terrace width discernible.

This difference is most easily explained by the presence / absence of the Au(111) re-

Figure 3.13: STM image of a submonolayer film of [BMP][TFSA] adsorbed on Ag(111); the nar-
row terraces of the surface are covered with IL islands in the 2D glass phase, the inset shows a
high resolution image of the 2D glass structure resolving both the round shaped and the longish
protrusions (marked with white circles and ellipsoids) (T = 135 K, UT = 1.14 V, IT = 100 pA).
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construction pattern, which seems to severely affect the ordering behavior. Keeping in

mind that on Au(111) the elbows of the surface reconstruction act as nucleation sites for

IL island formation, the larger tendency for disordered 2D structures on Au(111) can at

least partly be ascribed to a mismatch between the lattice created by the elbow sites and

the ordered lattices of IL adsorbates (see below). In that case, IL adsorbate islands crea-

ted at neighboring elbow sites are not in registry, and therefore can not coalesce easily.

These effects are absent on the unreconstructed Ag(111) surface.

In the inset of Fig. 3.13, we show a high resolution image of the 2D glass structure. It

is recorded in the central area of an island with very little or no motion of the adsorbed

molecules during imaging. Between the round shaped protrusions, longish protrusions

with a lower apparent height are resolved. Some of these species are marked in the

image by white circles and ovals for better identification. For Au(111), high resoluti-

on images of the disordered structure look exactly the same, with identical structures,

mean distances between the protrusions etc. (see Fig. 3.12d and inset in Fig. 3.13). The-

refore, the adsorption geometry, the structure formation and the molecule-molecule

and molecule-substrate interactions in the 2D glass structure of [BMP][TFSA] should

be identical on Au(111) and Ag(111) and they can be discussed for both substrates to-

gether. The first question relates to the origin of the different protrusions in the STM

images. Most simply, the longish protrusions represent one ion type and the round sha-

ped protrusions the other one. In that case, the adsorbed cations as well as the anions lie

next to each other in direct contact to the surface, as it was already concluded from the

XPS data for [BMP][TFSA] on Au(111) [92] and for the adsorption of the very similar

ILs [MMIM][TFSA] and [OMIM][TFSA] on Au(111) [62]. A quantitative evaluation of

the numbers of longish and round shaped protrusions in several 2D glass domains and

on several STM images yielded a ratio of 2:1. This leaves us with two different plausible

explanations: either one ion type is represented by two parallel longish protrusions and

the other one by the round shaped protrusion, or one type is represented by the round

shaped protrusion plus one longish protrusion and the other one by the other longish

protrusion. Though the first interpretation sounds more convincing, this question can-

not be solved on the basis of the STM images alone. We will get back to this point after

discussion of the 2D crystalline structure.

As evident in Fig. 3.12d, the longish protrusions are aligned in rows of varying lengths

(between 2 and 8 protrusions are typical), which are oriented at an angle of roughly 120°

(or 240°) in between. The resulting threefold symmetry is probably due to an alignment

to the close-packed directions of the Au(111) surface. So the structure is not completely
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random, even if there is no long-range order visible for the distribution of the round

shaped protrusions in the FFT.

In addition to the differences in the structure formation processes between Au(111)

and Ag(111), there seem to be differences also in the mobility of the IL adsorbates on

these two surfaces. For the Ag(111) surface, apparently adsorbate free areas between IL

adsorbate islands, e.g., on the central terrace in Fig. 3.13 or in front of the topmost step

in this image, show a significant noise. The noisy appearance resembles that obtained

for imaging at room temperature, but in the latter case the noise is more pronounced

and present on the entire terrace. On Au(111), this noise is visible also on similarly co-

vered surfaces for STM imaging at 100 K, but is much less pronounced. This indicates

that these areas are essentially free of mobile IL adsorbates. A higher mobility of IL

adsorbates on Ag(111) compared to Au(111) is evident also from inspection of series

of images from the same surface area, which reveal changes in the island boundaries

with time. This is illustrated in Fig. 3.14, which shows a time sequence of STM images

(time between subsequent image starts: 11 s) recorded on a partly IL adsorbate covered

Ag(111) surface. Beside the 2D glass phase, an apparently uncovered region is visible,

which, as also described for the STM image in Fig. 3.13, appears noisy. This sequence

clearly demonstrates that the island edge (phase boundary) gradually changes with ti-

me (Fig. 3.14a – r). While the major part of the round shaped protrusions persists on the

same site from frame to frame, molecular jumps are detected for others. This is evident,

e.g., in the areas marked with red ovals in Fig. 3.14b and 3.14c. The two protrusions in

the smaller oval are stable from image to image, while the protrusions in the larger oval

collectively move to a lower position in the image. A red arrow is also included, poin-

ting towards a single protrusion, which changed position. In Fig. 3.14d and 3.14e, the

arrows in the orange frame mark a molecular jump between two consecutive images,

while in subsequent images no motion at the same position takes place (Fig. 3.14r). In

Fig. 3.14m and 3.14n, the blue circles label protrusions, which persist at the same po-

sitions, while for others at and close to the boundary between 2D glass structure and

adsorbate free area significant changes are visible. Thus, both temporary changes di-

rectly at the phase boundary and also some limited motion inside the 2D glass phase is

found on Ag(111). On Au(111), these processes were also observed, but less frequent.

These structural changes can be explained either by a motion of IL adsorbates along the

island edge or by a 2D adsorption - desorption equilibrium between the IL adsorbate

islands and a 2D gas / liquid of IL adsorbates. As expected for this case, structural va-

riations mainly take place at the island perimeter, while the inner part of the islands is
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Figure 3.14: Sequence of STM images of [BMP][TFSA] adsorbed on Ag(111), acquired at 124 K,
imaging the phase boundary between the 2D glass and 2D liquid phase (image-to-image time
11 s). Noisy features near the phase boundary and the successively changing phase boundary
are indications for mobility at the phase boundary. (b,c) A red frame including two ovals marks
two protrusions at stable positions (smaller oval), while the other protrusions in the larger oval
shift to a lower position. The red arrow points out the changing position of a single protrusion.
(d,e) The orange boxes highlight a molecular jump between two consecutive images. Subse-
quently, no motion is observed up to (r). (m,n) The blue circles show stable protrusions, while
others at and close to the boundary between 2D glass structure and adsorbate free area clearly
change positions (T = 124 K, UT = -0,76 V, IT = 50 pA).
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essentially stable; with infrequent molecular jumps only in the vicinity of defects in the

adlayer lattice.

Aside the 2D glass phase, also well ordered, 2D crystalline domains/islands are

found on the surface. This is illustrated in the high resolution images of the 2D cry-

stalline structure on Au(111) in Fig. 3.15a and 3.15b. These images also reveal characte-

ristic round shaped protrusions and in between longish, less pronounced protrusions.

Similar to the findings in the 2D glass phase, the ratio between round and longish pro-

trusions is 1:2. In the one lattice direction, the round shaped protrusions form a densely

packed line of dimers, which are slightly rotated against the main direction of the line

(in Fig. 3.15a, the lines run roughly from the lower left to the upper right corner), which

results in a zigzag like appearance. Between two close-packed lines of round protru-

sions, there are always parallel lines with a lower density of these protrusions (50%).

The resulting unit cell is marked yellow in Fig. 3.15b. The longish protrusions are also

aligned in row like structures, which run in the same direction as those formed by the

round shaped protrusions (see second unit cell marked in Fig. 3.15b, where the round

and longish protrusions are marked by ovals and circles). Also in this case, there are

two types of rows. In two neighboring rows the longish protrusions are oriented in the

same direction. In the subsequent third row, they are rotated by 120°. In the latter row,

the density of longish protrusions is only 2/3 of that in the other two rows (4 instead

of 6 longish protrusions per row and unit cell). The size of the unit cell seems to differ

slightly, depending on whether the 2D crystalline domain is completely surrounded by

a 2D glass domain, i.e., whether the surface is saturated with a monolayer of IL adsorba-

te, or whether there are adsorbate free surface areas around (= submonolayer coverage

regime). The ordered domains in Fig. 3.15a and 3.15b were recorded on a surface cover-

ed by a submonolayer film; in this case the unit cell has a size of 4.20 ± 0.04 nm x 3.37

± 0.04 nm with an angle of 68 ± 2° in between. In the monolayer coverage regime, the

dimension of the unit cell shrunk to 3.79 ± 0.04 nm x 2.89 ± 0.04 nm, with an angle of 78

± 2° in between, indicative of a certain flexibility in the structural arrangement of the

adlayer. In both cases, the unit cell contains 8 round shaped and 16 longish protrusions,

which most likely (see below) corresponds to 8 ion pairs of adsorbed [BMP][TFSA].

This gives a space requirement for one ion pair of 1.64 nm2 in the submonolayer and

1.34 nm2 in the monolayer coverage regime, equivalent to densities of 0.61 and 0.75 ion

pairs nm-2, respectively (see Table 3.1). The alignment of the unit cell with respect to

the substrate lattice will be discussed below.

Atkin et al. [48] concluded from their AFM measurements that the first [BMP][TFSA]
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Figure 3.15: High resolution STM images of the 2D crystalline structures on Au(111) (a, b) and
Ag(111) (c). The unit cells are marked with yellow lines. Both structures are composed from
round shaped and longish protrusions, which are marked with white circles and ellipsoids. In
a) the white line and in b) the dashed lines mark the zigzag lines of the Au(111) reconstruction,
which are visible through the 2D crystalline structure of the IL adsorbates; the inset of c) shows
an enlarged part of image c) with superimposed ball and stick models of [BMP][TFSA] (a: T =
139 K, UT = -1.20 V, IT = -0.060 nA; b: T = 116 K, UT = -0.71 V, IT = -0.10 nA; c: T = 134 K, UT =
-0.37 mV, IT = 110 pA).
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Table 3.1: Summary of the adsorbate densities and melting temperatures of the adlayer phases
found on Ag(111) and Au(111).

IL adsorbate phase density / nm2 2D melting
temperature / K1

2D crystalline phase | Au(111),
submonolayer coverage regime 0.61 ± 0.03 170 ± 5
2D crystalline phase | Au(111),
monolayer coverage regime 0.75 ± 0.03 225 ± 5
2D glass phase | Au(111),
submonolayer coverage regime 0.61 ± 0.03 113 ± 5
2D glass phase | Au(111),
monolayer coverage regime 0.61 ± 0.03 173 ± 5
2D crystalline phase | Ag(111),
submonolayer coverage regime 0.79 ± 0.03 180 ± 10
2D crystalline phase | Au(111),
monolayer coverage regime 0.79 ± 0.03 180 ± 10

adlayer binds more strongly than the following layers, i.e., it binds more strongly to the

metallic substrate than to itself. In that case, one may expect the saturation density in

the first layer to be higher than in the bulk phase. For the present adsorption system

this means that the bulk structure may be more similar to the ordered phase in the

submonolayer coverage regime than to that at monolayer saturation.

The 2D crystalline structure of [BMP][TFSA] on Ag(111), shown in Fig. 3.15c, is more

simple than the one formed on Au(111). The round shaped protrusion are aligned in

rows, running from the bottom left side to the top right side in Fig. 3.15c. The spacing

between these rows is slightly different, leading to the appearance of pairs of lines. In

between these lines, the longish protrusions are also aligned in the same direction. The

orientation of the long side of these protrusion changes by 120° between neighboring

rows (in the limits of the experimental accuracy), i.e, they are parallel to each other in

every second row. In the row of longish protrusions that lies between the two more

widely spaced rows of round shaped protrusion, the longish protrusions are aligned

in a straight line (parallel to the row of round protrusions), in the neighboring lines

the longish protrusions are pairwise rotated away from the direction of the row, which

allows a closer spacing between the neighboring rows of round shaped protrusions.

The unit cell of this structure is marked twice in Fig. 3.15c with yellow lines; in one of

these cases, the protrusions in the unit cell are marked by white circles and ovals. The

size of the unit cell is 1.1 ± 0.1 nm x 2.3 ± 0.1 nm with an angle of 95 ± 3° in between the
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two lattice directions. For Ag(111), the size (2.5 nm2) and geometry of the unit cell was

found to be independent of the IL adsorbate coverage. The unit cell contains 2 round

and 4 longish protrusions, which represent two [BMP][TFSA] ion pairs (see below). In

that case, the space requirement per IL ion pair is 1.25 nm2, the density of the adsorbed

ion pairs is 0.79 nm-2. This is very similar to the density of ion pairs on Au(111) in the

monolayer regime, while in the submonolayer regime the ion pairs on Au(111) have a

30% lower density.

Next we will discuss additional aspects of the 2D crystalline phase, such as its ali-

gnment with respect to the substrate surface lattice, its distribution structure on the

surface, etc. The orientation of the IL adlayer can be derived from larger scale images

as shown in Fig. 3.16a and 3.16b for Au(111). In the image in Fig. 3.16a, the Au(111)

surface was covered with 1 ML of [BMP][TFSA]. The image shows one island of the

2D crystalline structure, which is surrounded by the 2D glass structure, as typical for

the monolayer regime. The amount of the 2D crystalline structure relative to that of the

2D glassy was found to vary between experiments. In most cases, the amount of the

2D glass structure is higher than that of the 2D crystalline phase, and islands of the lat-

ter phase are embedded in a surrounding 2D glass phase. In the submonolayer regime

(Fig. 3.16b) this is similar, but the amount of 2D crystalline structure relative to that of

the 2D glass phase is typically higher. This is illustrated in Fig. 3.12c: on samples with a

low coverage of [BMP][TFSA] adsorbates we only observed small islands with 2D glass

structure (which are mostly growing from the elbow sites of the Au(111) reconstruction

pattern), while the islands of the 2D crystalline structure present in between are much

larger. The physical reason for the higher fraction of 2D crystalline phase at lower co-

verages, which reflects an easier alignment of the adsorbate species during cool-down

under theses conditions, may only be speculated upon. It may be related to more stable

adsorption at the perimeter of islands of the 2D crystalline phase compared to (small

islands of) the 2D glass phase, which allows preferential growth of the former ones du-

ring cool down at lower coverages, while at higher coverage such effects do not seem

to play a significant role.

The STM image in Fig. 3.16a reveals another phenomenon typical for [BMP][TFSA]

on Au(111). The 2D crystalline structure is also severely affected by the reconstruction

pattern of the Au(111) surface. In this image, the zig-zag line pairs of the herringbo-

ne reconstruction are clearly visible through the adlayer, they are marked in Fig. 3.16a

with white lines in the upper right part to guide the eye. Note that for the 2D glass

phase the reconstruction could not be resolved. In Fig. 3.15a and b, the reconstruction
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Figure 3.16: a) STM image of a monolayer film of [BMP][TFSA] on Au(111), showing both 2D
crystalline islands as well as 2D glass areas. The Au(111) reconstruction is visible in the 2D cry-
stalline island (for better visibility it is marked with white lines in the upper right of the image).
In the 2D glass domain, this is not resolved; dashed lines mark the domain boundaries of the
Au(111) reconstruction pattern (T = 118 K, UT = -1.25 V, IT = -0.060 nA). b) STM image of 2D
crystalline domains of [BMP][TFSA] on a single Au(111) terrace in direct contact to each other.
The domains are rotated by 60° to each other (T = 146 K, UT = -1.20 V, IT = 60 pA). c) STM
image of a submonolayer film of [BMP][TFSA] on Ag(111). The adlayer islands nearly com-
pletely consist of the 2D crystalline structure. The island boundary shows a frizzy appearance,
which is associated with mobility of the adsorbed IL species, either along the island edge or in
a 2D adsorption – desorption equilibrium between the 2D solid and the adjacent 2D gas phase
(T = 130 K, UT = -1.09 V, IT = 80 pA).
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pattern is also visible, but less pronounced. It is marked by a white line in Fig. 3.15a.

The adlayer is usually aligned in such a way that the direction of the longer side of the

unit cell (see Fig. 3.15b) is parallel to the lines of the Au(111) reconstruction pattern.

Accordingly, the 2D crystalline phase tends to grow in domains / islands which are

limited by the domain boundaries of the herringbone reconstruction, i.e., by the ben-

ding points of the dislocation lines. This can be seen in Fig. 3.16a, where the positions

of the bending points of the Au(111) surface reconstruction are connected with white

dashed lines. A large part of the 2D crystalline domain visible on this image, which ex-

tends diagonally across the image, grows on one domain of the Au(111) reconstruction

and fills it nearly completely. As can be seen in the upper part of the image, it is also

possible for the adlayer structure to grow across such kind of domain boundary in the

Au(111) reconstruction pattern. This was only observed, however, when the adlayer

domain spanned at least over three Au(111) reconstruction domains and the part with

the ‘wrong’ orientation is in the middle. In this case we often observed a narrow stripe

of 2D glass phase directly at the elbows of the Au(111) reconstruction pattern (see inset

in Fig. 3.16a). Isolated 2D crystalline islands, which are limited to a single domain of

the Au(111) reconstruction and where the rotational orientation of the adlayer island,

as described above, does not fit to the orientation of the Au(111) reconstruction, have

not been observed. It is interesting to note that the elbows of the Au(111) reconstruction

act as nucleation sites for nucleation of 2D glass phase islands, and on the other hand

limit domains of the 2D crystalline phase, which seems to be in contrast to each other.

A simple physical explanation is still missing.

Because of the threefold symmetry of the Au(111) surface and of the Au(111) re-

construction pattern there are only three different orientations for the 2D crystalline

domain on the surface possible. In Fig. 3.16b, three 2D crystalline domains are present

which are rotated at angles of 120° relative to each other. Furthermore, because of the

non-rectangular form of the adlayer unit cell, two different chiral forms of that unit

cell (see Fig. 3.15b) are possible along each direction, leading to 6 possible adlayer do-

mains in total. An example for two islands with chiral structure is shown in the inset in

Fig. 3.16b.

On Ag(111), the situation is very different because of the absence of a surface recon-

struction. In this case the domains of the 2D crystalline structure mostly extend across

the entire terraces, i.e., the domains extend across hundreds of nanometers (if the sur-

face is well prepared and the terraces are sufficiently large). This is equally true also for

islands of the 2D crystalline phase in the submonolayer coverage regime, where these
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islands coexist with large areas of adsorbate free surface. At typical images sizes, most

of the STM images show either a fully covered or an adsorbate free surface. Small ter-

races with a width ≤ 10 nm are covered with ILs adsorbed in the 2D glass structure

as described above. The 2D crystalline structure is normally attached to an ascending

Ag(111) step, mostly with a small amount of the 2D glass structure between step and

ordered adlayer phase. In this case, the width of the 2D glass phase is between a few

molecules to several nm. It seems as if the steps of the substrate surface disturb the

formation of the 2D crystalline structure, rather than acting as nucleation sites. When

comparing different domains (an example is shown in Fig. 3.16c) of the 2D crystalline

structure, they are all aligned in the same direction to each other (like in Fig. 3.16c) or

at angles of 60° or 120° to each other, even when they grow on different terraces of the

substrate. This suggests that the adlayer structure also follows the threefold geometry

of the Ag(111) surface. Due to experimental reasons (adlayer imaging requires a lar-

ge tunnel resistance while atomic resolution require low tunnel resistances) it was not

possible to achieve atomic resolution of the surface near a boundary of a 2D crystalline

island, therefore it was not possible to correlate the adlayer orientation directly with

the substrate lattice.

In addition to the different arrangements of [BMP][TFSA] on Au(111) and Ag(111),

we also found differences in the mobility of the island edges of the 2D crystalline pha-

se, evidenced by a frizzy appearance of the island edges (Fig. 3.16b and 3.16c). The

frizzyness of the island boundary is proportional to the displacement of the boundary

position between subsequent images, which arises from 2D adsorption / desorption of

molecules at the island perimeter or diffusion of adsorbates along the island perime-

ter. The displacement can be quantified by determining the change in position of the

island boundary in successive STM line scans. A quantitative evaluation revealed that

the root mean square deviation of the position is more than double for Ag(111) (see

Fig. 3.16c) than for Au(111) (Fig. 3.16b), indicative of a significantly higher mobility of

the adsorbates at the island perimeters on the Ag(111) surface than on Au(111).

The mobility of the IL adsorbates at the edge of a 2D crystalline adlayer island on

Ag(111) is resolved in more detail in the sequence of STM images shown in Fig. 3.17.

The images were acquired at the same position with a frame to frame time of 11s. It is

clearly visible that the island edge changes with time. Places, where the round shaped

protrusions vanished from one image to the other, are labelled with red arrows. Those

places, where a round shaped protrusion is added to the structure are labelled with

green arrows. Similarly as discussed for the mobility of the 2D glass phase on Ag(111),
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Figure 3.17: Time sequence of STM images at the phase boundary of the 2D crystalline phase
of [BMP][TFSA] on Ag(111), recorded at 124 K (image to image time of ~ 11 s). The images
exhibit frizzy features directly at the 2D crystalline | 2D liquid interface, reflecting mobility
of the adsorbed IL species, either along the island edge or in a 2D adsorption - desorption
equilibrium. The red arrows in the images show places at the boundary, where round shaped
protrusions vanish compared to the preceding image. The green arrows depict locations where
a protrusion is attached to the boundary (T = 124 K, UT = -0.76 V, IT = 50 pA).
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we assume that these changes are due to sudden motion of IL adsorbates along the

island edge, or, more plausible, to 2D adsorption - desorption equilibrium between the

IL adsorbate islands and a 2D gas / liquid of IL adsorbates. Again those regions, which

are apparently free of adsorbate appear with streaky features, which we attribute to

highly mobile molecules in a 2D gas / liquid phase, which diffuse to fast to be resolved

with STM. Round shaped protrusion in the inner parts of the islands remain stable over

time. The difference compared to the 2D glass phase, where infrequent jumps of these

protrusions were possible, is explained by a higher stability and the absence of defects

in the 2D crystalline phase.

Despite of the considerable structural insight gained from these STM images it was

not possible to unambiguously identify the adsorbed IL species, specifically the adsor-

bed cations and anions in these images. This is possible by combination with disper-

sion corrected density functional theory (DFT-D) calculations, performed recently for

adsorption of individual [BMP][TFSA] ion pairs on Ag(111) [107]. Details on the calcu-

lations can be found elsewhere [107]. According to those calculations, the ring of the

cation lies flat on the surface and the butyl group points upwards. The anion adsorbs in

a cis-configuration (both SO2-groups are positioned on the same side of the molecule,

both CF3 groups on the other side, as it is also shown in Fig. 3.12a on the Ag(111) sur-

face and binds via its two oxygen atoms to the surface. The CF3 groups point toward

the vacuum. In this conformation both ion types of [BMP][TFSA] are in direct contact

to the surface.

Simulated STM images using tunnelling conditions similar to the experimental ones

(similar potential, comparable tip – surface separation) yield characteristic features very

similar to those in the measured STM images. The upright standing butyl chain of the

cation appears as round shaped protrusion. Right next to it an oval protrusion appears

with lower height, which is due to the parts of the alkyl ring that are not directly lying

below the butyl chain. In the measured STM images, only the round shaped protrusion

is visible due to the limited resolution of the STM tip. The anion appears in the simula-

ted images as two longish protrusions each of which is generated mainly by 2 fluorine

atoms of the CF3-groups, in perfect agreement with experimental findings. Similar to

experimental data, also their height is significantly lower than that of the round shaped

protrusion reflecting the butyl chain of the cation.

Although these calculations did not include interactions between neighboring adsor-

bed ion pairs, the good agreement between the characteristic features in the experimen-

tal and calculated STM images are strong evidence for the validity of this assignment.
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Further support comes from the qualitative agreement with the ARXPS measurements

of [BMP][TFSA], [MMIM][TFSA] and [OMIM][TFSA] adsorbed on Au(111) [62, 92]. A

suggestion for the structure model for [BMP][TFSA] on Ag(111) based on these data is

shown in the inset of Fig. 3.15c, where ball and stick models of the [BMP]+ and [TFSA]-

ions are superimposed to the STM-image.

Another interesting result from these calculations was that based on a Bader char-

ge analysis of the adsorption complex, the charges of the cation and the anion hardly

change upon adsorption, and that the adsorption bond is dominated by van der Waals

interactions. We expect these results as characteristic also for adsorption on Au(111).

3.3.3.3 Thermal stability of the adlayer structure

Further information on adsorbate – adsorbate interactions can be derived from the ther-

mal stability and the melting temperature of the structures on the surface. This was

investigated by slowly heating up samples in the STM from 100 K to room tempera-

ture while recording STM images. Because of the very low heating rate (3 h for heating

from 100 K to 300 K) the surface has enough time to maintain thermodynamic equilibri-

um during heating. Generally, the noise level in the STM images increased with rising

temperature, implying a higher mobility of the 2D liquid on the surface. At certain

temperatures it was finally not possible any more to resolve the adsorbate structures

on the surface, which was interpreted as the temperature where the ion pairs, which

before formed the island/domain started to move. This temperature is considered here

as melting temperature (for the 2D glass structure it would be more correct to descri-

be it as a glass transition when comparing to the notation in a bulk system, but for

simplicity we use the term “melting temperature” for both adlayer structures). For the

adlayer structures on the Au(111) surface, we could determine four different melting

temperatures, which differ in a characteristic way: the 2D glass structure is stable up to

a temperature of 113 ± 5 K in the submonolayer and up to 173 ± 5 K in the monolayer

regime. The 2D crystalline structure is maintained up to 170 ± 5 K in the submonolayer

and up to 225 ± 5 K in the monolayer regime. Hence, islands are thermally less stable

than closed layers and the 2D glass structure is less stable than the 2D crystalline one.

On Ag(111), the melting temperature could only be determined for the 2D crystalline

phase, where it was found to be 180 ± 10 K, both in the submonolayer and monolayer

coverage regime. Because of the small amount of the 2D glass structure on the surface

it was not possible to determine a defined melting point for the 2D glass structure, it

definitely decays at lower temperatures than the 2D crystalline structure.
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The thermal stability of the island is mainly determined by two parameters, by the

surface diffusion barrier, i.e., the activation barrier for the motion of individual adsor-

bed species between two adjacent adsorption sides, and the interactions between ad-

jacent adsorbates (adsorbate – adsorbate interactions). The fact that the IL adsorbates

form islands at low temperatures is a clear proof for the existence of attractive adsor-

bate – adsorbate interactions between the adsorbed IL species. Furthermore it shows

that the adsorbate – adsorbate interactions exceed the strength of the surface diffusion

barrier, since otherwise the IL adsorbates would be trapped on their adsorption sites

before they are able to undergo a 2D nucleation and growth process during cool-down

to 100 K. Sufficient mobility of individual molecules is indicated also by the mobili-

ty at the island edges. Therefore, the temperature for 2D melting is dominated by the

strength of the attractive adsorbate – adsorbate interactions. Interestingly, the trend in

melting temperatures of the 2D crystalline phases on Ag(111) and Au(111) does not cor-

relate with that of the adlayer density (see Table 1). While the 2D melting temperature

on Ag(111) is only little higher than that of the 2D crystalline adlayer on Au(111) in the

submonolayer regime, the density is comparable with that of the monolayer coverage

adlayer on Au(111). This indicates that the adlayer stability is affected by the nature

of the substrate, not only by purely distance (and thus density) dependent adsorbate –

adsorbate interactions.

Since the structures in the 2D glass phase are similar for both substrates, we would

expect the same melting temperature in both cases. It was not possible, however, to

reliably determine the melting temperature of the 2D glass phase on Ag(111) (see abo-

ve). For adsorption on Au(111), the lower melting temperature in the 2D glass phase

compared to that in the 2D crystalline phase arises from the fact that the 2D glass pha-

se is most likely a kinetically hindered structure and therefore not in thermodynamic

equilibrium, which is less stable than the equilibrium phase. Interestingly, though the

monolayer and the submonolayer coverage 2D glass adlayer have the same local den-

sity, the melting temperature of the latter is significantly lower. On the other hand, the

melting temperature of the 2D glass phase at monolayer coverage and the 2D crystal-

line phase at submonolayer coverage, which also have similar densities, are essentially

identical. In that case, the higher amount of defects in the former structure does not

seem to play an important role.
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3.3.4 Conclusion

We have investigated substrate effects on the structure and structure formation, and

thus on the substrate – adsorbate and adsorbate – adsorbate interactions, for the adsorp-

tion of [BMP][TFSA] on the close-packed Au(111) and Ag(111) surfaces under UHV

conditions in the temperature region between 100 K and 293 K. In combination also

with previous data, these measurements lead to the following conclusions and adsorp-

tion characteristics:

1. Upon adsorption at room temperature, the [BMP][TFSA] adsorbates form a 2D

gas / 2D liquid phase with highly mobile adsorbed species on the surface. The

integrity of the ions is maintained and both ions are in direct contact with the

substrate surface. Interaction with the surface results in modifications of the elec-

tronic structure compared to that in condensed thicker layers. While XPS data

exist only for adsorption on Au(111), we expect similar behavior also for adsorp-

tion on Ag(111).

2. Upon cooling the sample to 100 K, molecular motion in the adlayer is frozen and

the adsorbates form islands / domains on the surface with 2D crystalline and

2D glass structures. In the submonolayer coverage regime, these coexist with (es-

sentially) adsorbate free surface areas (2D gas). On Ag(111), the adsorbates form

large islands consisting of a single domain of the 2D crystalline structure on terra-

ces wider than ~10 nm, while small terraces are (partly) covered with a 2D glass

structure, and this phase dominates also in regions directly in front of ascending

substrate steps. On Au(111), both structures are formed in small islands on the

surface in the submonolayer regime. In the monolayer regime islands of the 2D

crystalline phase are surrounded by the 2D glass phase. The 2D crystalline ad-

layer structure on Ag(111) is oriented along Ag surface lattice, with 3 different

adlayer lattice orientations at angles of 120° to each other it reflects the threefold

symmetry of the Ag(111) substrate.

3. The 2D solid adlayer phases exhibit characteristic patterns consisting of round

protrusions and longish protrusions in a ratio of 1:2. Based on comparison with

results of previous DFT calculations [107], the round protrusion are identified as

cations, with their ring lying flat on the surface and the butyl group pointing up-

wards, while the [TFSA]- anions are represented by pairs of parallel longish pro-

trusions. These mainly arise from the CF3 groups which are pointing upwards,
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while the anions bind to the surface with their O-atoms. Based on the similar

structural characteristics in the STM images, we expect a similar adsorption geo-

metry also for Au(111), where no DFT calculations exist.

4. Structure formation and adlayer structure / adlayer order are strongly affected by

the reconstruction of the Au(111) substrate. Furthermore, they are also affected by

the chemical nature of the substrate. The latter is reflected by the slightly different

geometry (and IL adsorbate density) of the adlayer unit cell on the two surfaces,

while the general appearance of the adlayer structure is identical on both sub-

strate surfaces. The comparable density achieved on Au(111) in the monolayer

coverage regime points to similar size substrate - adsorbate interactions on both

surfaces. The influence of the reconstruction of the Au(111) surface is indicated

in several ways: In addition to steps, the elbows of the Au(111) reconstruction act

as preferential nucleation sites, starting island growth at these sites. Furthermore,

they tend to induce narrow stripes of 2D glass phase in the adlayer when over-

grown by an 2D crystalline adsorbate island / domain. The orientation of the 2D

crystalline structure is also influenced by the Au(111) reconstruction pattern, it

prefers to be oriented with the longer side of its unit cell along the Au(111) dislo-

cation lines. Therefore domain boundaries of the adlayer structure often coincide

with the connection line of adjacent elbows, where the Au(111) reconstruction

pattern bends.

5. The (2D) melting temperature of the 2D solid phases is affected by substrate ef-

fects, by the adlayer coverage and by the order in the adlayer/domain. The mel-

ting temperature is significantly higher for the 2D crystalline phase on Au(111)

than for the 2D glass phase, and it is higher in the (more closely packed) mono-

layer coverage regime than in the submonolayer coverage regime on the same

substrate. For adsorption on Ag(111), where the density of the 2D crystalline pha-

se does not depend on the overall coverage and where the size of the 2D crystalli-

ne islands is generally very large, we found no effects of the overall IL adsorbate

coverage. The 2D melting temperature on Ag(111) resembles that on Au(111) in

the submonolayer coverage regime, despite of the significantly lower density in

the latter case. On the other hand, despite of similar densities on Ag(111) and

Au(111) in the monolayer coverage regime (2D crystalline phase), the melting is

significantly higher in the latter case, indicative of stronger (effective) adsorbate –

adsorbate interactions on Au(111) than on Ag(111).
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3.4 Interaction of Ionic Liquids with Noble Metal Surfaces:
Structure Formation and Stability of [OMIM][TFSA] and
[EMIM][TFSA] on Au(111) and Ag(111)

The content of this section was published in Ref. [150] by the PCCP Owner Societies as

an Open Access article under the Creative Commons Attribution License, ©2015. The

style and numbering of the references and the figures have been adapted to fit the lay-

out of the thesis. Abbreviations which already have been introduced in the thesis before

are not expanded in the text anymore. STM measurements and data evaluation on the

system [EMIM][TFSA] | Au(111) were performed by the author of this thesis, some

parts of the data are also used in the Diploma thesis of the author of this thesis. STM

measurements of [EMIM][TFSA] | Ag(111) and [OMIM][TFSA] | Au(111) / Ag(111)

were performed by the author of this thesis, Hsinhui Huang and Dorothea Alwast, da-

ta evaluation of these systems was performed by the author of this thesis. Parts of the

data were also used in the Master thesis of Hsinhui Huang. This work was financial-

ly supported by the Helmholtz Institute Ulm (HIU) Electrochemical Energy Storage,

the Deutsche Forschungsgemeinschaft via the Collaborative Research Centre SFB 569

(Ulm) and by the German Federal Ministry of Education and Research via the pro-

ject “Li-Eco-Safe” under contract number 03X4636C embedded in the BMBF-program

“Werkstoffinnovationen für Industrie und Gesellschaft”. B.U. is grateful for a fellow-

ship by the Fonds der Chemischen Industrie. We would like to thank Oliver Höfft for

supplying us with a sample of the IL [OMIM][TFSA].

3.4.1 Abstract

Aiming at a comprehensive understanding of the interaction of ILs with metal surfa-

ces we have investigated the adsorption of two closely related ILs, [EMIM][TFSA] and

[OMIM][TFSA], with two noble metal surfaces, Au(111) and Ag(111), under UHV con-

ditions using STM. At RT, the ILs form a 2D liquid on either of the two surfaces, while at

lower temperatures they condense into two-dimensional (2D) islands which exhibit or-

dered structures or a short-range ordered 2D glass structure. Comparison of the adlayer

structures formed in the different adsorption systems and also with those determined

recently for [BMP][TFSA] adlayers on Ag(111) and Au(111)[141] gains detailed insight

into the adsorption geometry of the IL ions on the surface. The close similarity of the

adlayer structures indicates that i) the structure formation is dominated by the tenden-

cy to optimize the anion adsorption geometry, and that ii) also in the present systems
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the cation adsorbs with the alkyl chain pointing up from the surface.

3.4.2 Introduction

The interaction of ionic liquids (ILs) with solid surfaces has attracted increasing inte-

rest in recent years because of various possible applications of ILs as solvent, e.g., for

the deposition of metals that cannot be deposited from aqueous solutions (e.g. Li or

Al),[6, 22, 95, 151] in catalysis [14, 15, 17, 23, 96] or in battery electrolytes, in particular

in Li ion batteries, exploiting the very high electrochemical stability of these species.[30–

37] In all cases, a fundamental understanding of the processes at the solid | IL interface

is urgently needed for a systematic improvement of the respective systems. A compre-

hensive account of the current literature on the structure and nanostructure in bulk ILs

and at the IL | solid interface was recently published by Hayes et al.[29]

Since the complexity of realistic systems renders it essentially impossible to gain a cle-

ar understanding of the ongoing processes on a molecular scale, these processes have

been studied using well-defined model systems and simplified conditions. Focussing

on applications of ILs as solvent in electrochemistry, the potential dependent interac-

tion of bulk ILs with a single crystal metal surface was investigated combining in situ

STM and cyclic voltammetry (CV).[4, 38, 152] Another, even more idealized approach

involves studies of the interaction of ILs with solid surface under ultrahigh vacuum

conditions, which allows the use of a whole arsenal of surface sensitive techniques.

Due to their extremely low vapor pressure, even thicker IL films can be investigated

this way. The detailed information accessible from such kind of studies, employing

ARXPS as well as infrared reflection absorption spectroscopy (IRRAS), was illustrated

by the Steinrück group.[59–64]

Following these lines, we have started to systematically investigate the interacti-

on of battery relevant ILs with solids, focusing on the structure formation at the so-

lid | IL interface as well as on the possible reactive decomposition of the respective

ILs.[66, 92, 107, 141, 153] In that work it was possible to gain insight into the struc-

ture formation on a molecular scale, combining high resolution STM imaging and XPS,

which in combination with density functional calculations allowed us to derive detailed

information on the nature and order of magnitude of substrate – adsorbate interactions

and the interactions between adjacent adsorbed IL species (adsorbate – adsorbate in-

teractions). In the present paper we report results of a comparative STM study on the

interaction of two ILs with the same [TFSA]- anion, [EMIM][TFSA] and [OMIM][TFSA],

with two rather similar noble metal surfaces, Ag(111) and Au(111). The chemical struc-
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ture of the two ILs is displayed in Fig. 3.18. We focus on the adlayer structure for-

mation in the submono- to monolayer coverage regime, where the resulting surface

structures are unambiguously related to the first layer, which is in contact with the

substrate. [TFSA]- based ILs, especially in combination with imidazolium or pyrroli-

Figure 3.18: Structural formulas of [EMIM][TFSA] and [OMIM][TFSA]

dinium based cations, have emerged as promising candidates for application in Li ion

batteries,[31, 36, 37] underlining the interest in these compounds also from an app-

lication point of view. We are particularly interested in mapping out similarities and

differences in the adsorption and structure formation behavior caused by the change

of the cation and of the substrate, while the anion was kept the same. This will gain

information on the influence of the cation and of the substrate structure on these pro-

perties, especially when also comparing with our previous results on the adsorption of

another IL with identical anion, but rather different cation, [BMP][TFSA] on Au(111)

and Ag(111).[141]

In the following we will present results on the structural characteristics of the ad-

layers on the different substrates at room temperature, followed by the results on the

formation, structural characteristics and stability of the adlayer structure formed at low

temperatures for each substrate - adsorbate system separately. We will start with ad-

sorption on the structurally simpler Ag(111) surface, followed by adsorption on the

reconstructed Au(111) surface.
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3.4.3 Results

For all four adsorption systems, [EMIM][TFSA] and [OMIM][TFSA] adsorption on

Au(111) and on Ag(111), respectively, STM imaging at room temperature did not resol-

ve any specific adsorbate related structures, except for a significantly higher noise level

than detected on the adsorbate free Au(111) or Ag(111) surfaces. On the other hand, the

steps of the metal substrate surface as well as the herringbone surface reconstruction

of the Au(111) sample did not show any significant modification. Hence, adsorption of

the ILs does not lead to an IL induced modification of the surface itself. The latter had

been reported by Atkin et al. for adsorption of [EMIM][TFSA] on Au(111) in an electro-

chemical environment, where they detected wormlike patterns on the Au surface upon

adsorption at the open circuit potential (OCP), with holes of 1.5 - 2.0 nm depth in the

Au surface.[48] The pronounced noise during STM imaging is attributed to adsorbed

IL species which move quickly on the substrate surface and pass through the tunnel

junction. Hence, depending on the density of the adlayer this can be considered as a 2D

gas or 2D liquid, where the adsorbed species are too mobile to be resolved on the time

scale of the STM measurements.

Similar results, pointing to the presence of a 2D liquid at room temperature, ha-

ve been already reported for adsorption of other ILs on noble metal surfaces, such

as [EMIM][TFSA] adsorption on Au(110),[67] [BMP][FAP] on Au(111),[66] and finally

[BMP][TFSA] adsorption on Au(111)[92] and Ag(111)[107]. It is not clear, however,

whether the adsorbed IL species diffuse pairwise, similar to the existence of cation-

anion pairs in the gas phase upon evaporation, as it was observed for various ILs (inter

alia [EMIM][TFSA] and [OMIM][TFSA]),[72, 154] or whether they diffuse individually.

Considering that for [BMP][TFSA] adsorption on Ag(111) DFT calculations and XPS

measurements had indicated that the charge remained almost completely on the ad-

sorbed species,[107] we favor a correlated, pairwise motion on the surface. Compa-

ring to results of in situ measurements in an electrochemical environment, our data

are most closely related to measurements at OCP conditions, with no additional elec-

trostatic charge on the substrate. Recently Elbourne et al.[155] studied the interaction

of [EMIM][TFSA] with HOPG by in-situ AFM. They resolved row-like features at the

OCP and concluded that the rows result from an ordered layer of the IL, with both anion

and cation adsorbed directly to the surface. They proposed that cations and anions each

form parallel rows with a sequence of anion-cation-cation-anion rows. The structures

are first changing and afterwards at ± 0.3 V no structures can be resolved any more. The
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formation of structures even at room temperature was argued to originate from a π-π

interaction of the imidazolium ring and the HOPG surface. In that case, [EMIM][TFSA]

seems to interact much more strongly with HOPG than with noble metal surfaces and

the formation of these structures is very much depending on the substrate. In another

in-situ study, Wen et al.[152] investigated the interaction of [BMP][TFSA] with Au(111)

by Video-STM. While at the OCP no distinct features could be resolved, individual

structures can be resolved at potentials < 1.0 V vs. Pt. These appear first as fluctuating

structures in front of the substrate steps, and at < 1.4 V a close packed (
√

3 x
√

13) su-

perstructure forms, which changes into a (
√

3 x 2) structure < 1.6 V. These structures

were interpreted as layers of solely [BMP]+ cations which are electrostatically attracted

to the negatively charged surface, with the butyl group lying flat on the surface in the

first structure and the butyl group standing upright in the second case. Comparable re-

sults, with a mobile adsorption of both ion types around the PZC (point of zero charge;

in this study at 0.3 V), and the formation of ordered and disordered structures at po-

tentials > -0.1 V and at < 0.7 V, which were attributed to adsorption of solely the anions

and solely the cations, respectively, were also reported for [BMIM][BF4] adsorption on

Au(100).[41, 65] Similar results were also found for various alkylimidazolium based

ILs in contact to Au(111) regarding cation adsorption at negative potentials[156] and

additionally for [BMIM][TFSA] on Au(111).[157] In contrast, the present study perfor-

med under UHV conditions reveals the stable adlayer structures formed in the absence

of an applied potential and of interactions with a bulk electrolyte. For [BMP][TFSA]

on Ag(111)[107] and Au(111)[92] this results in co-adsorption of cation and anion with

both ions directly interacting with the substrate.

To obtain molecular resolution under UHV conditions and thus gain information on

the adsorption behavior and on the molecule-surface interactions as well as on the in-

teractions between the adsorbed IL species also for [EMIM][TFSA] and [OMIM][TFSA]

on Ag(111) and Au(111), similar to [BMP][TFSA] the samples need to be cooled to re-

duce the mobility of the adsorbates. This was done by slowly (ca. 100 K h-1) cooling the

entire STM set-up together with the adsorbate covered sample to liquid nitrogen (LN2)

temperature. The results will be presented in the following for each adsorption system

separately.

3.4.3.1 [OMIM][TFSA] adsorption on Ag(111)

At very low coverages, adsorbed [OMIM][TFSA] species are predominantly found in

front of the descending steps of the Ag(111) surface. At higher coverages, islands form
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on the terraces, which, however, are always connected to the steps of the Ag(111) sur-

face. Hence, upon cooling the sample to nearly LN2 temperature, condensation of the

adsorbed IL species starts at the upper side of the steps, which act as preferred ad-

sorption sites for the adsorbed IL molecules and hence as nucleation sites for 2D is-

land formation. With higher coverages, the adsorbate islands grow across the terraces

by condensation of further mobile adspecies at the perimeter of the adlayer islands.

The formation of these islands indicates the existence of attractive interactions between

the adsorbed species, similar to the adsorption of [BMP][TFSA] on Ag(111).[107] DFT-

calculations for the latter adsorption system had shown that the adsorbed ions keep

most of their charge. We therefore relate the attractive intermolecular forces mainly to

electrostatic interactions. Similar characteristics we assume also for [OMIM][TFSA] ad-

sorption on Ag(111).

[OMIM][TFSA] forms two types of adlayer structures on Ag(111) which are resolved

in the STM image in Fig. 3.19a. This image, which was recorded on a surface covered

by a submonolayer of [OMIM][TFSA], shows two terraces of a Ag(111) surface where

one is largely overgrown with a long-range ordered structure (structure #1). This phase

can also be denoted as a 2D crystalline structure. A high resolution image of this struc-

ture, recorded on the area marked by a white rectangle, is presented in Fig. 3.19b. The

adlayer forms a regular pattern of round shaped protrusions (marked by black dots

in the image) and elliptic protrusions (marked with black ovals in the image), where

the latter ones are not as high as the round protrusions. The protrusions are aligned

in rows parallel to the full black line in Fig. 3.19b; between each row of round shaped

protrusions there is a row of elliptic protrusions (details see below). The rows of round

shaped protrusions are arranged pairwise, with a shorter row-to-row distance within

each pair than between the pairs of rows. A similar pairwise arrangement is also found

along the rows. In this case, however, the differences between the distances within and

between the pairs are less pronounced. Within each row of elliptic protrusions (along

the full black line in Fig. 3.19b), the latter are oriented approximately in parallel, with

their long axis rotated by 60 ± 10° with respect to the row direction. Between neigh-

bored rows, the orientation of these protrusions changes by 120 ± 10°. The unit cell of

the adlayer lattice is marked by a black parallelogram in Fig. 3.19b, its dimensions are

2.1 ± 0.1 nm x 2.3 ± 0.1 nm, with an angle of 82 ± 4° in between the lattice directions.

The unit cell (cell area 4.9 ± 0.4 nm2) contains 4 round shaped protrusions and 8 elliptic

protrusions, giving a density of 0.8 ± 0.1 round protrusions per nm2. The round shaped

protrusions are always surrounded by 4 pairs of long shaped protrusions, and each of
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Figure 3.19: STM images of a Ag(111) surface covered with [OMIM][TFSA] adsorbates: (a) the
IL adsorbates arrange in domains with 2D crystalline (1) and 2D glass (2) structure; between the
adsorbate covered areas bare Ag(111) surface (3) is visible (T = 110 K, UT = -1.16 V, IT = 130 pA).
(b) High resolution image of the 2D crystalline structure; the size of the image is equal to the
size of the white rectangle in (a); (cations: round shaped protrusions, anions: pairs of longish
protrusions). The unit cell of the 2D crystalline structure is marked by a black parallelogram
(dimension: 2.0 ± 0.1 nm x 2.2 ± 0.1 nm, directions: black line x dashed black line) (T = 118 K,
UT = -1.10 V, IT = 90 pA). (c) 2D crystalline structure aligned parallel to well ordered Ag(111)
steps along the 〈11̄0〉 direction of the surface lattice. For better contrast the image was cut at
the steps and the contrast was enhanced for each terrace on its own; terrace αis the lowest, γthe
highest (T = 118 K, UT = -1.06 V, IT = 50 pA). (d) Domain of the 2D crystalline structure which
is chiral to the ones shown in (a) and (b) (T = 148 K, UT = -1.10 V, IT = 80 pA).
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the pairs of longish protrusions by 4 round shaped protrusions.

The adlayer structure closely resembles that observed for [BMP][TFSA] on Ag(111),

both with respect to the characteristic structural elements and their arrangement.[107]

The only significant difference is that in the latter case the distances between the round

protrusions along the row direction marked by the black full line are, within the li-

mits of the resolution, identical, leading to a unit cell with half the size as obtained

here ([BMP][TFSA] - Ag(111): 2.3 ± 0.1 nm x 1.1 ± 0.1 nm, unit cell area 2.5 ± 0.3 nm2).

This results in exactly the same density of 0.8 ± 0.1 round protrusions nm-2 for the

latter adsorption system. Since [BMP][TFSA] and [OMIM][TFSA] appear nearly simi-

lar in the STM images, it is likely that both ILs have a comparable adsorption geo-

metry on Ag(111), where the latter is known from combined STM results and DFT-D

calculations.[107] In that case, the [TFSA]- anion, which corresponds to a pair of elliptic

protrusions,[107] is adsorbed in a cis conformation, with the SO2 groups pointing to

the surface, while the electron densities leading to the elliptic protrusions in the STM

image are mainly generated by the CF3 groups pointing away from the surface. The

round shaped protrusions then have to be associated with the [OMIM]+ cation. The

DFT calculations for [BMP][TFSA] adsorption mentioned above had indicated that the

cation adsorbs with the ring lying flat on the surface and the alkyl chain pointing away

from the surface, where the latter is responsible for the round protrusion appearing

in the STM images.[107] Therefore we assume a similar adsorption geometry for the

[OMIM]+ cation. Comparing this structure with the results of Cremer et al. [62] and

Krischok et al. [158], who concluded from their XPS [62, 158] and MIES (metastable

induced electron spectroscopy) [158] results that for room temperature [OMIM][TFSA]

adsorption on Au(111) the alkyl chain is horizontal to the substrate surface, there seems

to be a reorientation in the adsorption layer during cool down from room temperature

to LN2 temperature, with the alkyl chains bending up from the surface when going to

LN2 temperature. This may be rationalized by a tendency to order in an energetical-

ly more favorable adsorption geometry, with smaller distances between the differently

charged adsorbed ions, and by the formation of islands. At temperatures above the

2D crystallization temperature, the thermal motion/energy in the system hinders the

formation of ion pairs in their most favorable adsorption geometry, and therefore they

move across the surface with little interactions to neighboring molecules. We speculate

that in that case the adsorption of the cations may change such that the longer alkyl

chain is oriented parallel to the surface because of the expected higher van der Waals

interactions to the substrate.
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The similarity of the 2D crystalline structures formed by [BMP][TFSA] and [OMIM]-

[TFSA] on Ag(111) leads also to a very interesting conclusion: Obviously the nature

of the cation has little influence on the structure formation. [OMIM]+ is an imidazole

with a 5-membered planar aromatic ring containing 2 nitrogen atoms, while [BMP]+

is a pyrrolidinium derivative with a 5-membered non-aromatic non-planar ring con-

taining one nitrogen. Although the geometric and electronic structures of the cations

differ considerably, which should result also in different interactions with the substrate

and between neighbored cation and anion cations, we find no significant differences

in the overall adsorption structures. This indicates that the resulting ordered adlayer

structures are dominated by the [TFSA]- – substrate interactions, specifically by the va-

riation of these interactions with adsorption site and adsorption geometry. Optimizing

the anion adsorption geometry and thus the anion – substrate interactions seems to

be the determining parameter for the adsorption structures found on Ag(111) for both

[BMP][TFSA] and [OMIM][TFSA], overcompensating correlated variations in the cati-

on – substrate and adsorbate – adsorbate interactions. It should be noted that such kind

of structure determining role of the anions is specific for the present case. In particu-

lar for adsorption at negative potentials in an electrochemical environment, where one

would expect the cations to be in direct contact with the electrode surface, these are like-

ly to be responsible for the resulting adlayer structure. Accordingly, Borisenko et al. re-

ported pronounced differences in the adsorption behavior of three different ILs, all con-

taining the same [FAP]- anion, but different cations ([BMP]+, [EMIM]+ and [HMIM]+)

on Au(111) at negative potentials in a combined in situ STM and AFM study.[159] Alt-

hough molecular resolution could not be obtained, the change in cations was found to

result in very different structures of the solid-liquid interface.[159]

Coming back to our STM measurements, in addition to structure #1, there are also

larger disordered adlayer areas, as can be seen in Fig. 3.19a on the upper terrace (mar-

ked with ‘2’ in the image). Closer inspection reveals that the local structures are often

similar to those in the long-range ordered phase, with short rows of round protrusions

and the characteristic arrangement of anions. Hence, they exhibit a short-range order,

but no long-range order. This structure will in the following be termed a 2D glass pha-

se. The islands consisting of 2D glass domains also enclose adsorbate-free Ag(111) areas

(marked with ‘3’ in Fig. 3.19a). Similar to [BMP][TFSA] adsorption on Ag(111),[107] the

2D glass phase mainly appears on narrow terraces and along steps in areas where large

ordered areas connect to steps. In addition, for [OMIM][TFSA] adsorption the 2D glass

phase can form islands/domains also on wide terraces, which was not observed for
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[BMP][TFSA] adsorption on Ag(111).[107] Finally, areas of structure #1 often include

small disordered ‘defective’ areas with dimensions of a few nanometers. This contrasts

the structure formation of [BMP][TFSA] on Ag(111),[107] where the 2D crystalline do-

mains typically extend with almost no defects over several 100 nm. Overall, the relative

amount of 2D glass structure is clearly higher for [OMIM][TFSA] adsorption on Ag(111)

than for [BMP][TFSA] adsorption. Most likely, the higher tendency to form the short-

range ordered structure is related to slightly different space requirements of the ILs in

the 2D crystalline structures, which allows a better fit of the adlayer to the substrate

lattice for [BMP][TFSA] adsorption than for [OMIM][TFSA] adsorption.

The influence of the substrate lattice is on the other hand indicated by the fact that

the 2D crystalline adlayer structure is not oriented randomly relative to the surface, but

exhibits fixed rotational orientations with respect to the substrate lattice. In agreement

with the threefold symmetry of the Ag(111) surface we found three rotational orienta-

tions of that phase, indicating that one lattice direction of the adlayer is oriented along

the close-packed 〈11̄0〉 direction of the substrate. Considering that the steps of a well

prepared Ag(111) surface are largely oriented along the 〈11̄0〉 directions and that the

paired rows of the adsorbate structure are mostly either parallel (see Fig. 3.19c) or at

angles of 60° or 120° (see Fig. 3.19a) to the steps, the rows of the adlayer structure must

be oriented along the 〈11̄0〉 directions as well. The long axes of the elliptic protrusions,

which represent the anions, are rotated by 60° relative to the paired rows and are there-

fore also oriented in 〈11̄0〉 direction. It was not possible to obtain molecular resolution

images of the IL adlayers together with an atomically resolved Ag(111) surface in the

same STM image to confirm this conclusion. This is due to the very different tunneling

conditions that are necessary for atomic/molecular resolution imaging: for atomically

resolved Ag(111) images tunneling currents higher than 300 pA are necessary in our

setup, while at tunneling currents above ~150 pA the tip starts to push away the ad-

sorbed IL molecules and destroys the 2D crystalline domains. Furthermore, stable high

resolution imaging is hindered by the moving admolecules and their ‘collisions’ with

the tip.

In addition to the 3 rotational orientations the unit cell can be arranged in two dif-

ferent configurations by mirroring it at a vertical plane along the 〈11̄0〉 direction, indi-

cating that the structures are chiral. Two such structures are resolved in Fig. 3.19a/b

and 3.19d. The images are rotated such that the molecule rows in the structure (marked

with black lines in Fig. 3.19b and 3.19d) are oriented in the same direction. The second

directions of the unit cells (marked with dashed black lines) in Fig. 3.19b and 3.19d are
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mirrored at a vertical plane along the 〈11̄0〉 direction. In total, this yields 6 possibilities

to align the ordered structure on the substrate surface (2 chiral structures in 3 directions

each). Still, in all possible orientations found for the 2D crystalline adlayer structure, the

longish protrusions align along the 〈11̄0〉 direction. Since a pair of longish protrusions

resembles one anion, this means that the anions always align in a special and well de-

fined adsorption geometry relative to the substrate lattice. This observation supports

our above assumption that the structure formation is dominated by the anion-substrate

interactions and the tendency to optimize the [TFSA]- anion adsorption geometry.

The thermal stability of the adlayer structures was tested by slowly (ca. 70 K h-1)

heating the STM set-up from 90 K to room temperature, while continuously recording

STM images. Already at 90 K (see Fig. 3.19a and 3.19c) we find stripy features at the

island boundaries to the surrounding 2D gas phase, both for the ordered and for the

short-range ordered phase islands. These features arise from mobile molecules moving

along the island boundaries or attaching to / detaching from the islands. The bounda-

ries of the islands are therefore constantly changing, while the adsorbates within the 2D

islands are immobile. With increasing temperature, the frizziness at the island bounda-

ries increases and spreads across the 2D glass phase areas, while the central parts of the

islands with 2D crystalline structure remain stable. For the 2D glass phase we cannot

give a definite ‘melting’ temperature, since its mobility increases over a wide tempera-

ture range, but it was always completely dissolved when the 2D crystalline structure

started to melt. A STM image taken close to the melting temperature of the 2D crystalli-

ne structure is given in the Appendix in Fig. 6.5a, where the coexistence of the 2D liquid

(appearing as noisy features) and remaining 2D crystalline domains is visible.

The ordered structure melts at 165 ± 10 K in islands at submonolayer coverages and

at 185 ± 10 K in a monolayer covered sample. The higher melting temperature in the

monolayer coverage range reflects the mutual stabilization of the adsorbed species by

(additional) repulsive interactions, while at lower coverages formation of ordered struc-

tures is dominated by attractive interactions. The stability of the adlayer structure clo-

sely resembles that of the [BMP][TFSA] adlayer structure on Ag(111), where a melting

temperature of 180 ± 10 K was observed for both the monolayer and for the submono-

layer coverage regime.[107]

Overall, the interaction of [OMIM][TFSA] with Ag(111) is dominated by molecular ad-

sorption and the formation of a mobile 2D liquid at room temperature. This and the

formation of 2D solid adlayer phases only at low temperatures, with melting tempe-

ratures below 200 K, indicate the presence of weak adsorbate – adsorbate interactions.
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The formation of very similar ordered and short-range ordered adlayer structures as

observed previously for [BMP][TFSA] on Ag(111),[107] as well as the similar orientati-

on of the adsorbed [TFSA]- anions in both adsorption systems relative to the substrate

lattice indicate that the structure formation is dominated by the anion-substrate inter-

actions and the tendency to optimize the [TFSA]- anion adsorption geometry.

3.4.3.2 [EMIM][TFSA] adsorption on Ag(111)

[EMIM][TFSA] differs from [OMIM][TFSA] only by its shorter alkyl chain in the cati-

on (octyl→ ethyl). Therefore, any differences in the adsorption behavior and structure

formation must be directly connected with this, or, reversely, if there are no significant

differences, the length of the alkyl chain has no influence on the adsorption characteri-

stics.

The adlayer structures formed upon [EMIM][TFSA] adsorption indeed closely re-

semble those observed for the adsorption of [OMIM][TFSA] adsorption on Ag(111). As

illustrated, e.g., in Fig. 3.20a, the same 2D crystalline structure is found on terraces wi-

der than ~20 nm, and also the short-range ordered 2D glass phase is formed. Similar to

the findings for [BMP][TFSA] adsorption, the 2D glass phase is solely found on narrow

terraces (< 20 nm width) or as a narrow stripe directly along steps (see Fig. 3.20a and

b). In addition, it sometimes appears at the perimeter of 2D crystalline domains. The re-

lative amount of the 2D glass phase is lower than for [OMIM][TFSA]. Furthermore, the

2D crystalline areas show fewer defects than in the latter adlayer. Overall, the tendency

for ordering in a 2D crystalline structure is more pronounced than for [OMIM][TFSA]

adlayers, resembling more the case of [BMP][TFSA] adsorption.

The 2D crystalline structure has the same type of unit cell as formed in the [OMIM]-

[TFSA] adlayer, but with slightly different dimensions, as can be seen in the high reso-

lution STM image in Fig. 3.20c, where the unit cell of the adlayer structure is marked

again by a red parallelogram. For one unit cell also the round and elliptical protrusi-

ons are indicated by black circles and ovals, respectively. The unit cell has a size of 1.9

± 0.2 nm x 2.3 ± 0.1 nm, with the longer side along the molecule rows, and an angle of

75 ± 8° in between the lattice vectors. On an area of of 4.3 nm2 it includes 4 round and 8

elliptical protrusions (0.9 ± 0.1 round protrusions nm-2). Evaluating numerous images,

we find that the exact dimensions of the unit cell vary slightly between different sur-

face locations. It could be that the structure has slightly different dimensions, e.g., in the

monolayer and the submonolayer regime, as it was also reported for [BMP][TFSA] on

Au(111),[92] but the differences are in the range of the standard deviation. Overall, the
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Figure 3.20: Ag(111) surface covered with islands/domains of [EMIM][TFSA]: (a, b) Terraces
with a width < 20 nm are covered with adsorbates arranged in the 2D glass structure, on larger
terraces mainly 2D crystalline domains are found. In different domains, the directions of the
molecule rows in the 2D crystalline structures (marked with white lines) are rotated by 120° to
each other. For better contrast, image (a) was cut at the steps and the contrast was enhanced
for each terrace (a: T = 108 K, UT = -1.13 V, IT = 60 pA; b: T = 157 K, UT = -1.43 V, IT = 60 pA).
(c) High resolution STM image of the 2D crystalline structure; the unit cell is marked by red
parallelograms (size: 1.8 ± 0.2 x 2.1 ± 0.1 nm, lattice directions: white arrow x dashed arrow);
the positions of the cations and anions are marked by black circles and pairs of black ovals in
one of the parallelograms (T = 117 K, UT = -0.97 V, IT = 70 pA). (d) 2D crystalline domain of
[EMIM][TFSA], showing some defects and small 2D glass domains in the long-range ordered
structure (T = 130 K, UT = -1.20 V, IT = 60 pA).
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adlayer structures formed by [EMIM]-, [OMIM]- and [BMP][TFSA] on Ag(111) are ve-

ry similar, therefore we conclude that i) [EMIM][TFSA] adsorbs in a similar adsorption

geometry as the other two ILs and that ii) the round protrusions resemble the upstan-

ding alkyl chains of the cation and a pair of longish protrusions represents one anion.

Also the density of ion pairs per nm2 differs only slightly between [OMIM][TFSA] and

[EMIM][TFSA], with 0.9 ± 0.1 nm-2 and 1.0 ± 0.1 nm-2. With the longer alkyl chain ly-

ing flat on the surface at coverages < 0.8 ML, as it was postulated by Cremer et al. for

[OMIM][TFSA] on Au(111) at room temperature[62] the difference in the space requi-

rement of both molecules should be much larger and, compared to [BMP][TFSA], the

structure formation itself should also be different. A rough estimate of the difference in

the structure sizes for flat lying alkyl chains can be given by using data on the ionic vo-

lumes for different IL ions calculated by Slattery et al..[26] For [EMIM]+ they reported

a volume of 0.156 nm3, for [OMIM]+ a value of 0.242 nm3. Assuming roughly spheri-

cal shapes, the spheres have a diameter of 0.35 nm ([EMIM]+) and 0.53 nm ([OMIM]+).

This is a difference of 34 %. Hence, when the longer alkyl chains would lie flat on the

surface, the difference in the density of ion pairs should be larger than 34 %, since

the difference in volume is caused only by the longer alkyl chain and should be more

pronounced in the surface direction when the alkyl chain is lying horizontally on the

surface. In contrast, for an alkyl chain standing upright on the surface the difference

should be smaller than this value. Since the measured difference in the density is only

around 10 %, which is close to the range of the error bar, this points to the latter adsorp-

tion geometry, in agreement with the results of DFT-D calculations for [BMP][TFSA]

adsorption on Ag(111).[107]

The 2D crystalline structure of [EMIM][TFSA] shows the same orientation along the

〈11̄0〉 lattice vectors of the Ag(111) substrate as it was found and discussed before for

[OMIM][TFSA]. Different rotational domains, which are observed on different terraces,

always include angles of 120 ± 5° between the directions of the close packed rows of

round protrusions. This is illustrated in Fig. 3.20a, where the directions of the close

packed rows in both structures are marked by white lines. The structure also forms

parallel to well ordered Ag(111) steps (not shown). In addition, when comparing the

unit cells of the adlayer in Fig. 3.20a and 3.20c, these appear as image and mirror image.

Hence, also this adlayer structure is chiral. The 6 possibilities to align the structure on

the substrate surface (3 sets of 2 chiral structures with the molecule rows of the structure

parallel to each 〈11̄0〉 direction of the surface lattice) are therefore identical to those for

[OMIM][TFSA].
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The thermal stability of the adlayer structures formed by [EMIM][TFSA] was tested

in the same way as it was done for [OMIM][TFSA] adsorption. Similar to our findings

for [OMIM][TFSA], the perimeters of the adsorbate islands become mobile already at

90 K, which is manifested by stripy features in the STM images. In contrast, the core of

the adsorbate islands is stable under these conditions (compare, e.g., in Fig. 3.20d). For

the 2D crystalline structure, melting temperatures of 180 ± 10 K in the submonolayer

and 212 ± 10 K in the monolayer regime were determined, while for the 2D glass struc-

ture the melting temperature could not be determined reliably because of the relatively

low amount of this structure on the surface. The higher melting temperatures of the

crystalline phase compared to the [OMIM][TFSA] adlayer phases, by 15 K for the sub-

monolayer and by 27 K for the monolayer coverage regime, clearly reflect an influence

of the longer alkyl chain of the cation on the stability of the adlayer structure. One possi-

bility to explain this observation is that the stronger +I-effect of the octyl chain (electron

donation via the covalent σ-bonds) compared to the ethyl chain leads to a slight wea-

kening of the positive charge in the ring of the imidazolium cations and thus to weaker

electrostatic interactions between the cations and anions in the structure. [BMP][TFSA],

which lies with the length of its butyl-chain between ethyl and octyl, has nearly the sa-

me melting temperature as [OMIM][TFSA]. It could be that the effect of the compared

to [BMP][TFSA] longer alkyl chain, which should lead to a lower melting temperature,

is roughly compensated by the different electronic structure of the imidazolium ring

compared to the pyrrolidinium ring.

The 2D melting temperatures determined here can be compared to the bulk melting

temperatures of the respective ILs. Bulk [EMIM][TFSA] melts at 258 K (value is taken

from the data sheet of the supplier), other studies reported values between 255 K [2]

and 265 K [160]. For [BMP][TFSA], values between 252 K [161] and 267 K [160] were re-

ported. For [OMIM][TFSA], no literature value is available. In general, the 2D melting

temperatures for the adsorbed structures are slightly lower than the melting tempe-

ratures of the bulk ILs. The lower stability of the 2D crystalline structures is mainly

attributed to weaker molecule-molecule interactions compared to the bulk due to the

interaction with the surface.

The interaction of [EMIM][TFSA] with Ag(111) closely resembles that of

[OMIM][TFSA], where the latter differs only by its longer alkyl chain in the cation.

Based on the similar characteristics in structure formation and especially the similar

densities of the adsorbate structures, we conclude that in the 2D crystalline phases the

alkyl chains are standing upright and that also in this adsorption system the structure
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formation is dominated by the tendency to optimize the adsorption geometry of the

anion on the surface.

3.4.3.3 [OMIM][TFSA] adsorption on Au(111)

On Au(111), [OMIM][TFSA] condenses into islands with monomolecular height like

on Ag(111). Typical large-area STM images of a surface with submonolayer coverage

are shown in Fig. 3.21a and Fig. 3.22a. Here it should be noted that on the adsorbate

free areas the zig-zag double lines of the herringbone reconstruction [39] are clearly

visible; their orientation is indicated by the white zig-zag pattern in Fig. 3.21a. The

images reveal a number of characteristic features: Similar to observations for adsorp-

tion on Ag(111), the step edges are decorated by small islands (nuclei) of adsorbed

[OMIM][TFSA] (Fig. 3.22a - c). Similar nuclei and also somewhat larger islands are ob-

served at the bending points (‘elbows’) of the herringbone reconstruction. These is-

lands exhibit the disordered structure discussed before (2D glass phase, see islands

marked by ‘2’ in Fig. 3.21a). Furthermore, large islands are formed on the terraces,

which largely consist of a 2D crystalline phase, similar to that observed for adsorption

on Ag(111). These islands can extend across several domain boundaries of the under-

lying Au(111) reconstruction pattern formed by the bending points of the zig-zag lines

(marked by dashed lines in Fig. 3.21a). On the other hand, these domain boundaries of

the Au(111) reconstruction often coincide with the perimeters of the adsorbate islands

(see Fig. 3.21a). Additionally, the islands generally have a lengthy form along these do-

mains of the Au(111) reconstruction. It seems that an ordered domain preferably forms

on top of one such Au(111) reconstruction domain. Obviously, the bending points of the

Au(111) surface reconstruction seem to act as a barrier for further island growth, which

is most likely attributed to the sudden misorientation between substrate and adlayer

lattice.

Finally, we also observed adlayer islands containing different rotational domains of

the adlayer structure. These different rotational domains are separated from each other

by areas with 2D glass phase. Most likely, these islands developed by coalescence of

separate islands, each consisting of one domain of ordered adlayer structure.

Next we will concentrate on the 2D crystalline structure. A high resolution STM

image of that structure, recorded in the area imaged in Fig. 3.21a, is shown in Fig. 3.21b.

The size and location of the latter image is indicated by the black rectangle in Fig. 3.21a.

The long-range order in this structure differs somewhat from the 2D crystalline struc-

ture formed on Ag(111), but the appearance of the adsorbed ions is the same. Also
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Figure 3.21: (a) STM image of a submonolayer of [OMIM][TFSA] adsorbed on Au(111): large
islands consisting mainly of molecules arranged in a 2D crystalline structure extend across the
surface (1); small islands with 2D glass structure are formed at the elbows of the Au(111) recon-
struction (2), which is visible on the bare Au(111) surface areas (3) and is also visible through
the 2D crystalline adlayer structures. For better visibility, one double line of the Au(111) corru-
gation lines is marked with white lines; the connections between bending points of the Au(111)
surface reconstruction are marked with white dotted lines. (T = 102 K, UT = -0.76 V, IT = 50 pA).
(b) High resolution image of the 2D crystalline phase. The size of the image corresponds to the
black rectangular in (a). The unit cell of the structure is indicated by a red parallelogram (size:
2.5 ± 0.1 nm x 3.5 ± 0.1 nm, arrow 1 x arrow 2) (T = 151 K, UT = -1.16 V, IT = 70 pA). (c) High
resolution image of the 2D glass phase (T = 157 K, UT = -0.33 V, IT = 50 pA). (d) Two 2D cry-
stalline domains next to each other; the domains are rotated by 120° to each other. Additionally,
the two adlayer domains are mirror images to each other (T = 145 K, UT = -1.16 V, IT = 80 pA).
(e) High resolution image of the boundary area between two long-range ordered domains (T =
149 K, UT = -1.16 V, IT = 90 pA).
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Figure 3.22: (a) STM image of a Au(111) surface with low coverage of [OMIM][TFSA]. Preferred
adsorption of the molecules takes place in front of the steps (T = 125 K, UT = -0.45 V, IT = 100 pA).
(b) STM image of the area marked with dashed black lines in (a) with 2 min delay, showing
that the bulk islands are stable at this temperature, only minor movement can be detected at
the island boundaries (T = 125 K, UT = -0.45 V, IT = 110 pA). (c) High resolution image of
the molecules adsorbed in front of descending steps. Directly at the step cations are adsorbed,
followed by the anions (T = 127 K, UT = -0.45 V, IT = 70 pA). (d) High resolution images of an
island boundary of a 2D crystalline island with a time delay of 2 min in between. In the white
rectangle at the island boundary we find an attachment / detachment of an ion pair (T = 124 K,
UT = -0.71 V, IT = 80 pA).

120



3 Results and discussion

in this case the structure is built up by round protrusions (marked as white dots in

Fig. 3.21b) and pairs of elliptical protrusions (white ovals in Fig. 3.21b) with a ratio of

1:1. From the similarity in characteristic structural features we conclude that the gene-

ral adsorption geometry of the IL ions is essentially identical to that of [OMIM][TFSA]

and [EMIM][TFSA] on Ag(111). The anions (= elliptical protrusions) are aligned in rows

(the direction of the rows is marked in Fig. 3.21b by arrow 1), and along these lines they

are oriented parallel to each other. Comparing the orientation of the anions in different

rows we find that this is identical always in two neighboring rows, while in the third

one it is rotated by 120° relative to the preceding two rows. In the next two rows they

are again oriented in the same way as in the two rows before, resulting in an ‘a-a-b-

a-a-b’ ordering sequence. It is important to note that the “b” rows exhibit only 2/3 of

the protrusions present in the “a” rows. The cations (round protrusions) are aligned

in between the anion a-type rows, forming zig-zag lines with 4 cations per 3 anions

in one neighboring a-type row. In total, this results in a different arrangement of the

ions in the unit cell (see marked parallelogram in Fig. 3.21b) compared to the adlayer

on Ag(111). In the latter case, cations and anions have the same number of neighbored

adsorbed ions, the cations are surrounded by 4 anions and the anions by 4 cations. In

the ordered structure of [OMIM][TFSA] on Au(111), the cations next to the “b” rows of

the anions (see Fig. 3.21b) have 4 anions as neighbor. The cations between the “a” rows

of anions have either 3 or 4 anions as neighbors (marked with a “3” or “4” in Fig. 3.21b),

(Note that since from the STM images we cannot unambiguously decide which two of

the longish protrusions in the “a” rows form a pair and thus result from one anion, the

assignment of 4 or 3 nearest neighbor anions to the cations in between the “a” rows in

Fig. 3.21b could also be other way around.) The anions in the “b” rows have always 4

neighbored cations; in the “a” rows 2/3 of the anions have also 4 nearest neighbors, but

1/3 has only 3 nearest neighbors. This gives a mean coordination of 3.75 neighbored

counter ions per anion or cation, which is 0.25 less than in the 2D crystalline structure

of [OMIM][TFSA] on Ag(111). The dimensions of the unit cell are 2.8 ± 0.1 nm along

the direction marked by arrow 1 and 3.8 ± 0.1 nm along the direction of arrow 2, with

an angle of 76 ± 5° in between the lattice vectors. The total area of the unit cell is 10.3

± 0.5 nm2 and the density of round protrusions is 0.8 ± 0.1 nm-2, which on the other

hand is identical to that on Ag(111). Compared to the adsorption of [BMP][TFSA] on

Au(111),[92] the arrangement of the ions in the structure relative to each other is exactly

the same; also the density of [BMP][TFSA] on Au(111) was found to be 0.75 ± 0.05 nm-2

in a monolayer, which is in the limits of accuracy the same value as for [OMIM][TFSA].
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In contrast, for submonolayers of [BMP][TFSA] on Au(111) a slightly smaller density

of 0.61 nm-2 was found; while the ordered structure of [OMIM][TFSA] did not depend

on the coverage. [OMIM][TFSA] adsorption on Au(111) results in an adlayer structure

very similar to that formed for [BMP][TFSA] in the monolayer region. Overall, the simi-

larity of adlayer structures for these ILs on Au(111) and Ag(111) further supports our

above conclusion given for this type of ILs that the ordered adlayer structures are do-

minated by the substrate-anion interactions and that cation-substrate interactions seem

to play a minor role.

The orientation of the adlayer structure relative to the substrate lattice can be eva-

luated by comparing with the orientation of the Au(111) reconstruction pattern. The

double rows of the Au(111) reconstruction are known to run in 〈112̄〉 direction.[39] In

Fig. 3.21a, we find one large domain of the 2D crystalline structure in the middle and

upper part of the image and two smaller domains at the bottom of the image. The di-

rection in the respective structures, which corresponds to that of arrow 2 in Fig. 3.21b,

is marked in Fig. 3.21a by a dashed black line. These directions are always parallel to

the double rows in one domain of the Au(111) surface reconstruction and hence to a

〈112̄〉 direction of the Au(111) surface, with an angle of 120° between the different di-

rections. This is also true for the domains shown in Fig. 3.21a, 3.21d, and 3.21e, where

these directions of the adlayer structures are also marked with dashed lines.

Considering also the direction of the rows of round protrusions (arrow 1 in Fig. 3.21b),

again two different structures can be formed for each 〈112̄〉 direction, which behave as

image and mirror image. This is illustrated in Fig. 3.21d and 3.21e, where the directions

in the adlayers corresponding to arrow 2 in Fig. 3.21b are marked with dashed black

lines and the ones corresponding to arrow 1 are marked with full black lines. In each

image the two marked domains are mirror images to each other. Hence, also in this case

the resulting surface structure is chiral.

At comparable adlayer coverage, the ordered domains formed by the [OMIM][TFSA]

adsorbates on Au(111) are much smaller than the ones on Ag(111). We attribute this to

the Au(111) surface reconstruction, where both the steps and elbows act as nucleation

centers for island formation, whereas on Ag(111) island formation always starts at the

steps. Hence, the density of nucleation sites is much higher on Au(111) than on Ag(111).

Fig. 3.21c shows a high resolution image of the short-range ordered 2D glass phase

(see above). The appearance of the molecules with round and elliptical protrusions is

the same as observed in the 2D crystalline structure, pointing to a similar conformation

of the adsorbed IL species in both phases. Also the short-range order in the 2D glass
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phase is resolved in that image, with cations and anions often lining up in short rows

of up to around 10 adsorbed ions, which exhibit similar structural characteristics as the

rows in the 2D crystalline phase. This holds true also for the orientation of the anions,

where many of the elliptical protrusions are arranged in parallel to each other. Ob-

viously, the anions prefer the same adsorption geometry relative to the surface as in the

ordered structure. This is evident also from Fig. 3.21e, which shows a high resolution

image of a small area of 2D glass structure between two 2D crystalline domains. Most

of the elliptical protrusions are aligned in the same symmetric directions as observed in

the long-range ordered adlayer structure.

The thermal stability of the adlayer phases was evaluated in the same way as des-

cribed in the previous sections. Already at the lowest temperatures, the edges of the

islands appear frizzy (see Fig. 3.21 and 3.22, except in Fig. 3.21a, where the scale is too

large). In analogy to [OMIM][TFSA] and [EMIM][TFSA] adsorption on Ag(111) and to

[BMP][TFSA] adsorption on Au(111) and Ag(111),[141] we interpret this as either due

to a high mobility of adsorbed IL species along the island edge, or, more likely, as rapid

exchange of IL adsorbates between a surrounding 2D gas / liquid phase of mobile IL

adsorbates and the respective islands (2D solid). On the other hand, the island cores are

stable under these conditions. This is illustrated in the STM images in Fig. 3.22a, b, d,

which were recorded at T = 125 K. Fig. 3.22a and 3.22b are images of the same IL island

recorded with a time period of ca. 2 min in between, where Fig. 3.22b has a smaller

scale than 3.22a (the area imaged in Fig. 3.22b is marked by a dashed black rectangle

in Fig. 3.22a). On this large scale we find no significant changes of the island perimeter,

and the core of the island is completely stable. On a smaller scale, however, changes

can be detected, which is illustrated in Fig. 3.22d. This shows two images of the same

area (but different from that in the images in Fig. 3.22a and 3.22b), which were recorded

with a time delay of 2 min in between. Here we find clear differences in the perimeter

structure, e.g., in the area marked by a white rectangle. In this case the position of one

anion is changed and another one is missing completely. Overall, the island perimeters

are mobile at 125 K on a molecular scale, but show only little mobility on a larger scale.

When warming the sample to higher temperatures, the mobility at the island edges

gets more pronounced, but the molecules in the inner parts of the islands stay stable.

The 2D glass islands ‘melt’ over a wide temperature range, but always at lower tem-

peratures than the 2D crystalline ones. At 165 ± 10 K in the submonolayer regime and

at 197 ± 10 K in the monolayer regime, the 2D crystalline structure melts, leaving a 2D

liquid of the molecules on the surface, where the mobile IL adsorbates cannot be resol-
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ved by STM. Therefore, we cannot comment from these data on the proposal by Cremer

at al. [62], who (based on ARXPS measurements performed at room temperature) pro-

posed different adsorption geometries for the submono- and monolayer regime. For

monolayer coverage they suggested that the cations are adsorbed in a similar geometry

as favored in this work for low temperatures, with the alkyl chain pointing up, while at

submonolayer coverage (< 0.8 ML) they proposed that the alkyl chains are adsorbed flat

on the surface. The larger space requirement of the latter adsorption geometry would

be compatible with the lower density of the 2D liquid phase formed at room tempera-

ture in the submonolayer coverage regime, but not with that of the ordered structure

present at low temperatures.

Comparison of adsorption of [OMIM][TFSA] on Au(111) with that on Ag(111) indi-

cates that the influence of the substrate on the interaction of [OMIM][TFSA] with noble

metal surfaces is small, both with respect to structure formation and to adsorbate – ad-

sorbate interactions. The general appearance of the adsorbed species and also the orien-

tation of the anions relative to the substrate are identical compared to those on Ag(111),

leaving the adsorption geometry largely unchanged, though their arrangement relative

to each other is slightly different. Different from the non-reconstructed Ag(111) surface,

the herringbone reconstruction of Au(111) affects the shape of the adsorbate islands by

limiting their size, and on the other hand providing additional nucleation centers at the

elbows of the reconstruction.

3.4.3.4 [EMIM][TFSA] adsorption on Au(111)

Large-scale images of islands and domains of adsorbed [EMIM][TFSA] on Au(111) at

submonolayer coverage are shown in Fig. 3.23. In the image in Fig. 3.23a we find two

different 2D crystalline structures. The structure resolved on the right hand side of the

image is very similar to that known from [OMIM][TFSA] and [BMP][TFSA] on Au(111)

(structure #2). In contrast, the 2D crystalline structure appearing on the left of the image,

which is denoted as structure #3, has not been observed for the other adsorption sys-

tems.

More detailed information on the structure of phase #2 is obtained from the high

resolution image shown in Fig. 3.24a. The unit cell of the adlayer is marked by a red

parallelogram, its size is 3.0 ± 0.1 nm x 3.4 ± 0.1 nm (arrow 1 x arrow 2) with an angle

of 72° ± 5° in between, an area of 9.9 ± 0.5 nm2 and a density of 0.8 ± 0.1 ion pairs nm-2.

The alignment and the general appearance of this structure are essentially identical to

those in the 2D crystalline structures of [OMIM][TFSA] and [BMP][TFSA] on Au(111),
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Figure 3.23: [EMIM][TFSA] adsorbed on Au(111) at submonolayer coverage: (a) In addition to
the 2D crystalline structure #2, another 2D crystalline structure (#3) is found. The image was
cut at the steps of the Au(111) surface and the contrast was enhanced for the structures on
the terraces, the appearance of different heights left from the screw dislocation at the left side
of the image is an artifact of this treatment (T = 107 K, UT = -1.28 V, IT = 40 pA). (b) Various
domains of structure #2 are visible in this STM image. The two large domains in the middle of
the picture are aligned parallel to each other along the direction of arrow 2, which indicates also
the direction of the corrugation lines of the Au(111) reconstruction domains on which they are
largely located. The directions of the molecule rows in the domains (arrows 1) run at angles of
72° and -72° relative to the direction of arrow 2: these two domains are chiral. The upper part of
the image shows a modified structure #2 (T = 113 K, UT = -1.28 V, IT = 80 pA).

with the same density as observed for [OMIM][TFSA] adsorption (0.8 ± 0.1 ion pairs

nm-2). We therefore suggest that also in the present case the longer alkyl chain of the

cation points upwards. The adlayer lattice is aligned along the 〈112̄〉 directions of the

Au(111) surface (arrow 2 in Fig. 3.24a is oriented in 〈112̄〉 direction), as it was obser-

ved also for [OMIM][TFSA] on Au(111). Similar to the latter adsorption system, this

adlayer lattice direction is oriented along the corrugation lines of the Au(111) surface

reconstruction pattern. Also in this case the domain and island boundaries of the ad-

sorbed 2D crystalline phases lie on top of lines along the bending points of the Au(111)

reconstruction (see, e.g., in Fig. 3.23b). In the latter image, two pairs of the corrugation

lines of the Au(111) herringbone reconstruction are marked by white lines, the bending

points are located on the dotted lines. In the middle of the image, two large domains of

the 2D crystalline adlayer structure are visible, whose boundaries partly are located on

the bending lines of the herringbone reconstruction (dotted lines in Fig. 3.23b). These

two domains are aligned parallel to each other based on the direction of arrow 2 (see
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Figure 3.24: High resolution STM images of the 2D crystalline structures formed by
[EMIM][TFSA] on Au(111): (a) Structure #2 (unit cell: 2.7 ± 0.1 nm x 3.1 ± 0.1 nm, arrow 1 x
arrow 2). The lower part of the image shows the modified structure #2 described in the text (T =
153 K, UT = -1.54 V, IT = 70 pA). (b, c) Structure #3 with a unit cell of 3.2 ± 0.1 nm x 4.8 ± 0.1 nm
(arrow 3 x arrow 4). (c) The positions of the anions are marked with pairs of black ovals in the
unit cell (red parallelogram) (b + c: T = 150 K, UT = -1.40 V, IT = 60 pA). (d) Domain boundary
between both structures; the unit cell of #3 is rotated by 6° ± 2° to the axis of the unit cell of #2,
which is parallel to the 〈112̄〉 substrate directions (T = 150 K, UT = -1.40 V, IT = 80 pA).
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also the white dashed line in this image). In contrast, the close packed rows of round

protrusions, whose directions are indicated by arrows 1, are not parallel. Hence, the-

se two domains are again examples for the mirror symmetric orientations expected in

a chiral adlayer structure. Together with the three possible rotational orientations, we

thus obtain 6 possible arrangements of the ordered adlayer, similar to our findings for

the other two ILs ([OMIM][TFSA] and [BMP][TFSA]) on Au(111).

For [EMIM][TFSA] adsorption we also observed a specific modification of structure

#2 which is visible in the upper part of Fig. 3.23b. In this structure pairs of round pro-

trusions along the direction of arrow 2 are rotated by 90°, which leads to a bending

of the close packed rows of round protrusions. This is illustrated in the lower part of

Fig. 3.24a, where one of such rotated pairs is marked by black dots, together with its

‘normal’ neighbor pairs (black circle). This structural modification is neither observed

for [OMIM][TFSA] nor for [BMP][TFSA] on Au(111).

The second ordered phase formed by [EMIM][TFSA] on Au(111), structure #3, is re-

solved in Fig. 3.23a (large scale presentation) and in Fig. 3.24b and 3.24c (high resolution

images). The unit cell of this structure is indicated by a red parallelogram in either of

the images. Furthermore, the positions of the elliptical protrusions are marked with

black ovals for better visibility in Fig. 3.24c. The unit cell has a size of 3.5 ± 0.1 nm x 5.3

± 0.1 nm (arrow 3 x arrow 4, Fig. 3.24b), with an angle of 83° ± 4° in between, and an

area of 19.0 ± 0.8 nm2. It contains 12 ion pairs. This leads to a density of 0.65 ± 0.08 ion

pairs nm-2, which is lower than that of structure #2. Most obvious difference to struc-

ture #2 is that in structure #3 the adsorbed ions are not aligned in alternating rows of

cations and anions, but in a more complex arrangement. In this structure the cations

(round protrusions) are arranged in zig-zag lines, which are oriented along a direction

illustrated in Fig. 3.23a by a full white line and by arrow 3, or directions rotated by

± 120°. Compared to the dashed white line in figure 6a, which indicates the direction of

arrow 2 in structure #2 and thus the 〈112̄〉 direction of Au(111)), the white line is always

rotated by 6° ± 2°. The presence of similar structural elements in structure #3 as in the

other structure(s), with pairs of elliptical protrusions and round protrusions, indicates

that these are also related to adsorbed anions and cations, respectively. Also similar

to the other structures, the pairs of elliptical protrusions exist in different orientations,

with the long axes oriented in one of the 〈11̄0〉 directions. This is indicated in the high

resolution image in Fig. 3.24d, where a domain of structure #2 appears next to a domain

of structure #3. In structure #2 the axis marked by a dashed white line in Fig. 3.24d is

parallel to the 〈112̄〉 direction of the Au(111) surface. The long axes of the longish pro-
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trusions are all with an accuracy of ± 10° rotated by 30°/90° to the 〈112̄〉 direction and

therefore oriented along the 〈11̄0〉 direction. The orientation of the anions relative to

the substrate in the new structure is therefore similar to that in structure #2, and al-

so similar to the orientation of the anions of [BMP][TFSA] [92] and [OMIM][TFSA] on

Au(111). The adsorption geometry of the anion relative to the substrate is therefore the

same (or very similar) as in the other 2D crystalline adlayer structures (and also in the

2D glass phase) of [OMIM][TFSA], [BMP][TFSA] and [EMIM][TFSA] on Au(111) and

also on Ag(111). This further supports our above conclusion of a structure determining

anion-substrate interactions in these adsorption systems.

In contrast to the similar adsorption geometry, the arrangements as well as the num-

ber of neighbored adsorbed anions in structure #2 and #3 differ, as described in the

following. In the upper unit cell marked in Fig. 3.24c the number of neighbored anions

is indicated on the positions of the respective cations. In the lower unit cell, the number

of neighbored cations to each anion is indicated in the same way. The numbers vary bet-

ween 2 and 5 neighbors for the anions and between 2 and 4 for the cations. Compared

to structure #2, which had for both anion and cation only 3 or 4 neighbors, structure #3

shows a larger variation. Furthermore, the mean number of neighbors per anion or cati-

on is lower in structure #3 (3.25 neighbors) than in structure #2 (3.75 neighbors). On the

other hand, the density of the adlayer in structure #3 (0.65 ± 0.08 cations nm-2) is lower

than in structure #2 (0.8 ± 0.1 cations nm-2). The reason for the different arrangement of

the adsorbed ions relative to each other in these structures must be subtle differences

in the adsorbate-adsorbate interactions in structure #3 and in structure #2. The overall

energies of formation of these two structures, however, must be rather similar, since

both adlayer structures coexist on the surface.

It is not yet clear why structure #3 (or an analogous structure) could not be observed

for [OMIM][TFSA] and [BMP][TFSA] on Au(111), but its absence in these systems must

be related to very subtle differences in the energetics, as concluded from the existence

of similar #2 structures in all three adsorption systems.

Finally, also for this adsorption system we observed a 2D glass phase. High resolution

images resolving its structure are presented in Fig. 3.25. The image in Fig. 3.25a resolves

a domain of that phase between two domains of structure #2, Fig. 3.25b shows a part

of a larger domain of the 2D glass structure. The arrangement of the adsorbed ions is

very similar to that observed for [OMIM][TFSA] on Au(111) (see previous section and

Fig. 3.21c). The anions as well as the cations are often arranged in short rows of cations

and anions similar to the arrangement in the ordered structure #2. Furthermore, the
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Figure 3.25: High resolution STM images of the 2D glass structure of [EMIM][TFSA] on Au(111)
(a) between two domains of 2D crystalline structure #2 and (b) in a larger domain (a: T = 152 K,
UT = -1.40 V, IT = 70 pA; b: T = 149 K, UT = -1.40 V, IT = 70 pA).

adsorbed anions are oriented with their main axis along the 〈112̄〉 directions of the

Au(111) surface, i.e., the long axes of the elliptical protrusions are orthogonal to that

direction, identical to their orientation in structures #2 and #3.

Upon heating the samples slowly to room temperature, we determined melting tem-

peratures of 240 ± 10 K for both 2D crystalline structures, of 205 ± 10 K for the 2D

glass structure in the monolayer and of 120 ± 10 K for the 2D glass structure in the

submonolayer regime. Compared to [OMIM][TFSA] on Au(111), which has 85 / 40 K

(submonolayer / monolayer regime) lower melting points, this trend is the same as

for the two ILs on Ag(111). As already discussed this can be attributed to the diffe-

rent alkyl chain length of the cation and its influence on the electrostatic interactions

between the adsorbed ions. Comparing the adlayer melting temperatures on the diffe-

rent substrates Au(111) and Ag(111), we find an ~30 K higher melting temperature for

[EMIM][TFSA] adsorption on Au(111), while for [OMIM][TFSA] the melting tempera-

tures are approximately identical on both substrates (submonolayer regime) or slightly

higher on Au(111) (monolayer coverage). Hence, there is no clear trend for the influ-

ence of the two substrates Ag(111) and Au(111) on the stability of the 2D crystalline

structures. They mainly differ in the local geometries on the surface due to the slight-

ly different interatomic distances and of course by the reconstruction of the Au(111)

surface layer, which is accompanied by also anisotropic atomic distances.
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Overall, the interaction of [EMIM][TFSA] with Au(111) results in a larger structural

variety than observed for its interaction with Ag(111), but also for interaction of the

other ILs [OMIM][TFSA] and [BMP][TFSA] with Au(111). This difference must origi-

nate from subtle differences in the adsorbate – adsorbate interactions, caused by the

different alkyl chain length. The main structural characteristics, in particular the anion

adsorption configuration and also the effective adsorbate – adsorbate interactions, are,

however, maintained and similar to those in the other adsorption systems considered

here for comparison, [OMIM][TFSA] and [BMP][TFSA] on Au(111) and Ag(111). In all

cases the optimization of the anion adsorption configuration seems to be the decisive

parameter for the nature of the ordered adlayer structures.

3.4.3.5 Commensurability of the structures to the substrate lattice

The sizes of the unit cells given in the text above are those which were measured in

the STM images. Since the 2D crystalline adlayer structures are strictly oriented along

certain lattice directions it is likely that the molecules in each structure are also ad-

sorbed on similar adsorption sites. In that case, the 2D crystalline structures must be

commensurate to the substrate lattice. This was not the case in the structures discussed

so far. In Fig. 3.26 and 3.27 we show drift corrected high resolution STM images to-

gether with commensurate structure models for the different molecule-substrate combi-

nations investigated (Fig. 3.26a: [OMIM][TFSA] on Ag(111); Fig. 3.26b: [EMIM][TFSA]

on Ag(111); Fig. 3.27a: [OMIM][TFSA] on Au(111); Fig. 3.27b + c: [EMIM][TFSA] on

Au(111)). In all images we included a hexagonal network of black circles, which illus-

trate the Ag(111) or Au(111) substrate lattice. For Au(111) the network is contracted in

the vertical 〈11̄0〉 direction by 4.3 % to account for the contracted outermost layer in

the Au(111) herringbone reconstruction.[39]. The scale is identical for all images. The

measured dimensions of the unit cells are drawn with red lines, the dashed red lines

indicate the maximum area available for the unit cell considering the error range in

the measured distances and orientations. The blue trapezoids indicate the limits for the

unit cell considering the accuracy of the measured angles and side lengths.

It is not possible to decide from the STM images whether the anions or cations adsorb

on on-top, bridge or on threefold hollow (hcp or fcc) sites, since atomic resolution of the

substrate lattice could not be obtained in high resolution measurements of the adsor-

bed IL islands. Therefore in Fig. 3.26 and 3.27 we placed the round protrusions, which

mark in these images the upper right corner of the unit cell, on a threefold hollow site.

For a commensurate adlayer structure this means that all round protrusions (cations)
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Figure 3.26: Models of the 2D crystalline structures of (a) [OMIM][TFSA] and (b) [EMIM][TFSA]
on Ag(111) relative to the Ag(111) surface lattice (see underlaid lattice). Red lines show the
“as measured” unit cell, dashed red lines and blue rectangles/trapezes show the error area,
black lines show the best fit commensurate unit cells. The underlying STM pictures were drift
corrected on the best fit commensurate unit cell. Grey spheres mark the positions of the cations,
pairs of red ovals those of the anions.

at the corners of the unit cells are located on the same sites. The measured values for

the unit cells do not fit exactly to a commensurate structure, but considering the error

range in the STM measurements, commensurate unit cells are definitely possible, and

also likely from the reasons given above. The commensurate unit cells fitting best to the

measured sizes / orientations are marked in the images with black lines. The sizes of

the best fit commensurate unit cells are summarized in table 3.2. The positions of the

round shaped protrusions (= cation positions) and of the pairs of longish protrusions

(= anion positions) in the commensurate structure, averaged over several STM images,

are marked with grey round spheres and red ovals. The positions of the cations vary

slightly in different STM images. For the anions a determination of their exact positions

is not possible because of their low apparent height. This is especially true for structure

#3 of [EMIM][TFSA] on Au(111). Nevertheless, the adsorption sites of the anions on

the substrate seem to be very similar in all structures. Finally we would like to menti-

on that it cannot be ruled out that the cations exist in slightly different conformations.

This is especially possible for the longer alkyl chains, which are mainly responsible for

the roundish protrusions in the STM images.[107] This would explain slight variations

in the positions of the round protrusions, while the imidazolium rings of the cations
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Figure 3.27: Models of the 2D crystalline structures of (a) [OMIM][TFSA] and (b, c)
[EMIM][TFSA] on Au(111), analogously to those in Fig. 3.27.
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Table 3.2: Overview of the measured sizes of the unit cells and the adlayer densities in the dif-
ferent structures. The corresponding best fit commensurate unit cell dimensions, the resulting
adlayer densities and the matrix notation of them are also summarized.

Structure Measured Measured Commensurate Density Matrix Matrix
unit cell density unit cell notation notation
dimensions dimensions (mirror
/nm ± 0.1 nm /ion pair·nm-2 /nm /ion pair·nm-2 structure)

[OMIM][TFSA]
Ag(111)

2.1 x 2.3
82°± 4°

0.8 ± 0.1
2.023 x 2.294

78.84°
0.8778

(
7 0
3 9

) (
7 0
6 9

)
[EMIM][TFSA]

Ag(111)
1.9 x 2.3
75°± 8°

0.9 ± 0.1
2.023 x 2.366

70.97°
0.8778

(
7 0
2 9

) (
7 0
7 9

)
[OMIM][TFSA]

Au(111)
2.8 x 3.8
76°± 5°

0.8 ± 0.1
2.530 x 3.744

76.21°
0.8620

(
15 8
3 11

) (
15 8
−3 8

)
[EMIM][TFSA]#2

Au(111)
3.0 x 3.4
72°± 5°

0.8 ± 0.1
2.931 x 3.492

67.18°
0.8313

(
14 7
−4 8

) (
14 7
4 8

)
[EMIM][TFSA]#3

Au(111)
3.5 x 5.3
83°± 4°

0.65 ± 0.08
3.503 x 5.237

85.47°
0.6563

(
14 6
0 19

) (
14 8
0 19

)

may still be adsorbed on identical adsorption sites (e.g., with N-atoms on top of sub-

strate atoms) on the surface. Overall, determination of the exact adsorption geometry

especially of the cations, but also of the anions requires additional support from other

experimental methods and in particular from theory, from electronic structure calcula-

tions.

3.4.4 Conclusions

Based on the results of a comparative STM study on the structure, structure formation

and thermal stability of (sub-)monolayers of two closely related ILs, [EMIM][TFSA] and

[OMIM][TFSA], on two noble metal surfaces with similar local symmetry, Au(111) and

Ag(111), which were performed under UHV conditions and at temperatures between

100 K and room temperature, and making use of previous findings on the structure and

structure formation of an IL with similar anion, [BMP][TFSA] on these surfaces,[92, 107,

141] we arrive at the following conclusions:

1. For all three ILs the ions remain intact upon evaporation. At room temperature,

the adsorbed ILs form a 2D gas or a 2D liquid on each of the two substrates, de-

pending on the coverage. Upon cooling to 100 K, the adsorbed species condense

into monolayer islands on the surface. Island formation starts at descending steps

and, in the case of Au(111), at the elbows of the surface reconstruction, followed

by 2D growth over the terraces.

2. In the condensed phase the adsorbed species either form a 2D crystalline phase

or a short-range ordered 2D glass phase.
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3. From the close similarity of all adlayer structures with that of [BMP][TFSA] on

Ag(111), with round shaped protrusions and pairs of elliptical protrusions, a si-

milar density of these features and comparable lattice characteristics, we conclude

on a similar origin of these features, with the round protrusions corresponding to

the adsorbed cations with the alkyl chain pointing upwards, and the pairs of el-

liptical protrusions corresponding to the adsorbed anions.

4. The rather similar adlayer structures and essentially identical adsorption geome-

try of the anions, despite the rather different nature of the cations in the three ILs,

indicates that the adlayer structures are dominated by the optimization of the an-

ion adsorption geometry, while the cation adsorption has little effect. Optimizing

the [TFSA]- anion adsorption geometry seems to be essential for the formation of

the identified 2D crystalline structures. This is supported also by the observation

of similar local adsorption configurations in the 2D glass phases. The little diffe-

rences between adlayer structures formed for [EMIM][TFSA] and [OMIM][TFSA],

which differ significantly in the length of the alkyl chain at the cation, further indi-

cates that in the ordered phases the alkyl chains are standing upright rather than

lying flat along the surface, in agreement with previous results of recent DFT-D

calculations for [BMP][TFSA] on Ag(111).

5. Substrate effects on the structure and structure formation are present, but weak.

They are evident from differences between the 2D crystalline structures formed

on Au(111) and Ag(111), both for the ILs investigated in this structure and for

[BMP][TFSA]. Furthermore, the Au(111) herringbone reconstruction causes a hig-

her amount of lattice defects and short-range ordered 2D glass phase, also the

ordered domains are smaller on Au(111) than on Ag(111).

6. The attractive interactions between the adsorbed ILs are weak, regardless of the

IL and the nature of the noble metal substrate, even at 100 K the 2D solid phases

of the ILs are in equilibrium with a 2D gas phase of adsorbed mobile species. The

high mobility of the individual adsorbed species also points to a low diffusion

barrier for the individual adsorbed species.

Overall, this comparative study gained detailed insight into the interaction of ILs con-

taining [TFSA]- anions with noble metal surfaces, and the general features are expected

to be characteristic also for the interaction of other types of ILs with noble metal surfa-

ces.
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3.5 Adsorption and Reaction of Sub-Monolayer Films of an
Ionic Liquid on Cu(111)

The content of this section was published in Ref. [153] and is reproduced and adap-

ted with permission from the Royal Society of Chemistry, Chemical Communications,

©2014. The style and numbering of the references and the figures have been adapted

to fit the layout of the thesis. Abbreviations which already have been introduced in the

thesis before are not expanded in the text anymore. The STM and XPS measurements

and data evaluations were conducted by the author of this thesis, Florian Buchner und

Stephan Gabler. The data was also used partly in the Diploma thesis of Stephan Gabler.

This work was financially supported by the Helmholtz Institute Ulm (HIU) Electroche-

mical Energy Storage and by the “Fonds der chemischen Industrie (FCI)".

3.5.1 Abstract

The reactive interaction of the ionic liquid [BMP][TFSA] with Cu(111) was investigated

by STM and XPS under UHV conditions. Decomposition between 300 K and 350 K is

manifested by changes in the surface structure monitored with STM. XPS reveals that

mainly the [TFSA]- anion is decomposed.

3.5.2 Introduction

Ionic liquids (ILs), which are defined as molten salts with a melting point below

100 °C,[96] have attracted rapidly increasing attention due to their outstanding phy-

sicochemical properties such as high ionic conductivity and electrochemical stabili-

ty, very low vapor pressure, or low flammability.[14, 20, 96] Furthermore, these pro-

perties can be systematically tuned by varying the combination of anion-cation pairs.

Among other applications, ILs were identified to be particular suitable for application

in the area of electrochemical energy storage, as solvent in lithium ion and lithium air

batteries.[37, 109, 110] For a systematic optimization of the ILs for these applications,

a detailed understanding of the processes at the IL | solid interface on a fundamental

level, at the molecular scale, is essential, which is a precondition for understanding the

processes leading to the formation of the solid-electrolyte interphase in Li ion batteries.

This led to a number of studies on the interaction between ILs and solid electrode surfa-

ces, both in situ, under electrochemical conditions,[49, 52, 113] and ex situ, under UHV

conditions.[64, 111] Molecular scale information on the adsorption behavior directly at

the IL | metal interface, in the monolayer regime, however, is scarce and is just starting
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to emerge.

Therefore we have recently started to systematically investigate the interaction bet-

ween representative ILs, which are suitable for battery applications, and selected elec-

trode materials. In a first step, we focussed on idealized materials, specifically noble

metal surfaces, and idealized conditions, at the solid|vacuum interface under UHV

conditions. In these studies we concentrated on aspects of structure formation, the che-

mical state of the molecules at the interface, and the interactions between metal and

adsorbed ILs. Following previous reports on the interaction of the anion-cation pair

[BMP][TFSA] with the rather inert Ag(111) and Au(111) surfaces,[66, 92, 107, 141] in

the present communication we make a considerable step forward towards the ultimate

goal of understanding the processes leading to the formation of the solid-IL interphase,

exploring the interaction of [BMP][TFSA] with the more reactive Cu(111) surface. We

here present first results on the interaction of submonolayer amounts of [BMP][TFSA]

with Cu(111), employing STM and XPS for structural and chemical characterization,

respectively. Considering the higher reactivity of Cu(111) compared to Ag(111) and

Au(111), we will compare our findings with results obtained for the interaction of the

same IL with Ag(111) and Au(111), where this had been demonstrated to adsorb intact,

without decomposition, up to at least 420 K.[92, 107, 141]

In the present work, we are particularly interested in the thermal stability and de-

composition of the adsorbed IL in the temperature range between liquid nitrogen tem-

perature and around RT (300 K - 350 K). Following our approach for [BMP][TFSA]

adsorption on Ag(111) and Au(111), we first performed STM measurements on a sub-

monolayer [BMP][TFSA] film covered Cu(111) surface, where both IL deposition and

STM imaging were performed at around RT.

3.5.3 Results and Discussion

In large scale STM images (Fig. 3.28a, b) we find noisy terraces with no obvious struc-

ture. This resembles previous findings for [BMP][TFSA] adsorption on Au(111) and

Ag(111) (see Fig. 3.29a for comparison), where STM imaging at RT also resulted in

structureless, noisy images.[66, 92, 107, 141] The noisy appearance was explained by

mobile adsorbates rapidly diffusing over the surface. Furthermore, and different from

the findings for the latter adsorption systems, the step edges changed their shape from

straight or slightly curved on the bare, adsorbate free Cu(111) surface into steps with

clear preferential orientations which differ by angles of ±120°, indicative of step face-

ting. Upon closer inspection we also find small and long shaped islands with ordered
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Figure 3.28: STM images recorded after vapor deposition of [BMP][TFSA] on Cu(111) at RT
reveal a modification of the steps (imaging temperature 300 K). In (a) and (b) it is demonstra-
ted that the steps are in large parts modified by ordered structrures. (c) These commensurate
structures also appear at the terraces, exhibiting distinct azimuthal orientation along the main
axes of the underlying copper atomic lattice. In the magnified STM image in (d) the unit cell is
highlighted.
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structure, either attached to the steps (see Fig. 3.28a and b) or located on the terraces as

demonstrated in Fig. 3.28c. Time sequences of STM images verify that these islands are

highly stable over time, pointing to a rather high barrier for diffusion on the Cu(111)

surface. The high stability and the pronounced anisotropic shape of the islands indi-

cate strong and highly anisotropic interactions between neighboring adspecies, with a

much stronger interaction along the long island direction than orthogonal to it. Com-

parison with atomic resolution images of the Cu(111) lattice reveals that the islands

are strictly aligned along the main directions of the underlying copper lattice, with the

long side oriented along the close-packed 〈11̄0〉 directions and the short side along the

〈112̄〉 directions. The dimensions of the unit cell are |a| = 0.47 ± 0.02 nm and |b| =

0.52 ± 0.2 nm and α = 90 ± 2° (Fig. 3.28d), the resulting commensurate overlayer can be

described by a

∣∣∣∣∣2 1

0 2

∣∣∣∣∣ superstructure, using standard matrix notation. The structure of

the islands is very different from that of the [BMP][[TFSA] adlayer formed on Ag(111)

or Au(111) upon cooling down to liquid nitrogen temperature (see Fig. 3.29b for com-

parison). Most important, the size of the unit cell is too small for a [BMP][TFSA] ad-

Figure 3.29: STM images after (a) vapor deposition of [BMP][TFSA] on Ag(111) at RT (and
imaged at RT) and (b) after cool down to liquid nitrogen temperature. The noisy appearance at
RT is indicative for a 2D gas / liquid adlayer. Upon cool down a highly ordered 2D solid phase
is formed. The insert in (b) resolves dots and pairs of longish protrusions, which are assigned
to the alkyl chains of the cation pointing toward vacuum and the two CF3 groups in the anion,
respectively (details are found in ref. [107]).

layer, considering the size of the adsorbed ion pairs (ca 0.9 nm diameter per adsorbed

ion[107]). Therefore the STM images provide first evidence for a decomposition of the
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adsorbed [BMP][TFSA] film under these conditions, where the islands are composed of

a rather small adsorbed fragment of the decomposition process. In that case, the other

remaining fragments of the decomposition process are either desorbed or are present as

highly mobile adspecies, contributing to the noisy appearance of the remaining terrace

areas. For larger exposures, the islands with their square structure grow in size.

In the next step, a submonolayer of [BMP][TFSA] was prepared on Cu(111) by vapor

deposition on the sample held at around 200 K and subsequent cool down to 100 K

(note that similar structures were observed upon deposition at ~100 K and subsequent

imaging at that temperature (see Appendix Fig. 6.6)). In the large scale STM image

in Fig. 3.30a (300 nm × 150 nm) the surface is covered by a 0.4 ML [BMP][TFSA] ad-

layer, where the adsorbed species are condensed into small island structures which are

homogeneously distributed over the terraces (1 ML corresponds to the number of ad-

sorbed ions in direct contact with the surface at saturation). Also in this case the steps

are decorated; however, they are not altered as described above upon vapor depositi-

on at 300 K. The magnified STM image inserted in Fig. 3.30a resolves that the islands

exhibit branched shapes and consist of a disordered pattern of protrusions. Hence, de-

spite using a higher sample temperature for preparing the adlayer (200 K), ordering

still seems to be kinetically limited. Different from adsorption on Ag(111),[107] it was

not possible to resolve and identify individual anions and cations, and also the typical

structural element observed upon adsorption on Ag(111) or Au(111), with one circular

protrusion for the cation and two parallel elliptic protrusions for the anion, could not

be resolved.

Beside the structural information gained from STM imaging, the chemical state of

the adlayer was probed by XPS measurements. Representative C1s and S2p core level

spectra recorded after deposition on the sample held at 80 K, are depicted in Fig. 3.30b

and 3.30c. A molecular stick presentation of [BMP][TFSA] is placed above the spectra.

In the C1s region (Fig. 3.30b), the peak referred to as Calkyl (285.0 eV) can be associated

with five carbon atoms, three in the butyl group and two in the 5-membered ring, whe-

re each group has a similar carbon environment. In a similar way, the peak referred to

as Chetero (286.2 eV) is related to the four carbon atoms which are next to the nitrogen

atom of the ring. The Canion (292.7 eV) peak is finally assigned to the two carbon atoms

in the anion. The nominal intensity ratio of these peak areas is 5 : 4 : 2, experimental-

ly we found a ratio of 5.0 : 4.0 : 1.8 (normalized to Calkyl). This agrees well with the

stoichiometry of the molecules, in the limits of the experimental accuracy. The S2p core

level signal shows the S2p1/2 and S2p3/2 doublet at 170.3 eV and 168.9 eV, respectively,
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Figure 3.30: (a) STM image recorded after vapor deposition of [BMP][TFSA] on Cu(111) held
at 200 K and subsequent cool down to 110 K, showing islands with arbitrary shape. (b), (c)
XP spectra recorded upon annealing an adlayer prepared by vapor deposition on Cu(111) held
at 80 K to 300 K, revealing chemical changes in the C1s and S2p regions of the anion upon
annealing to around 300 K.
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caused by the sulfur atom in the SO2 group of the anion. The F1s and O1s regions reveal

single peaks at 688.7 and 532.6 eV, respectively, which also originate from the [TFSA]-

anion. Also their intensities agree rather well with the nominal values expected for in-

tact IL adsorbates. The N1s region unfortunately overlaps with a background feature,

it is therefore not shown. Overall, the XP data indicate that intact [BMP][TFSA] species

are adsorbed on Cu(111) at 80 K which is supported also by the absence of the ordered

square structure in STM images as shown in Fig. 3.28. Similar structures as in Fig. 3.30a

were observed also upon IL deposition at temperatures below 200 K and subsequent

STM imaging at ~100 K.

To elucidate temperature-induced changes, we also performed XPS measurements at

around RT. Distinct differences in the spectra compared to those recorded after deposi-

tion at 80 K indicate that under these conditions the adlayer has changed considerably

(Fig. 3.30b and c). The C1s spectrum in Fig. 3.30b shows that the peaks related to Calkyl

and Chetero persist and are essentially unaffected, while the peak due to Canion shifts by

1.1 eV to lower binding energy (291.6 eV); the total peak area is nearly constant. Also

the F1s peak shifts by 0.5 eV to lower BEs (688.2 eV), with a constant peak area. The

constant intensity and the BE shifts of the signals in the F1s and C1s regions indicate

changes of the atomic environment of these atoms, while their total amount remains

constant, i.e., it is not affected by desorption. In contrast, the O1s intensity decreases by

roughly 60%, indicative of a loss of oxygen containing species due to desorption. Mar-

ked changes occur in particular in the S2p region (Fig. 3.30c), where two new doublets

evolve, which must reflect the formation of two new adspecies, while the intensities

of the previous peaks decay to zero. The doublet with BEs of 162.5 and 161.3 eV is as-

cribed to adsorbed atomic sulfur (Sad) or to CuxS. Earlier STM [162] and LEED [163]

studies on the chemisorption of sulfur on Cu(111) had shown that deposition of S, by

exposure to H2S, caused a distinct restructuring of the steps, which closely resembled

our findings (see Fig. 3.28). Furthermore, they resolved a number of different stable sur-

face structures, depending on the H2S exposure. These structures differ from the square

structure detected in the present study (Fig. 3.28), but this may result from the presence

of coadsorbed species. Therefore we assume that the stable adsorbate structure formed

at RT (Fig. 3.28) is composed of Sad or CuxS. The doublet at 168.0 and 166.8 eV proba-

bly stems from adsorbed SOx. The total intensity in the S2p region remains constant.

Together with the constant intensities of the C1s, S2p, F1s peaks and the decrease of the

O1s intensity this points to a decomposition of the adsorbed [TFSA]- anion into mainly

CuxS (or Sad), SOx, and probably other fluor and carbon containing species (CF3,ad).
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3.5.4 Conclusions

In summary, the interaction of [BMP][TFSA] with the more reactive Cu(111), as compa-

red to Ag(111) or Au(111), can be characterized by the following features:

1. Upon deposition at low temperatures (80 - 200 K) [BMP][TFSA] adsorbs intact

on Cu(111), forming islands with branched, quasi-dendritic shapes. This reflects

attractive interactions between adsorbed species. Different from the noble metal

surfaces, no long-range ordered structures are formed, which we attribute to a too

low mobility of the adspecies at these temperatures.

2. Vapour deposition of [BMP][TFSA] on Cu(111) at RT causes a decomposition of

the [BMP][TFSA], specifically of the adsorbed [TFSA] anions, while the cations

remain intact. Interaction of the rather mobile Cu(111) surface with the decompo-

sition products, most likely with adsorbed S, causes a restructuring of the steps

(step faceting), together with the formation of a stable adsorbate phase with a

square lattice. Other decomposition products on the surface might be SOx and

fluor / carbon containing adspecies (CF3,ad), which are too mobile for the visuali-

zation by STM at RT.

3. Heating the surface to 300 K after low temperature deposition of [BMP][TFSA]

results in dissolution of the islands observed at low temperatures, in combination

with anion decomposition, step restructuring and formation of an Sad phase as

experienced upon adsorption at RT (see STM image Appendix Fig. 6.6).

Overall, these findings provide first molecular scale information on the decomposition

of an IL upon interaction with a reactive surface such as Cu(111), which can be consi-

dered as a further step toward understanding the processes leading to the formation of

the SEI in a Li ion battery.
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3.6 Interaction of the ionic liquid [BMP][TFSA] with rutile
TiO2(110) and coadsorbed lithium

The content of this section was published in Ref. [164] and was adopted with permissi-

on from the PCCP Owner Societies, ©2016. The style and numbering of the references

and the figures have been adapted to fit the layout of the thesis. Abbreviations which

already have been introduced in the thesis before are not expanded in the text anymore.
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3.6.1 Abstract

Aiming at a fundamental understanding of the processes at the electrode | IL interface

in Li ion batteries, we investigated the interaction of the IL [BMP][TFSA] and of Li with

a reduced rutile TiO2(110)(1x1) surface as well as the interaction between [BMP][TFSA]

and Li on the TiO2(110) surface under UHV conditions by XPS and STM. Between 80 K

and 340 K [BMP][TFSA] adsorbs molecularly on the surface, for higher temperatures

decomposition is observed, resulting in products such as Sad, Fad and TiNx. The de-

composition pattern is compared to proposals based on theory. Small amounts of Li

intercalate even at 80 K into TiO2(110), forming Li+ and Ti3+ species. The stoichiometry

in the near surface region corresponds to Li7Ti5O12. For higher coverages in the ran-

ge of several monolayers part of the Li remains on the surface, forming a Li2O cover

layer. At 300 K, Ti3+ species become sufficiently mobile to diffuse into the bulk. Li post-

deposition on a [BMP][TFSA] covered TiO2(110) surface at 80 K results in two compe-

ting reactions, Li intercalation and reaction with the IL, resulting in the decomposition

of the IL. Upon warming up, the Ti3+ formed at low T are consumed by reaction with the

IL adlayer and intermediate decomposition products. Post-deposition of [BMP][TFSA]

(300 K) on a surface pre-covered with a Li2O / Li7Ti5O12 layer results in partial reaction

of the [BMP][TFSA] with the Li+ and Ti3+ species, the reaction is completed at higher

temperatures.
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3.6.2 Introduction

Ionic liquids, which are molten salts with a melting point below 100 °C,[3] have at-

tracted high interest in the last decades because of their uncommon physicochemi-

cal properties such as their low vapor pressure, their non-flammability or their high

electrochemical stability, and the ability to fine tune these properties by combining dif-

ferent anion-cation pairs.[14, 26, 103] Because of the latter properties they also emerged

as promising new solvents for the use as electrolytes in lithium ion and lithium air

batteries.[37, 109] In lithium ion batteries the interface between electrolyte and elec-

trode and the formation of the so-called solid-electrolyte interphase (SEI), which is

a protective layer of decomposition products formed in the first cycle of operation

and which prevents further decomposition of the electrolyte, are crucial for the per-

formance and stability of the battery. Despite of significant efforts, a molecular scale

understanding of structure, composition and formation of these protective layers is

still lacking.[55, 165] Aiming at a comprehensive understanding of the processes di-

rectly at the interface between solid electrode and ionic liquid based electrolyte, we

have therefore started to investigate the interactions between solids and ionic liquids

on a fundamental scale, using well defined model systems and conditions. In a first

step we have investigated the interaction of battery relevant ILs such as [BMP][TFSA],

[EMIM][TFSA] and [OMIM][TFSA] with Ag(111), Au(111) and Cu(111) model sub-

strates under UHV conditions.[92, 107, 141, 150, 153] Employing Surface Science tools

such as STM, angle resolved XPS and IR spectroscopy, and combining the experimen-

tal efforts with theory we could gain detailed insight into the molecule-molecule and

molecule-substrate interactions and the structure formation and thermal stability of the

IL adlayers on these simplified model systems. We now extended this study to more

realistic materials. In the present contribution we report results of a study on the in-

teraction of [BMP][TFSA] with a single crystalline rutile TiO2(110) substrate, and the

effect of Li on the IL-TiO2(110) adsorption system. TiO2 in the modifications rutile and

anatase is in addition to the spinel Li4Ti5O12 (LTO) a standard electrode material in Li

ion batteries.[166–168]

Despite of an extensive literature on the physics and chemistry of TiO2 surfaces,[85,

86] very little is known on the interaction of Li with these surfaces. Therefore, in additi-

on to investigating the interaction between [BMP][TFSA] and TiO2(110) (section 3.6.3.1),

we also explored the interaction between Li and that surface, upon vapor deposition of

small amounts of Li on that surface and upon subsequent annealing (section 3.6.3.2).

144



3 Results and discussion

Finally, in order to gain information on the effect of Li on the interaction between a

[BMP][TFSA] adlayer and TiO2(110), we investigated the interaction of [BMP][TFSA]

with a TiO2(110) surface modified by pre-deposited Li, and the effect of post-deposited

Li on a [BMP][TFSA] adlayer covered TiO2(110) substrate, and the thermal stability of

these systems (section 3.6.3.3).

Before presenting the present results, we will briefly summarize the main previous

findings relevant for this study. The structure of ILs in the bulk and also at interfaces

have been reviewed recently by Hayes et. al..[29] UHV studies on the interaction of Li

with TiO2(110) upon Li deposition reported partly contradictory results. In a combined

metastable impact electron spectroscopy (MIES) and ultraviolet photoelectron spectros-

copy (UPS) study Krischok et. al. reported that Li adsorbs ionically up to 0.3 ML and

130 K, accompanied by the formation of Ti3+ species at the surface. Above 160 K the

Li2s signal in the MIES spectra was found to vanish, pointing to Li insertion into the

substrate.[169] In contrast, employing STM, Tatsumi et al. reported the observation of

small protrusions on a TiO2(110)(1x1) surface upon Li adsorption at room temperature,

which they attributed to adsorbed Li.[170] In an electrochemical environment, Li inter-

calation was found to take place into TiO2 substrates (rutile as well as anatase) at room

temperature.[171–173] For rutile this intercalation was limited by slow diffusion of the

Li into the bulk crystal.[174, 175] Based on these findings, lithium intercalation could

therefore be a competing process in addition to the expected reaction with the adsor-

bed IL layer. Former studies of [OMIM][TFSA] in contact with bulk lithium[176] and of

co-deposited Li and a [BMP][TFSA] adlayer on Cu(111)[91] revealed a decomposition

reaction of the respective IL adlayer on the Li substrate or induced by coadsorbed Li,

and the formation of various decomposition products such as LiF, Fad, Li2S, Sad, SOx,ad,

CF3,ad, Li2O and LixCHy.

3.6.3 Results

3.6.3.1 [BMP][TFSA] on rutile TiO2(110)

First we focus on the interaction of [BMP][TFSA] with the rutile TiO2(110) surface. In

Fig. 3.31 the spectra represent the XPS signals in the O1s, C1s, N1s, S2p and F1s regi-

ons, recorded at room temperature on a TiO2(110) surface covered with ~ 1.5 ML of

[BMP][TFSA], where 1 ML corresponds to a closed layer of adsorbed [BMP][TFSA].

Additionally we show a ball and stick model of a [BMP][TFSA] ion pair. The O1s re-

gion reveals two peaks at binding energies (BEs) of 530.6 eV and 532.8 eV. The peak
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Figure 3.31: O1s, C1s, N1s, S2p and F1s XP core level spectra of 1.5 ML [BMP][TFSA] adsorbed
on TiO2(110) at 300 K. A structural model of [BMP][TFSA] is displayed on the right hand side.

at lower BE is related to the oxide ions of the TiO2 substrate. Its position agrees with

values reported for a clean and fully oxidized rutile TiO2 crystal (530.4 eV).[177] The

peak at 532.8 eV as well as the peaks in the other regions shown in Fig. 3.31 appear

only after evaporation of [BMP][TFSA] on the substrate. The peaks resemble what is

expected for adsorption of the intact [BMP][TFSA] molecules: The peak at 532.8 eV

in the O1s region is attributed to the SO2 groups of the [TFSA]- anion. In the C1s

region three peaks are identified, similar to previous reports for [BMP][TFSA] multi-

layer adsorption on Cu(111)[153] and Ag(111)[107]: The peaks at EB = 285.6 eV and

287 eV arise from the [BMP]+ cations, where the C-atoms directly bonding to the N-

atom (“Chetero”) have a 1.4 eV higher BE than the alkyl C-atoms (“Calkyl”). The peak at

293.2 eV is related to the C-atoms in the [TFSA]- anion. As expected for the CF3 groups

with their highly electronegative substituents, this peak is strongly shifted to higher

BE compared to the cation related peaks. In the N1s region two peaks with equal in-
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tensity appear at 402.8 eV and 399.7 eV. Since the electron density at the positively

charged N-atom in the cation is lower than at the N-atom in the anion, the peak with

higher BE is attributed to Ncation, the other one to Nanion. This assignment resembles

earlier ones reported for [BMP][TFSA] on Cu(111)[91] and for [xMIM][TFSA] (xMIM

= 1-x-3-methylimidazolium with x = methyl, ethyl, octyl) on Au(111), Ni(111) and a

glass substrate, respectively.[59, 62, 63] A doublet peak in the S2p region, at 169.3 eV

(S2p3/2) and 170.5 eV (S2p1/2), and a singlet peak in the F1s region, at 689.1 eV, origi-

nate from the [TFSA]- anion. After correcting for the different cross sections/sensitivity

factors of the different peaks, their intensities largely fit (± 0.2) to the stoichiometry of

the intact [BMP][TFSA] ion pair, with a composition of 4 OTFSA : 2 Canion : 4 Chetero :

5 Calkyl : 1 Ncation : 1 Nanion : 2 STFSA : 6 FTFSA. Only for FTFSA, we find a higher inten-

sity (6.6 - 7) than expected from the stoichiometry, while for OTFSA the relative inten-

sity (3.2) is lower than expected. Similar XPS results, including the deviations from a

stoichiometric intensity distribution, were reported and discussed by Cremer et al. for

[OMIM][TFSA] and [MMIM][TFSA] on Au(111)[62] and Ni(111).[63] Following their

interpretation these deviations can be used to draw conclusions on the adsorption geo-

metry of the [BMP][TFSA] adsorbates. Elements with signal intensities higher than ex-

pected from the stoichiometry are in average positioned slightly higher in the adsorba-

te layer, those with lower signal intensities closer to the surface with their XPS signal

damped by inelastic scattering at the atoms located higher. Accordingly, we assume

an adsorption geometry similar to those found for [MMIM][TFSA] on Au(111)[62] and

for [BMP][TFSA] on Au(111)[92] and Ag(111)[107] with both the anion and the cation

directly adsorbed on the surface. Following our earlier discussion for adsorption on

Ag(111),[107] the anion adopts a cis-conformation (as it is shown in Fig. 3.31), with the

O atoms pointing to the surface, the F atoms to the vacuum. The other atoms are ar-

ranged on the main axis of the molecule and are roughly positioned at the same height

relative to the substrate surface. In this geometry, the signal of the O atoms is damped

relative to the signals of the other atoms, while that of the F atoms is more intense. (In

this discussion it should be kept in mind that the XPS data were recorded at a very

shallow emission angle of 80° to the surface normal, which makes the measurement

very surface sensitive.) Since the intensities of the cation related peaks also fit to the

stoichiometry, the cation atoms should be arranged roughly at the same height above

the surface as the atoms in the main axis of the anion. For the vertical position of the

Calkyl atoms, which are situated in the butyl chain and in the ring of the cation, we can

only state that in average they are at the same height as the Chetero atoms. The indivi-
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dual positions of the different Calkyl atoms may be different, if, e.g., a higher position of

the atoms in the alkyl chain is counterbalanced by a lower position of the Calkyl atoms

in the ring. Note that this means that from the XPS measurements we cannot decide if

the alkyl chain is adsorbed flat on the surface or if it is pointing up from the surface.

Additional information on the adsorption behavior of [BMP][TFSA] on rutile(110)

was obtained from STM measurements. STM images of a clean TiO2(110) surface, which

illustrate also the quality of the surface preparation, are shown in Figs. 3.32a and b.

In Fig. 3.32a the STM contrast resembles that known from various publications.[85,

86, 178] There is consensus that the line structure observed in the STM images is due

to a (1x1) structure. A detailed model was given in ref.[85]. In short, the terminating

atoms along the [001] direction are aligned in rows of a) twofold coordinated “bridge-

bonded” O-atoms on top of 6-fold coordinated Ti-atoms, b) 3-fold coordinated O-atoms

and c) 5-fold coordinated Ti-atoms in the sequence ...abcbabcb... along the [11̄0] direc-

tion. The bridge-bonded oxygen rows are geometrically highest, but appear as dark

rows in STM images, while the (lower lying) 5-fold coordinated Ti-atoms are represen-

ted by the rows of bright protrusions. The appearance of the STM images therefore is

opposite to the topography of the surface, meaning that it is dominated by electronic ef-

fects. The individual bright spots, which are always positioned on top of the dark rows,

have been explained as missing bridge-bonded oxygen defects of the surface (oxygen

vacancies).[86]

In addition to the STM images with “normal” contrast (see above), we sometimes

also obtained images as shown in Fig. 3.32b, where the rows of bridge-bonded oxy-

gen atoms appear as bright lines. Images with comparable contrast had also been re-

ported previously;[178, 179] by some authors they were termed as STM images with

"non-reversed contrast".[179] These images closely resembled images of the TiO2(110)

surface obtained by non-contact atomic force microscopy (NC-AFM) with atomical

resolution.[180] Since the tunnelling parameters are in general not different from those

used in the “normal” reversed-contrast images, this different contrast is presumably

due to changing tip conditions. Overall, the STM images largely resemble those repor-

ted in the literature for (1x1) surface structure on a partly reduced sample.[181–185]

Room temperature STM imaging of an [BMP][TFSA] adlayer covered TiO2(110) sur-

face, which had been prepared by [BMP][TFSA] evaporation at room temperature,

results only in noisy features on top of the (1x1) surface structure. We explain this

by the formation of a 2D gas/liquid on the surface, similar to previous findings for

[BMP][TFSA], [EMIM][TFSA] and [OMIM][TFSA] on Au(111) and Ag(111).[92, 107,
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Figure 3.32: (a) STM image of a clean TiO2(110) surface. The typical lines of the (1x1) structure
are clearly visible as well as bright spots, indicating oxygen vacancies in the bridge-bonded oxy-
gen rows (T = 110 K, UT = 1.1 V, IT = 21 pA). (b) Inverted contrast STM image of TiO2(110) with
atomic resolution of the bridge-bonded oxygen atoms and dark spots in these rows resembling
missing bridge-bonded oxygen atoms (T = 300 K, UT = 1.7 V, IT = 650 pA). Small (c) and large
scale (d) STM images of TiO2(110) covered with 1 ML of [BMP][TFSA] (c: T = 127 K, UT = 1.1 V,
IT = 20 pA; d: T = 126 K, UT = 1.1 V, IT = 20 pA).
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150] In the latter cases, cooling down to (nearly) liquid nitrogen (LN2) temperatures

led to the formation of condensed 2D crystalline and 2D glass phases or islands on

the surface. For [BMP][TFSA] on TiO2(110), even STM imaging at 100 K resulted in

very noisy STM images. Since we were reproducibly able to clearly resolve the clean

TiO2(110) surface, we do not think that this is a technical problem of the STM measu-

rement, but indicates that even at this low temperature the adlayer is rather mobile,

forming a mobile 2D gas/liquid phase. In that case, the mobility of [BMP][TFSA] is

significantly higher on the TiO2(110) surface than on the noble metal surfaces investi-

gated so far.[92, 107] Only at coverages close to 1 ML we could resolve new features,

and only at very low tunnelling currents < 20 pA, as shown in Fig. 3.32c. Most likely,

the formation of reasonably stable structures is related to a stabilization of the adsorba-

tes in the closed layers by adsorbate – adsorbate interactions. In the STM image round

protrusions can be resolved, which are essentially closely packed along the [001] ori-

ented rows formed by the (1x1) surface structure of TiO2(110). The distance in [11̄0]

direction between the rows was 0.61 ± 0.04 nm. This fits very well to the distance

between the bridge-bonded oxygen rows of the TiO2(110) surface of 0.63 ± 0.02 nm

(literature: 0.63 ± 0.025 nm[85]). Along the rows the distances seem to vary around

0.61 ± 0.07 nm. The diameter and density of the round protrusions are measured from

several independent STM images to be 0.56 ± 0.06 nm (full width at half maximum)

and 2.6 ± 0.4 nm-2. The round protrusions observed in these images shall be compa-

red with the structures formed for [BMP][TFSA] on Au(111) and Ag(111),[141] where

in addition to round protrusions also pairs of longish protrusions appeared next to

each other on the surface at LN2 temperature. Based also on DFT-D calculations,[107]

the round protrusions were identified as [BMP]+ cations adsorbed on Ag(111), while

a pair of longish protrusions reflects a [TFSA]- anion. The density of cations was 0.61-

0.79 nm-2 (depending on the substrate and the coverage), and their diameter in the

STM images (full width at half maximum) was 0.70 ± 0.04 nm. Our observations shall

further be compared with results of an in situ electrochemical study of [BMP][TFSA]

adsorption on Au(111), where two different adlayer structures were found: at the ne-

gatively charged interface at -1.4 V vs. a Pt quasi reference, only the [BMP]+ cations

adsorb in the first layer in a (
√

3 x
√

13) superstructure with a density of 1.9 nm-2 ca-

tions, with the alkyl chains lying flat on the surface. For adsorption at -1.6 V they re-

ported a (
√

3 x 2) structure with a density of 3.6 cations nm-2, with the alkyl chains

pointing upwards from the surface.[152] Also monolayers of a related IL, [BMP][FAP]

([BMP]+-tris(pentafluoroethyl)trifluorophosphate), on Au(111)[66] (same cation, diffe-
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rent anion) appeared in STM images as randomly distributed round protrusions with

a diameter of ~0.5 nm, a mean distance of 0.45 ± 0.02 nm between the protrusions and

a density of 4.5 ± 0.1 nm-2 (imaged under UHV conditions at 210 K). There it was dis-

cussed whether the protrusions represent both ion types (1 protrusion = 1 [BMP]+ or

1 [FAP]-) or whether the ions form two layers on top of each other, where STM detects

only the upper layer. The possibility that one protrusion represents a complete ion pair

was ruled out because the size of the protrusion and their mean distance are too small.

The density of protrusions found for [BMP][TFSA] on TiO2(110) is between that of the

adsorbed cations on the charged Au(111) surfaces, where it is higher (138% of that on

TiO2(110)) at 1.6 V and lower (73%) at 1.4 V. On the other hand, it is much higher (373%)

than in the structures of [BMP][TFSA] on Au(111) and Ag(111) at the solid|UHV inter-

face with both the anion and cation directly adsorbed on the surface. It should also be

noted that the round protrusions have roughly the same size as the ones representing

[BMP]+ cations adsorbed with upstanding alkyl chains on Au(111) and Ag(111). Con-

sidering that based on the XPS results both cations and anions are directly adsorbed on

the TiO2(110) surface, the present STM results seem to indicate that on TiO2(110) one

[BMP][TFSA] ion pair is represented by either 3 or 4 round protrusions. In both cases

we assume that the anion appears as two protrusions, close to previous findings on

Au(111) and Ag(111), where the anion is represented by two protrusions with longish

shapes.and a lower height compared to the round protrusions representing the cation

alkyl chain.[92, 107] In the first case the remaining one of the three round protrusions

per ion pair would represent an adsorbed [BMP]+ cation with the alkyl chain pointing

upwards. The second case could be rationalized by a model where the cation is imaged

as two protrusions, one for the ring and one for the alkyl chain, in this case most likely

a flat lying alkyl chain. That would lead to densities of 0.87 or 0.65 ion pairs nm-2, re-

spectively, which is in the range of the densities of adsorbed ion pairs with upstanding

alkyl chain on the Au(111) and Ag(111) surfaces under UHV conditions. Because of the

much higher noise level in these images compared to those obtained for [BMP][TFSA]

on Au(111) and Ag(111), a final decision on the adlayer structure on the molecular level

is not possible at present.

The 2D growth behavior of [BMP][TFSA] adsorbates at low temperatures was also ex-

amined in large-scale STM images. An example is shown in Fig. 3.32d. In the first layer

[BMP][TFSA] forms a homogeneous layer across the whole surface. Island formation

in the submonolayer coverage range, as it was reported on Au(111),[92] Ag(111)[107]

and Cu(111),[153] could not be identified in the present work, not even at temperatu-
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res of 80 K, which is the lowest temperature accessible for our setup. Hence, attractive

molecule-molecule interactions must be weaker on TiO2(110) than on the metallic sub-

strates mentioned above, or are even absent.

Finally, we also did not observe any preference for adsorption at the TiO2(110) steps

(structural effects), whereas this was commonly observed for metallic substrates. In the

latter case island growth started preferably from the steps, in the case of Au(111) also

at the elbows of the herringbone surface reconstruction.[141]

Thermal stability of the [BMP][TFSA] adlayer

The thermal stability of [BMP][TFSA] adlayers was probed by stepwise slow anne-

aling from RT up to 640 K, holding the sample at each temperature for 5 min, respec-

tively, and subsequent XPS characterization, with XPS measurements after each step.

One such series of measurements with an adlayer thickness of ~1.5 ML is exemplarily

shown in Fig. 3.33 with the topmost spectra (which were already discussed before) at

300 K and the bottom spectra at 640 K. Starting at 300 K, the spectra first slowly loose

in intensity in all peaks related to [BMP][TFSA], which is most likely due to multilayer

desorption (in the experiment shown in Fig. 3.33 desorption of molecules in the second

adsorption layer). Upon annealing to above 350 K, the decay of the peak intensity is

more pronounced. At the same time the peaks related to the [TFSA]- anions shift by

1.0 ± 0.1 eV to lower BEs. For the cation related peaks a similar shift appears, but it is

only 0.4 ± 0.1 eV. The peak related to the oxygen atoms in the [TFSA]- anion, OTFSA,

shifts from 532.8 eV at 300 K to 531.9 eV at 500 K, which was the highest temperature

where a peak could reasonably be fitted into the shoulder of the larger peak generated

by bulk TiO2. In contrast, the position of the OTiO2 peak remains constant, indicating

that there are no significant chemical changes of the surface near substrate ions. The

intensity of the latter peak is constant until 350 K and rises continuously afterwards up

to 145% of its intensity at 640 K. This increase in intensity is due to the loss of adsorbate

which reduces the damping of the substrate signals. Nevertheless it only reaches 41±
1% of the intensity of the adsorbate free surface, which must be due to the presence of

decomposition products remaining on the surface (especially F and S containing spe-

cies, see below). It should be noted that due to the high surface sensitivity of the mea-

surements at 80° detection angle a strong signal damping is obtained already for rather

thin layers. In the N1s region the [BMP]+ related Ncation peak shifts by 0.3 eV to lower

BE before it vanishes at 590 K. The Nanion related peak shifts by 1.0 eV to lower BE up to

a temperature of 440 K, at even higher temperatures the shift amounts to 2.0 eV at 470 K
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Figure 3.33: XP core level spectra of 1.5 ML [BMP][TFSA] adsorbed on TiO2(110) recorded upon
stepwise heating from 300 K to 640 K in steps of 30 K. The structural model of [BMP][TFSA] is
displayed on the right hand side.

153



3 Results and discussion

and 2.7 eV at 560 K. This is much more than for the other peaks related to the [TFSA]-

anion. Therefore we suggest that at 470 K and above this peak arises from an inorganic

species which was formed by decomposition of the adsorbed [TFSA]- anion. Based on

the BE of 397 eV this could be a TiNx species, since titanium nitride films show an N1s

peak between 397.1 and 397.4 eV.[186] The intensity of this peak has its maximum at

500 K, at higher temperatures it decreases again and vanishes at 590 K (see below). In

the S2p region a new peak doublet starts to grow at 500 K. The S2p peaks are at binding

energies of 161.3 eV and 162.6 eV. Peaks at exactly the same BEs were also detected

upon the decomposition of [BMP][TFSA] on Cu(111) and were attributed to the forma-

tion of Sad (or CuxS) species.[153] Rodriguez et al.[187] reported that adsorption of S2 on

TiO2(110) at 300 K result in a peak doublet at 161.6 eV (S2p3/2), which they attributed to

S adsorbed in (pre-existent) oxygen vacancies in the bridge-bonded oxygen rows. This

is only possible until all oxygen vacancies are occupied, the excess S atoms adsorb on

top of the fivefold coordinated surface Ti atoms. These latter S species were proposed

to appear as two peak doublets with their S2p3/2 peaks at 162.8 eV and 163.3 eV. At

higher temperatures, the latter doublets vanish and at 600 K only the doublet with the

S2p3/2 peak at 161.6 eV remains.[187] Based on combined XPS and STM experiments

between RT and 1073 K, Hebenstreit et al. concluded that Sad is not only preferentially

adsorbed at the oxygen vacancies, but also react with the surface above 390 K by repla-

cing bridge-bonded oxygen with sulfur species. The XPS peak corresponding to these

latter species was found at 162.4 eV.[188, 189] Based on these observations we assume

that the Sad atoms generated by [BMP][TFSA] decomposition directly react with the

TiO2(110) surface and replace the bridge-bonded oxygen species at temperatures above

500 K, where this peak is formed.

In the F1s region the original [TFSA]- related peak shifts successively by 0.9 eV to

lower BE between 300 and 500 K and concomitantly decreases in intensity. At 380 K a

new peak starts to grow at 684.6 eV, accompanied by a further intensity decrease of the

[TFSA]- related peak. The BE of the new species corresponds to signals measured for

adsorbed F- atoms on TiO2(110).[190–192] For thermal decomposition of [BMP][TFSA]

on Cu(111) no such peak was observed.[91] Between 380 K and 640 K, this peak shifts

by 0.6 eV to higher BE. At this point we can only speculate that this shift is either due

to a change in the adsorption sites with higher temperature or an incorporation of the

F- ions into the subsurface region of the TiO2(110) crystal. The [TFSA]- related peak

vanished completely at 560 K.

In the C1s region the Canion related peak follows the trend of the other anion signals,
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with a shift of 1.0 eV to lower BE and a continuous decay of the peak intensity until it

vanished at 560 K. The signals from the cation carbon shift only by ~0.3 eV and persist

up to higher temperatures compared to the anion, up to 590 K for the Chetero and up

to 640 K for the Calkyl related peak. In addition, the intensities of these signals decre-

ase slower in intensity than all other signals including the Ncation signal. Since the BE

of ~285.3 eV is characteristic also for various kinds of carbonaceous species, we expect

that the slower decrease in intensity is related to the formation of carbon containing de-

composition products. Since no corresponding signal is found in the N1s region, these

compounds do not include any nitrogen any more. A more accurate prediction of the

species formed during decomposition is not possible from these XPS measurements.

Starting at temperatures of ~410 K, the intensity of the Ccation peaks decays slower than

that of the other XP signals during heating, indicating that carbon containing adsor-

bed decomposition products are formed, while for the other elements the fraction of

volatile (desorbing) decomposition products is higher. This discrepancy reaches its ma-

ximum at 530/560 K, where the decomposition products account for roughly 80% of

this peak-multiplet. At even higher temperature the carbon containing decomposition

products start to desorb as well, either directly or via further decomposition followed

by desorption, and the related signals have essentially vanished at 640 K.

The above data in combination indicate that multilayer desorption occurs between

300 K and 350 K. This is followed by decomposition of both cation and anion species,

accompanied by desorption of decomposition products and possibly also of intact cati-

on and anion species. Decomposition starts at ~380 K with the formation of adsorbed

F- and hydrocarbon species. Since the overall peak intensities in the F1s and S2p regi-

ons decrease above this temperature, we assume that only part of the [TFSA]- anions

decomposes, leaving adsorbed decomposition products, while the other part desorbs

fully, possibly as intact molecules. At 440 K the amount of decomposition products in-

creases more strongly, and Sad is formed in addition, which replaces bridge-bonded

surface oxygen in the substrate. Finally, also nitrides are formed on the surface, presu-

mably as TiNx species. At 530-560 K, [BMP][TFSA] is completely decomposed. Upon

further heating up to 640 K, also the signals of the TiNx and of the hydrocarbon de-

composition products vanish. In the case of TiNx we expect that these species dissolve

into the bulk TiO2 or decompose to N2 and desorb. The adsorbed carbonaceous spe-

cies are expected to further decompose and desorb. The Sad and Fad species finally

remain on the surface. A similar decomposition pattern of the [TFSA]- anion was also

found for [HMIM][TFSA] (1-hexyl-3-methylimidazolium [TFSA]-) on reduced CeO2-x
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surfaces.[120]

The decomposition of [BMP][TFSA] on TiO2(110) takes place over a wide tempe-

rature range, involving various and changing reaction intermediates/products. This

points to a complex multistep mechanism, which is presumably influenced also by the

structure of the adsorption site (kink site, different step sites, terrace position). To gain

further insight into the decomposition behavior, further input from experiment and

theory is required, such as high resolution STM data recorded at even lower tempera-

tures or quantum chemical calculations. So far, the decomposition of the [BMP]+ cation

under electrochemical conditions was investigated in DFT-based calculations,[193] and

the electrochemical decomposition of the [TFSA]- anion in [PMP][TFSA] (PMP = n-

propyl-n-methyl-pyrrolidinium) was explored by ab initio calculations.[194] Further-

more, the thermal decomposition of [BMIM][TFSA] (B = butyl) was mapped out via

DFT based calculations.[195] Finally, the thermal decomposition of bulk [BMP][TFSA]

was characterized by thermal gravimetric analysis, coupled with mass spectrometry

detection of the reaction products (TGA-MS).[196] The most likely pathways calcula-

ted for the decomposition of [TFSA]- are shown in the upper part of Fig. 3.34a. For the

electrochemical decomposition (left side), one of the S-N bonds breaks in the first step,

induced by the uptake of one electron at negative electrode potential. The resulting

SO2CF3
- and NSO2CF3

- species further react to SO2
(-), NSO2

(-) and CF3
- by breaking

the S-C bonds, and they may further decompose to sulfide, oxide, fluoride and car-

bide anions.[194] For the thermal decomposition (right side), DFT calculations were

performed for isolated molecules, where no electron-transfer from the outside is possi-

ble. The energetically most favourable decomposition pathway under these conditions

proceeds via the release of sulfur dioxide.[195] Considering the very different environ-

ment in these calculations, one has to be careful when transferring those results to the

present experimental findings. Nevertheless, the calculations provide valuable infor-

mation on the possible decomposition products on the TiO2(110) surface. Both decom-

position pathways (see Fig. 3.34a) have in common that they break the same bonds in

the molecule, therefore they are most likely also the ones which will be broken upon

decomposition of [BMP][TFSA] on TiO2(110).

DFT calculations on the decomposition of a [BMP]+ cation (under electrochemical

conditions) revealed three possible reaction pathways R1 - R3, which are shown in

Fig. 3.34b.[193] R1 is the energetically most favoured one, followed by R2 and R3. The

TGA-MS measurements (see above) showed that thermal decomposition of

[BMP][TFSA] occurs at above 673 K with MS signals at 41, 56, 85 and 69 amu in the gas
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Figure 3.34: Possible decomposition mechanisms of (a) the [TFSA]- anion and (b) the [BMP]+

cation according to calculations of Refs.[193–195] and thermal decomposition products found
on the TiO2(110) surface according to our XPS measurements.

phase above the solvent, which were attributed to C3H5
+·, C3H6N+·, C5H11N+· frag-

ments from the cation and CF3
+· from the anion. These results agree with the calcu-

lations insofar as in both cases CF3 species are formed. On the other hand, SO2 was

proposed as decomposition product based on the calculations, but was not detected in

the TGA-MS measurements. This discrepancy may arise from a too low volatility of

these species, such that they are not vaporized and remain in the liquid (possibly as

SO3
-). The C5H11N+ fragment fits to molecule “a” formed by reaction pathway R1 in

Fig. 3.34b. The fragment C3H5
+· most likely belongs to a butyl-species like molecule

“b”, which is also formed in pathway R1. The butyl species is cracked in the ionization

zone of the mass spectrometer (among other reactions) into a C3 and a C1 fragment,

where the C1 fragment is uncharged and therefore not detected. This decomposition

pattern was concluded from comparing the mass spectrum of n-butane, where amu 41

and 42 signals are among the most intense signals.[197] Comparing the DFT calcula-

tions for electrochemical decomposition with the TGA-MS measurements, it is likely

that the decomposition of bulk [BMP][TFSA] proceeds along the reaction pathway R1.

Coming back to [BMP][TFSA] on TiO2(110), thermal decomposition does not stop at

the stage described in the three reaction mechanisms. Based on our XPS results, the

methyl-pyrrolidinium species is presumably decomposed by breaking the N-C bonds,

forming butyl and CH3 species. The nitrogen (ad)atoms react with the rutile surface
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forming TiNx, which is detected in the XP spectra. If butane is formed, this is likely to

desorb at lower temperatures than detected here, since for other surfaces desorption

temperatures of < 200 K were reported.[198–200] Therefore we assume that the adsor-

bed reaction products detected by XPS are fragments of the butyl species formed in

the decomposition process of [TFSA]-. The adsorbed reaction products should solely

contain C (and H) atoms based on the XPS results. A more detailed assignment is not

possible, since a BE of around 285 eV is typical for a wide variety of CHx containing

species, and even graphite shows a peak at around 284.7 eV.[201, 202] On the other

hand, the [TFSA]-
ad intermediates are further decomposed: For SO2 it is known from

the literature that it forms sulfite (SO3
2-) and sulfate like species by attachment of SO2

to the bridge-bonded oxygen species of the TiO2(110) surface in a temperature range

between 135 K and 450 K.[203, 204] For TiO2(110) with a high density of surface defects

(e.g., after sputtering) or with a high step density (e.g., TiO2(441)), SO2 was reported to

react to Sad even at room temperature.[204–206] Our observation of Sad formation at

temperatures > 500 K, but no formation of SOx, can be explained the following way.

The SO2 generated by the decomposition of [TFSA]- forms adsorbed sulfite and sul-

fate species. At the high temperatures these may instantaneously react to Sad, or the

decomposition of the [TFSA]- creates a high density of defects on the TiO2(110) surface,

which catalyse the reaction SO4
2- → Sad. If adsorbed CF3 and NSO2 species are for-

med in the decomposition process of [TFSA]-, these are also decomposed forming Fad,

TiNx and SO2, where the latter again reacts to Sad, which are detected in the XPS mea-

surements. The remaining carbon may finally further react to CO or CO2, which both

desorb instantaneously.[85]

3.6.3.2 Interaction of Li with TiO2(110)

First we present results of XPS measurements on the interaction of Li with TiO2(110).

Detail spectra of the Li1s, Ti2p and O1s regions are shown in Fig. 3.35a. The spectra

were recorded after stepwise deposition of Li on a clean TiO2(110) surface (topmost

spectra) at 80 K. The bottom spectra show the highest Li dose (corresponding coverage

~9.0 ML Li). In the Li1s region a peak emerges at 57.2 eV after the first Li dose (0.5 ML).

Upon increasing the amount of deposited Li, this peak grows in intensity and shifts

lower BEs, to 56.4 eV at 9.0 ML. Generally, the intensity of the Li1s peak is very low

due to the very small atomic sensitivity factor of this peak. Interestingly, the peak posi-

tions are at significantly higher BE than for bulk Li (54.8 eV[207]) or for Li adsorbed on

Cu(111), (55.1 eV[91]) and even higher than reported for intercalated Li in anatase[171]
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Figure 3.35: (a) XP detail spectra of the Li1s, Ti2p and O1s region of clean TiO2 (topmost spectra)
and upon increasing evaporation of Li onto this surface at 80 K. (b) XP spectra after slowly
heating up the sample overnight to 300 K.

or LTO.[208] Therefore we assume that Li has reacted with the surface and exists as

a Li+ species, either as a LixO species at the surface or intercalated into the substrate,

rather than being atomically adsorbed on the surface.

This assumption is supported by the corresponding Ti2p and O1s spectra, where new

peaks are formed upon deposition of Li. After the first Li dose (0.5 ML), an additional

new doublet evolves in the Ti2p region at 2.0 eV lower BE than the doublet of the initial

Ti2p state of TiO2(110). In the O1s region also a new peak (“OLixO”) appears, which is

shifted by 1.5 eV to higher BE relative to the TiO2(110) peak. The new OLixO peak shifts

to higher BE with increasing Li deposition, by 1.1 eV at 9.0 ML. This is very similar to

the results obtained for Li intercalation in anatase at RT, where electrochemical inser-

tion of Li also caused an additional Ti2p peak at lower BE relative to the original TiO2

peak.[171, 173] Note that in our measurement these additional peaks appear already

with weak intensities in the spectra of the clean rutile sample. We explain this by small

amounts of Ti3+ species in the crystal due to the reductive pre-treatment (Ti2p state)

and to residual contaminations from previous experiments with Li on the same crystal.

Nevertheless, the evolution of these peaks clearly demonstrates that the atomic Li re-

acts with the surface upon interaction with Li even at 80 K. The additional doublet in
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the Ti2p region is attributed to the formation of Ti3+ species, which are formed by the

transfer of one electron from Li0 to a Ti4+ species in the rutile crystal. Since there is also

a second peak in the O1s region evolving at lower BE relative to the original TiO2 peak,

we expect that the resulting Li+ atoms are positioned next to O2--atoms in the crystal

which therefore have a different electronic surrounding. Another important question

is whether this reaction takes place solely on the surface or if intercalation into the ne-

ar surface region or bulk rutile crystal occurs as well. For this purpose we concentrate

on the changes of the peak intensities. In the spectra recorded on pure TiO2(110) the

Ti2p:O1s peak intensity ratio (corrected by the sensitivity factors) is 0.54 ± 0.02, which

is slightly higher than the expected ratio of 1:2. We tentatively explain this by the pre-

sence of oxygen vacancies and Ti3+ species. Upon addition of Li this ratio is decreased

to 0.32, because the intensity of both O1s peaks together increases to 123% while the

total intensities of the Ti2p peaks fades to 69% compared to the pure rutile signals (see

below). The intensity ratio between the Ti4+ and Ti3+ peaks is very close to 2:3. The high

fraction of reduced Ti3+ species implies that these are not only in the surface layer, but

also in deeper layers, meaning that diffusion of Li into the subsurface regions is possi-

ble under these conditions and leads to the formation of Ti3+ and Li+ in these regions.

The ratio of 2:3 would fit to the stoichiometry of a Li loaded LTO spinell Li7Ti5O12, In

LTOs the ratio between Ti and O atoms is smaller than in rutile TiO2, therefore part of

the lower relative intensity of the Ti2p peaks, relative to that of the O1s signals, can be

explained by the change in stoichiometry from Ti:O of 1:2 (or 0.5) in rutile to 5:12 (or

0.417) in LTO. The measured Ti:O ratio of 0.32, however, is even lower, in agreement

with the existence of a Li oxide (LixO) cover layer on top of the LTO-like layer. In that

case the peak at higher BE in the O1s region must originate from two different spe-

cies: the LixO formed on top of the substrate and oxygen species in subsurface region

which are neighboring to intercalated Li+. Based on the higher Li1s BE (bulk Li2O: Li1s:

53.8 eV; O1s: 528.5 eV[209, 210]), the LixO layer must be electronically different from

bulk Li2O.

The calculation of the thickness of the LixO overlayer is not simple since the decay

of the Ti2p peak intensity originates from both the LixO cover layer and the change

in stoichiometry of the TiO2(110) substrate in the surface near region. The same com-

bination of effects is responsible also for the higher intensity of the O1s signal (123%)

compared to the XPS signal of the Li free sample, and for the evolution of the Li1s peak,

which originates both from the Li in the LixO surface layer and from the Li in the LTO

like layer. For an estimate of the LixO layer thickness we assume that the Ti2p signals
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are generated by a LTO layer and calculate the O1s signal which corresponds to this

Ti2p signal to achieve the stoichiometry between Ti and O in LTO. Subtraction of this

value from the more intense measured O1s signals results in the oxygen fraction which

originates from the LixO layer. Details of the calculation can be found in the Appendix

(6.4.1). For deposition of 9 ML Li this calculation results in a thickness of the LixO cover

layer of ca. 0.1-0.2 nm, which is ≤ 1 ML of LixO.

The thickness can also be calculated from the damping of the O1sLTO or of the Ti2p

signals,[211] where the latter is again assumed to fully result from a stoichiometric LTO

layer (details on the calculation are found in the Appendix 6.4.1). Both estimates give a

result for the thickness of the LixO layer which is in the same range as it was found in

the first calculation. The assumption that a fully stoichiometric LTO substrate is used

for the calculation appears plausible for the sample with 9 ML Li deposited and an de-

tection angle of 80°, since in this case the layer with LTO like stoichiometry is expected

to be clearly thicker than the detection depth.

The small thickness of the LixO layer is presumably the reason why the peaks are shif-

ted to higher BE compared to bulk Li2O because of the interaction to the rutile crystal

underneath Furthermore, it may also be that for these low coverages no homogeneous,

closed layer of LixO is formed but instead oxygen and Li+ are enriched on/in the first

surface layer. The mobility of the Tin+ ions in rutile seems to be high enough that diffusi-

on is possible from the bulk TiO2(110) in the near surface region and to the surface even

at 80 K. The Li:O stoichiometry in this LixO film cannot be quantified precisely because

of the low intensity of the Li1s peak, leading to problems in the background subtracti-

on, and since the Li1s peaks of the Li species at the surface and those intercalated in the

near surface region appear at the same BE.

To elucidate how thick the LTO layer between the LixO layer and the bulk rutile is

we also conducted the same XPS measurements as shown in Fig. 3.35a with a detection

angle of 0° with respect to the surface normal (the spectra are shown in the Appendix in

Fig. 6.7). Here the mean escape depth is with ca. 2.9 nm higher than for 80° with 0.5 nm.

For these signals the Ti4+ peak nearly has double the intensity compared to the Ti3+ peak

at the highest investigated Li loading. Therefore we assume that now a mixture of the

LixO layer, followed by Li7Ti5O12 and presumably a layer with a decreasing Li concen-

tration on top of unchanged bulk rutile is probed. Since we cannot derive information

on the type of the concentration gradient of Li+ and Ti3+ from our XPS measurements,

because we are always sampling the average of the uppermost atomic layers (and a de-

ep profiling with sputtering is also not possible since this would alter the surface), we
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cannot determine the thickness of the LTO-like layer except for the fact that for 9 ML

Li deposition it is thicker than the sampling depth of the measurement at 80°. Nevert-

heless, for a rough estimate we calculated the thickness assuming a layer geometry of

LixO on top of LTO on top of TiO2(110) with no concentration gradients in between. Un-

der these conditions the LTO layer thickness is calculated to be 2.0± 0.1 nm. Upon slow

warm up of the sample to 300 K overnight the stoichiometry changes. Spectra recorded

at 80° emission angle after annealing are shown in Fig. 3.35b. The overall damping of

the Ti2p peaks stays the same, indicating that the LixO layer is still present, but the

intensity ratio of Ti4+:Ti3+ peak changed to ~5:1 (2.7), indicative of a distinct migration

of Ti3+ species deeper into the bulk. For measurements conducted at 0° emission an-

gle the relative intensities changed marginally from (Ti4++Ti3+):O = 0.42, Ti4+:O = 0.33

and Ti3+:O = 0.08 at 80 K to (Ti4++Ti3+):O = 0.43, Ti4+:O = 0.36 and Ti3+:O = 0.06 at RT.

This means that in the uppermost 1-2 nm, which are probed at 80° emission angle, the

composition changes strongly, while the average stoichiometry in the uppermost ~5 nm

stays about the same. The higher temperature enhances the diffusion into the bulk and

the Li+ and Ti3+ species agglomerated in the first 1-2 nm at 80 K move deeper into the

material at higher temperature. The Li7Ti5O12 layer in the surface region therefore was

kinetically stabilized by the low temperatures and upon heating the gradient of Li+ and

Ti3+ interstitials is reduced. Nevertheless, since the signal at 0° detection angle changes

very little, the Li ions seem to remain in the layer probed here, in the topmost 5 nm.

To summarize our XPS results on Li deposition on TiO2(110), we found that even

at 80 K part of the deposited Li intercalates, while the remaining part forms a thin

adlayer of LixO like species. Because of diffusion limitations, the Li species stay in the

surface near region and form a layer with a LTO-like stoichiometry, as evidenced by the

concentration of Ti3+ species. At higher temperature (300 K), diffusion becomes faster

and the Li+ and Ti3+ species are probed not mainly in the first 2 nm, resulting in a lower

signal intensity of these species at 80° detection angle in XPS. Since the signal intensities

did not change significantly for detection at 0°, the Li+ and Ti3+ species are still in the

uppermost ca. 5 nm which are probed in this geometry.

Comparing the present XPS results on Li interaction with rutile TiO2(110) with pre-

vious related findings for Li electrodeposition, but also for Li deposition in UHV on

TiO2, both for anatase and for rutile, leads to the following picture: Investigating the

insertion of Li in thin films of anatase with XPS (synchrotron radiation as X-ray source)

at room temperature, Henningsson et al.[171, 172] found a new peak in the Ti2p region

growing simultaneously with the successive deposition of Li, which appeared at 1.6 eV
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lower BE compared to the original Ti2p peak related to Ti4+ species in the substrate.

For high amounts of Li (> 5 ML) a third peak emerged at even lower BE. These two

peaks were attributed to the formation of Ti3+ and Ti2+ species in the substrate upon

Li insertion into the material. In the Li1s region they observed peaks at 56.5 eV and

55.5 eV with the peak at higher BE forming at coverages up to 2.8 ML. The peak at

lower BE appears at coverages > 0.64 ML and dominates the spectrum above 2.8 ML.

The authors explained these results by the formation of two phases in anatase, with a Li

rich Li0.4TiO2 phase and a Li poor Li<0.07TiO2 phase. This is in agreement with findings

for the electrochemical insertion of Li in anatase.[175] Södergren et al.[173] combined

electrochemical Li insertion with XPS measurements and found that the formation of

the Ti2p peak related to Ti3+ is reversible when cycling the sample potential, which

shows that the original anatase structure is recovered upon deintercalation of Li. Com-

parison with the studies mentioned before indicates that electrochemical Li insertion

and Li insertion upon evaporating Li in UHV on anatase proceed in a comparable pro-

cess. Li deposition on anatase TiO2 allows rapid Li intercalation at room temperature,

also under the conditions applied in the present study (Li evaporation in UHV).

On rutile TiO2, intercalation of Li is more difficult. For bulk materials it was thought

for a long time that at RT Li intercalation it is not possible at all. Zachau-Christiansen et

al. reported that the electrochemical Li insertion into rutile was inhibited at 25 °C, only

for reaction at 120 °C two Li containing phases with stoichiometries of Li0,13-0,15TiO2

and Li0.5TiO2 were observed,[175] comparable to observations for anatase (see above).

More recent studies, however, indicated that intercalation is feasible also at RT, e.g., by

reducing the size of the rutile particles, e.g., to needles with diameters of 5-20 nm.[174]

This was explained by a slow diffusion of Li at 25 °C, especially perpendicular to the c

channels in the crystal (The c channels run along the [001] direction in the (110) lattice

plane, therefore intercalation into a TiO2(110) terminated crystal has to proceed along

the slow diffusion direction).

These results are in good agreement with our findings when keeping in mind that

the earlier studies on rutile mentioned above were conducted determining the bulk

composition of the TiO2 materials rather than surface sensitive techniques. Using sur-

face sensitive measurements we could demonstrate that Li intercalation starts already

at much lower temperatures. Under those conditions it is limited, however, to the sur-

face near regions because of the slow diffusion of the Li species. Our results agree also

with the findings by Krischok et al.,[169] who used MIES (metastable impact electron

spectroscopy) and UPS(HeI) to study exactly the Li interaction with rutile TiO2(110) at
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temperatures between 130 K and 620 K, where in particular MIES is even more surface

sensitive than XPS (although it does not allow to quantify how much and how deep the

Li is inserted). They reported that at 130 K Li adsorbs ionically up to 0.3 ML and Ti3+

is formed in parallel. At higher coverages the ionic character of the adsorbed Li atoms

is smaller (e.g. at 0.7 ML Li0.4+). Above 160 K, the Li2s signal in the very surface sen-

sitive MIES spectra disappeared almost completely, which they explained by (almost

complete) Li insertion into the bulk. This agrees at least qualitatively with our findings,

when using a comparable Li coverages of 1.4 ML.

In addition to XPS we performed STM measurements of the surface after evapora-

ting Li at 80 K. Representative STM images are shown in Fig. 3.36. The first image,

Figure 3.36: Large (a) and small scale (b) STM images of a TiO2(110) surface after Li deposition
at 80 K. At some places (e.g., marked by red circles) parts of the TiO2(110) structure are still
visible (a: T = 108 K, UT = 1.1 V, IT = 21 pA; b: T = 102 K, UT = 1.1 V, IT = 21 pA).

recorded after 1.5 ML Li deposition, provides an overview on the surface morpholo-

gy after deposition, while the smaller scale image in Fig. 3.36b resolves also details of

the surface structure. The steps and terraces of the substrate seem to be unchanged af-

ter Li deposition. On the surface we find a number of protrusions which are (nearly)

uniformly spread across the surface. At some places also the original TiO2(110) surface

with its 1x1 structure is visible in Fig. 3.36b (two regions are marked by red circles).

The round protrusions may correspond to LixO species, which according to our XPS

data are formed upon Li deposition on top of the substrate. Another possibility would

be that they result from the change of the substrate itself, reflecting the formation of a
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LTO like species. The STM images do not indicate any change in appearance between

80 K and RT. Comparing our results with the STM data reported by Tatsumi et al. for

room temperature adsorption of Li on TiO2(110), our STM images correspond to those

shown in their work for higher deposition times (600 s in Fig. 2b in ref.[170]). Note that

the latter authors assigned the new structures observed in their STM images to Li ada-

toms, which seems to be in contrast to our findings and to those of other authors.[169]

We rather expect that these structures reflect the initial stage of Li insertion and forma-

tion of LixO. Since the protrusions detected are mostly situated on the rows of 5-fold

coordinated Ti4+ species,[170] one may speculate that they are generated by Ti3+ species

formed by the reaction with an impinging Li atom or by an adsorption complex of Li+

on Ti3+.

Furthermore we may compare our STM images with AFM images of single crystalli-

ne LTO(111) surfaces reported by Kitta et al.,[212] who performed AFM measurements

on surfaces which were electrochemically charged by Li insertion They observed a sur-

face roughening, and their AFM images at the initial stage of the Li insertion are very si-

milar to our STM images. This seems to indicate that the initial Li insertion in TiO2(110)

occurring upon Li deposition under UHV conditions closely resembles the initial stage

of electrochemical Li insertion into LTO.

3.6.3.3 [BMP][TFSA] + Li on rutile TiO2(110)

This section focuses on the interaction of coadsorbed [BMP][TFSA] and Li with each

other and with the TiO2(110) substrate. First we discuss the effect of Li deposition on

a TiO2(110) surface which was pre-covered with 0.7 ML of [BMP][TFSA]. XP core le-

vel spectra recorded after Li deposition at 80 K are shown in Fig. 3.37. From top to

bottom spectra recorded on the clean TiO2(110) substrate (a), after deposition (80 K) of

0.7 ML of [BMP][TFSA] (b), and after stepwise deposition of Li (c-h) are presented. In

the Ti2p region deposition of [BMP][TFSA] causes a damping of the bulk TiO2 (Ti4+ and

Ti3+) peaks. With increasing Li uptake (Fig. 3.37c-h) the intensity of the Ti4+ decreases

further, and that of the Ti3+ signals increases, comparable to the findings for Li deposi-

tion on pure TiO2(110), without [BMP][TFSA]. Obviously, also under these conditions

Li reacts with the TiO2(110) substrate and intercalates into the substrate. This is con-

firmed by an additional peak in the O1s spectral range (OLixO), which appears at a BE

of 532.3 eV between the two peaks OTFSA and OTi2O and shifts gradually to 532.7 eV

with increasing Li deposition. This peak is at the same BE as the additional peak for

Li deposition/intercalation on/in TiO2(110) in the absence of a [BMP][TFSA] adlayer,
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3 Results and discussion

Figure 3.37: XP detail spectra of (a) a clean TiO2(110) surface, (b) covered with 0.7 ML
[BMP][TFSA] and (c-h) after increasing amounts of Li post-deposited step by step onto
[BMP][TFSA]|rutile(110); the sample was always at 80 K.
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and therefore attributed to the same species (O species with changed electrochemical

surrounding due to the neighboring Li+ species). The intensity of the O1s rutile peak

stays (nearly) constant during Li deposition, while that of the OTFSA peak strongly fa-

des to 37% of its starting value and shifts by 1.1 eV to higher BE. The intensity decay

of the [TFSA]- related peaks implies that the deposited Li atoms not only react with

and intercalate into the TiO2, but also partly react with the adsorbed [BMP][TFSA],

even at low temperature. Therefore the OLixO peak could at least partly result from de-

composition products of the IL anion. Possible reaction products would be SOx or SOx

containing species, since according to the literature SO3
2- adsorbed on TiO2(110) has

roughly the same BE, between ca. 532 and 533 eV (for related S peaks see below).[205]

When comparing, e.g., the peak intensities of Ti2pTi4+ ,Ti2pTi3+ and O1sLixO signals in this

measurement, using the highest Li deposition of 6 ML, with those obtained for a simi-

lar Li uptake on a pure TiO2(110) substrate, the intensity ratios of Ti4+:O1sLixO (0.27)

and Ti3+:O1sLixO (0.16) are much lower for TiO2(110)+IL+Li than for TiO2(110)+Li (0.53,

0.5). Since the intercalation into the TiO2(110) surface region should result in (roughly)

the same stoichiometry for the same Li dose / same temperature, the O1sLixO peak is

too intense relative to the Ti2p peaks to only originate from Li intercalation. Therefo-

re we expect this peak to include also contributions from [BMP][TFSA] decomposition

products of the SOx type. For the highest amount of Li deposition (6 ML) the two spe-

cies should contribute about equally. The formation of a SOx species is supported also

by a new peak in the S2p regime. Here an additional peak doublet (marked as Sd1 in

Fig. 3.37) increases with Li deposition at BEs of 167.5 (S2p3/2) and 168.7 eV (S2p1/2),

which shift to 169.1 and 170.4 eV, respectively, with increasing Li deposition. This fits

well to SO3
2- or SO4

2- species adsorbed on TiO2(110)[205, 213–215] and Li2SO3.[216] Ne-

vertheless, considering also the peaks in the other regions (see also discussion below),

this peak also must include also contributions from F3C-O2S-N-Li+ species. In addition

to the Sd1 peak, two new peak doublets develop with higher Li amounts at lower BEs of

166.0 and 162.8 eV (position of S2p3/2 peak of each doublet). The latter one is at 1.5 eV

higher BE than the peak obtained upon thermal decomposition of a pure [BMP][TFSA]

adlayer on TiO2(110), which was attributed to the formation of Sad. Accordingly, this

may be of similar origin in the present case, but with a slightly higher BE due to a dif-

ferent chemical surrounding. It is also possible, however, that a LixS species is formed,

whose S2p3/2 signal is expected to appear in the same range of BEs (162.0 eV).[91] The

origin of the other S2p3/2 peak at 166.0 eV is not fully clear. Its BE is too low for a SO3
2-

or SO4
2- species,[205, 214, 215] but it could be due to a F3C-O2S-Li+ like species follo-
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wing the reaction scheme for [BMP][TFSA] decomposition in Fig. 3.34a. The original

STFSA peak has lost almost 85% of its initial intensity after the highest Li deposition.

This is much more than the loss of the OTFSA peak, which was about 63%. Therefo-

re also the OTFSA peak must contain contributions from decomposition products with

similar BE. Possible candidates would be F3C-O2S-N-Li+ and F3C-O2S-Li+. The same

is true for the N1s region, where the two peaks originating from intact [BMP][TFSA],

Ncation and Nanion, loose about 2/3 of their initial intensity during Li evaporation and

shift by 1.9 and 1 eV to higher BE, respectively. Due to the large shift of the Ncation peak

this peak is expected to also contain contributions from CxHyNz species, which appear

at similar BE’s. Finally, another N1s peak appears at BE 398.7 eV, 2 eV higher than the

additional peak observed upon thermal decomposition of [BMP][TFSA] on TiO2(110),

which we had tentatively attributed to TiNx. Therefore the new signal at 398.7 eV must

be due to another reaction product. Signals at this BE were attributed to Li3N species

in a post mortem XPS analysis of Li-ion batteries,[216] or to reaction products arising

from the interaction of [OMIM][TFSA] with Li on a polycrystalline Cu foil[176] and

[BMP][TFSA] with Li on Cu(111).[91].

In the F1s region the original FTFSA peak at 689.5 eV decreases to 50% of its initial

intensity and shifts by 1.1 eV to higher BE during Li deposition, while at the same time

a new peak grows in at 685 eV, which shifts by 1.2 eV to higher BE with increasing

Li coverage. This peak is attributed to adsorbed F- species, similar to the assignment

made for thermal decomposition of [BMP][TFSA] on TiO2(110), and to the formation of

LiF.[216]

Finally, in the C1s region, no new peaks are formed in addition to the initial

[BMP][TFSA] peaks, but the Canion peak decreases to ~1/3 of its initial intensity and

shifts by 1.1 eV to higher BE upon Li deposition, whereas the Chetero peak loses on-

ly 20% in intensity together with a shift by 1.8 eV to higher BE. The Calkyl peak even

grows to 146% of its initial intensity, together with a shift by 1.8 eV to higher BE. Based

on these data, the FTFSA and Canion peaks are expected to contain contributions from

F3C-O2S-N-Li+ like reaction products. For the C1scation peaks, possible reaction pro-

ducts include various CxHyNz and CxHy species, which cannot be identified in more

detail.

For comparison we also deposited Li on a TiO2(110) surface covered by a multilayer

film of [BMP]TFSA] (4.7 ML). The spectra are included in the Appendix (Fig. 6.8). In

this case, no Ti3+ species are formed, and therefore Li intercalation can be excluded.

Instead, Li only reacts with the [BMP][TFSA] film. The decomposition products are
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identical with those observed for the reaction with [BMP][TFSA] at submonolayer co-

verage. In particular the peak which was related to OLixO before is formed as well.

In this case, however, it does not stem from LixO, but from decomposition products

of the [TFSA]- anion such as F3C-O2S-N-Li+ and Li2SO3-4 (see above). This also sup-

ports our above conclusion that this peak originates not only from oxygen species in

the TiO2(110) crystal, which are modified by neighbored intercalated Li, but also from

these [TFSA]- decomposition products. This measurement furthermore demonstrates

that the Li induced decomposition of the [BMP][TFSA] adlayer is not catalysed and not

even modified by the TiO2(110) surface. The presence of the substrate mainly affects the

decomposition reaction by removing part of the Li via the competing Li intercalation

process.

3.6.3.4 Thermal stability of a [BMP][TFSA] + Li adlayer on TiO2(110)

The thermal stability of mixed [BMP][TFSA] + Li adlayers on TiO2(110) was investiga-

ted by RT deposition of Li (2 ML) on a TiO2(110) surface covered by a submonolayer

film of the IL (deposition also at RT) and subsequent stepwise heating of the mixed ad-

layer covered sample. XP spectra recorded after the respective preparation and heating

steps are shown in Fig. 3.38. As illustrated by the formation of Ti3+ species, Li reacts

with and intercalates into the TiO2(110) substrate also upon deposition at 300 K. Fur-

thermore, it also reacts with the IL, and the decomposition products are largely identical

with those formed upon interaction at 80 K. Only the Sd2 peak in the S2p regime, which

was tentatively related to an adsorbed F3C-O2S-Li+ species, does not appear in the pre-

sent measurement. Most likely, this species is not stable at this temperature and directly

decomposes to SO4
2-, SO3

2- or Li2SO3 (Sd1).

Heating the sample to higher temperatures the decomposition of the adlayer con-

tinues (Fig. 3.38). In the O1s region the peak related to the intact adsorbed [TFSA]-

species rapidly loses in intensity between 300 K and 370 K and has completely vanis-

hed at 420 K. The same is true for the STFSA signal. Hence, upon annealing to 420 K

the intact [TFSA]- is completely decomposed. Therefore the other (anion related) peaks

remaining at this temperature must arise from decomposition products. This includes

the Canion peak (slightly shifted to a lower BE of 293 eV), the Nanion signal (shifted to a

BE of 400 eV), as well as the Sd1, OLixO and FTFSA signals. As discussed for Li deposition

on predeposited [BMP][TFSA] thin layers at 80 K, the latter peaks contain contributions

also from a [TFSA]- decomposition product, most likely adsorbed F3C-O2S-N-Li+. The

Sd1 signal is additionally attributed to Li2SO3-4 and OLixO to LixO. The remaining Ncation
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Figure 3.38: XP detail spectra of 0.7 ML [BMP][TFSA] on TiO2(110) at 300 K (topmost spectra),
after post-deposition of 2 ML Li at 300 K and upon stepwise heating to 570 K.
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peak presumably originates from adsorbed CxHyNz species, following the proposal by

Kroon et al. (see Fig. 3.34b).[193] The peak at BE 161.4 eV (marked as Sd3 in Fig. 3.38)

arises due to formation of Li2S. Interestingly, when looking at the Ti2p region, the Ti3+

signal is fading and reaches a minimum at 420 K. It seems that the decomposition reac-

tion of the IL adlayer is induced by reaction with Ti3+ species that were intercalated in

the near surface region (first few nm) of the TiO2(110) substrate and start segregating to

the surface. Apparently, this goes along with a re-oxidation of the Ti3+ species to Ti4+.

Therefore, at this temperature the OLixO peak is no longer (co-)generated by O atoms

in the TiO2(110) crystal, but solely due to the decomposition products of the IL. In the

Li1s region, there is a small change of the BE from 56.4 eV at 340 and 370 K to 56.1 eV at

420 K. For higher temperatures the Li1s peak shifts back to 56.4 eV and the Ti3+ species

forms again. This occurs in parallel to the further decomposition of the adlayer, which

is indicated by a strong decrease of the Ncation peak between 370 K and 470 K. We ex-

plain these changes to a decomposition of the CxHyNz species related to this peak to

H-containing carbonaceous species. At 520 K, also the peaks related to F3C-O2S-N-Li+

have further decreased in intensity, and they completely vanished after annealing to

570 K. At this point also most of the adsorbed carbonaceous species have decompo-

sed and desorbed. The only remaining species are LiF (=Fd), Li2S (=Sd3), LixN (=peak at

399 eV) and TiNx (=peak at 397.1 eV). The remaining OLixO peak is due to the interaction

of bulk O atoms with intercalated Li+ (and presumably LixO on the surface).

In a second experiment we tested the stability and decomposition of a mixed [BMP]-

[TFSA] + Li adlayer after the reversed deposition order. In this case Li was deposited

on TiO2(110) at 300 K, followed by post-deposition of [BMP][TFSA]. The amount of Li

is higher in this case than in the above experiment to achieve saturation of the first sub-

strate layers by intercalated Li. Subsequently, a comparable submonolayer amount of

[BMP][TFSA] was evaporated on the Li modified TiO2(110) substrate. XP spectra recor-

ded after IL deposition and subsequent heating steps are shown in Fig. 3.39. Already

after IL deposition at 300 K decomposition products are visible in the spectra (topmost

spectra), in contrast to deposition on pure TiO2(110). Apparently, the surface species

formed during the preceding Li intercalation process, Ti3+ species and possibly also

surface near Li+ species, partly react with the [BMP][TFSA]. Here it should be noted

that Ti3+ surface species were reported to be more reactive than Ti4+ species already

previously.[204] Therefore, in the Ti2p regime the Ti3+ peak intensity decreases rela-

tive to the Ti4+ peak (see also our above discussion). Overall, the new peaks formed

upon [BMP][TFSA] decomposition are largely identical to those obtained for the reac-

171



3 Results and discussion

Figure 3.39: XP detail spectra recorded of 0.7 ML [BMP][TFSA] post-deposited on a TiO2(110)
surface pre-covered by 4.5 ML Li at 300 K (topmost spectra) and upon stepwise heating to 570 K.
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tion of post-deposited Li with a pre-deposited [BMP][TFSA] adlayer. The total amount

of decomposition products, however, is smaller in the present case. In particular the

decomposition peaks in the S2p region are less intense, and the Nanion peak does not

show a strong decay. The amount of LiF (=Fd) and LixN (=NLixN) species is comparable.

These differences may be due to the lower availability of the Ti3+ species due to diffu-

sion limitations, as compared to direct deposition of Li on predeposited [BMP][TFSA]

layers.

Upon sequential heating of the sample (lower spectra in Fig. 3.39), the OTFSA peak as

well as STFSA signal vanished at 370 – 420 K, as it was also the case for Li|IL|TiO2(110).

In the same temperature range, Ti3+ again has a minimum in intensity. The peaks re-

maining after this heating step, the Canion (BE 293.3 eV), Nanion (BE 400.5 eV), Sd1 (BE

168.7 eV), OLixO (BE 532.8 eV) and FTFSA (BE 689.5 eV) peaks, are again related to the

formation of F3C-O2S-N-Li+. They also vanished upon heating to 520 K, indicating the

further decomposition of this product. The [BMP]+ cations are presumably also com-

pletely decomposed at 420 K and the remaining Calkyl, Chetero and Ncation peaks are due

to remaining CxHyNz species, which decompose until 520 K. Above this temperature

the surface mainly contains adsorbed LiF and Li2S (or/and Sad) species, and a small

amount of remaining carbonaceous species are visible. Finally, a peak remaining in the

N1s region with a BE of 397 eV, which at T > 520 K is shifted by 1 eV to lower BE

compared to NLixN, is again attributed to TiNx species. For annealing to higher tempe-

ratures, e.g., to 630 K, we would expect this species to disappear as well, similar to our

findings for annealing of a pure [BMP][TFSA] adlayer on TiO2(110).

Overall, the thermal decomposition of [BMP][TFSA] in interaction with codeposited

Li does not seem to depend on the sequence of evaporation, whether Li is evaporated

first followed by [BMP][TFSA] deposition or the other way around.

3.6.4 Summary and Conclusion

Employing XPS and STM measurements for chemical and structural characterization,

we have investigated the interaction of [BMP][TFSA] with a well-defined TiO2(110)

surface, and the influence of Li thereon. For comparison, the interaction of Li with the

bare TiO2(110) substrate was investigated as well. The results of the present study in

combination with previous results lead us to the following conclusions:

1. In the temperature range between 80 K and 380 K, [BMP][TFSA] adsorbs as in-

tact ion pairs on the substrate, with both anion and cation in direct contact with
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the surface. At 80 K, the [BMP][TFSA] ion pairs are adsorbed in lines along the

TiO2(110)(1x1) [001] direction and uniformly cover the surface. The adsorbed spe-

cies are highly mobile, molecular resolution STM imaging of the IL was only pos-

sible at this temperature and for a coverage of around 1 ML, while for other con-

ditions only frizzy features could be resolved.

2. Above 380 K, the adsorbed IL starts to decompose in a complex multistep mecha-

nism. Sad, Fad, TiNx and also adsorbed CxHyN species are detected by XPS, which

at T > 530 K further decompose to carbonaceous species. The reaction products

fit to earlier proposals for the [BMP][TFSA] decomposition based on quantum

chemical calculations.[193–195] According to this mechanisms the CxHyNz spe-

cies are presumably [BMP]+ species with one of the C-N bonds broken, while the

carbon containing species remaining at higher temperatures are butyl and me-

thyl fragments, which can further decompose.. The decomposition of the intact

[BMP][TFSA] is completed after heating to 560 K.

3. Li reacts already at 80 K with the TiO2(110) substrate, by intercalation into the

near surface region of the TiO2(110) crystal, which leads to the formation of Li+

and Ti3+ species, and, at higher coverages, by formation of a LixO cover layer.

Intercalation results in a stoichiometry which is very close to that of Li loaded LTO

(Li7Ti5O12). Upon heating to room temperature, the Ti3+ and Li+ species move

deeper into the TiO2(110) bulk, but for the amounts investigated here (up to 9 ML

equivalents of Li) they remain in the surface near region (in the topmost 5 nm), as

evidenced by XPS measurements at normal detection angle of the crystal.

4. Deposition of Li at 80 K onto a TiO2(110) substrate pre-covered by a [BMP][TFSA]

submonolayer film results in two competing reactions: reactive interaction of the

Li atoms with the [BMP][TFSA] adlayer and intercalation into the TiO2(110) sub-

strate forming intercalated Li+ and Ti3+ species. Reactive interaction between IL

adsorbate and Li results in decomposition products which are rather similar to

those obtained for thermal decomposition of [BMP][TFSA] on TiO2(110), such as

Li2S / Sad or LiF / Fad, but also additional peaks are found in XPS. Based on the

XP binding energies, F3C-O2S-N-Li+ and F3C-O2S-Li+ species are formed as well

as intermediate products such as SOx, in agreement with the theoretical proposals

mentioned above. For Li deposition with pre-deposited multilayer [BMP][TFSA]

films, the reaction with the IL is more efficient than diffusion of Li to the TiO2(110)
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surface, and reactive interaction with the TiO2(110) surface (intercalation) is the-

refore inhibited.

5. For temperatures up to ca. 340 K, the adlayer composition changes only little.

Mainly the Sd2 peak vanishes, indicating that F3C-O2S-Li+ is further decompo-

sed. At higher temperatures further decomposition takes place: The remaining

intact [BMP][TFSA] as well as the intermediate decomposition products F3C-O2S-

N-Li+, SOx and CxHyNz species react with the Ti3+ and Li+ species in the substrate,

forming similar reaction products as obtained for the thermal decomposition of

[BMP][TFSA] on TiO2(110), such as Fad/LiF, Sad/Li2S and TiNx/LixN and some

residual carbonaceous compounds. The decomposition of [BMP][TFSA] upon re-

active interaction with TiO2(110) and Li is complete at a temperature of 420 K, the

one of F3C-O2S-N-Li+ at 520-570 K. The Ti3+ species consumed in the decompo-

sition process are reformed above 420 K. When evaporating [BMP][TFSA] on a

TiO2(110) surface pre-covered with Li, the IL decomposes partly already at 300 K.

Since this was not the case on pure TiO2(110), this higher reactivity is mainly attri-

buted to the Ti3+ species intercalated in the surface near region. Upon heating to

higher temperatures the decomposition process of [BMP][TFSA] is similar to that

on samples where Li is deposited on TiO2(110) pre-covered with [BMP][TFSA].

Overall, this study gained detailed insight on a molecular level on the reactive interacti-

on of [BMP][TFSA] with a TiO2(110) substrate and on the effect of Li on this interaction.

These insights will be highly valuable and provide a solid basis for subsequent stu-

dies on the interaction between IL based electrolytes and TiO2 electrodes and on the

initial stages of the formation of the solid-electrolyte interphase (SEI) between these

compounds in lithium ion battery applications.
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In the present thesis the interaction of the ILs [BMP][TFSA], [OMIM][TFSA] and

[EMIM][TFSA] on single crystalline surfaces was investigated as simplified model sys-

tems of the SEI formation at Li ion battery electrodes. The structure formation of the

molecules at the UHV-solid interface, which gives access to molecule-molecule and

molecule-substrate interactions under moisture-free and well defined conditions, was

one key aspect of this thesis, mainly by conducting STM measurements on these in-

terfaces under UHV conditions. Also the (thermal) stability of these molecules at such

surfaces is from interest. The objective is to contribute to a fundamental understanding

of these interfaces, mainly on the structure and stability of the first adsorption layer.

As a first model system the interaction of [BMP][TFSA] with Au(111) was examined

(compare section 3.1). The reason for choosing this system was the need for a well un-

derstood, defined and controlable substrate on which the alignment of the adsorbed

IL molecules can be correlated with special properties of the substrate surface. It was

found that [BMP][TFSA] adsorbs with both ions directly in contact with the surface in

a layer-by-layer growth mode. Decomposition is not observed at RT; at temperatures

> 440 K it desorbs with (nearly) no residues on the surface. As measured with STM at

RT the [BMP][TFSA] adsorbates form a 2D liquid on the surface, which is frozen by

slowly cooling down to LN2 temperature, leading to island formation for submono-

layer coverage and a closed layer of adsorbates at a coverage of around 1 ML, with the

IL adsorbates aligned in 2D crystalline and 2D glass domains on the surface. Prefer-

red adsorption sides are the substrate steps and the elbow sides of the Au(111) surface

reconstruction, therefore island formation also starts from these sides, for the steps is-

land formation preferably starts from the ascending sides. The IL adsorbates appear

as round shaped protrusions and pairs of longish protrusions, were it was proposed

(based on comparisons to XPS measurements on [OMIM][TFSA] on Au(111)[62]) that

one round protrusion represents one cation adsorbed with the ring oriented to the sur-

face and the alkyl chain bending up from the surface. One pair of round protrusions

therefore represents one anion adsorbed in cis-conformation with the SO2 groups bin-

ding to the surface and the CF3 groups pointing toward the vacuum.
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The work on the adsorption behavior of [BMP][TFSA] on Au(111) provides a mo-

del for this system, but to prove the trueness of this proposal, further evidence was

necessary, e.g., by theoretical calculations. Unfortunately, the reconstruction pattern of

the Au(111) surface requires the use of large unit cells for calculations, making DFT-

calculations on this surface very complicated. Therefore, investigations were expan-

ded to a more favorable system for DFT calculations: [BMP][TFSA] on Ag(111), which

shows no surface reconstruction pattern. To make it comparable to the former inves-

tigation, STM measurements comparable to the ones conducted on [BMP][TFSA] ad-

sorbed on Au(111) were performed, assisted by DFT-D calculations. For the adsorp-

tion of [BMP][TFSA] on Ag(111) a very similar adsorption behavior was found com-

pared to the one on Au(111). As described further in section 3.2 a 2D liquid phase

of [BMP][TFSA] molecules is present on the surface at RT, upon cooling down to ca.

80 K 2D crystalline and 2D glass phases form with the IL adsorbates appearing as

round shaped protrusions and pairs of longish protrusions. A detailed comparison bet-

ween the adsorption on Au(111) and Ag(111) is given in section 3.3. DFT-D calculati-

ons simulate the adsorption geometry of adsorbed ion pairs on the Ag(111) surface.

In the calculations an adsorption geometry was found fitting to the proposed ones

for [BMP][TFSA](section 3.1) and [OMIM][TFSA][62] on Au(111). STM images simu-

lated from the DFT-D results are in agreement with the appearance of the IL ions as

round shaped protrusions next to pairs of longish ones in the measured STM images.

These findings also confirm the proposed adsorption geometry on Au(111), which is

in principal identical to the one on Ag(111). Nevertheless, the substrate has an influ-

ence on the ordering of the molecules in the 2D crystalline structure relative to each

other and the distribution of the 2D crystalline and 2D glass domains/islands (mono-

layer/submonolayer coverage) on the surface. Since Ag(111) forms no reconstruction

pattern preferred adsorption sides are only found at the steps, therefore condensation

can only start from there leading to much larger islands/domains on Ag(111) than on

Au(111). On terraces of the Ag(111) substrate wider than ca. 10 nm often only a single

domain of the 2D crystalline structure is found, stretching across hundreds of nm (as

long as the layer was prepared properly), whereas the 2D glass structure was main-

ly found on terraces narrower than 10 nm, where the combination of the surrounding

steps seems to trap the adsorbed molecules between its energy barriers and additio-

nally hinder the IL adlayer to form the long range ordered 2D crystalline phase. The

alignment of the molecules relative to each other in the 2D crystalline phase is also

different for adsorption on Ag(111) compared to Au(111).
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The influence of the cation type on the adsorption behavior and structure forma-

tion was subject of section 3.4. Here ILs with imidazolium based cations with different

lenghts of their alkyl chains (ethyl - octyl), but the same anion as in the IL [BMP][TFSA]

were investigated. This change in cation had no larger influence on the structure for-

mation in the IL adlayers. The behavior at RT with the formation of a 2D liquid phase

on the surface and at 80 K with the formation of 2D crystalline and 2D glass phases

and the appearance of the adsorbed IL molecules itself in the STM images is very simi-

lar. Therefore we believe that the structure formation is mainly dictated by the need to

optimize the anion (which is in all three ILs the same one) interactions to the substrate

and maybe also to the surrounding IL cations to form a stable adsorption geometry.

This is supported by the observation that also in the 2D glass phase local adsorption

geometries similar to the ones in the 2D crystalline phases are formed.

Changing the substrate from the very inert noble metals Au(111) and Ag(111) to a

more reactive Cu(111) substrate also changes the adsorption behavior completely. Since

already at RT decomposition of the adsorbed [BMP][TFSA] molecules is observed, STM

is more strongly assisted by XPS measurements to elucidate the decomposition pro-

ducts formed. [BMP][TFSA] adsorbs intact on Cu(111) at LN2 temperature, forming

branched and quasidendritic islands with monomolecular height on the surface. De-

composition of these adlayers takes place at temperatures between 300 and 350 K, no

matter if the adsorbates were deposited at lower temperatures and the sample was

heated up or if the [BMP][TFSA] was deposited directly on the Cu(111) surface at RT.

Especially the [TFSA]- anion is decomposed forming Sad (or CuS), which is found in

STM images to form long range ordered islands with monatomic height growing from

the Cu(111) steps. The higher reactivity of the Cu(111) surface compared to Au(111)

and Ag(111) therefore can be directly observed in the decomposition of the adsorbed

IL shortly above RT, while on Au(111) and Ag(111) no decomposition took place but

intact desorption at elevated temperatures.

As shown above, single crystalline metal surfaces are perfectly suited for basic mo-

del studies on the adsorption behavior of molecules in general and also of ILs in special

because they are well understood and well defined substrates, but, of course, they are

far away from real battery materials. Therefore investigations were expanded to oxi-

dic single crystalline substrates. Rutile TiO2 appeared to be a good candidate, since on

the one hand it can be used in battery systems (as polycrystalline powder), but on the

other hand the (110) surface facette of the single crystal is also understood quite well,

which makes it possible to use this surface as a substrate in a model study. In this stu-
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dy a slightly reduced sample was used with TiO2(110)(1x1) surface structure (compare

2.3.3). At LN2 temperature, [BMP][TFSA] adsorbs intact, as it was also the case for me-

tallic substrates. In contrast to the latter surfaces, on rutile the adsorbed molecules do

not form islands, but are very mobile even at this low temperature. Above 380 K decom-

position of the [BMP][TFSA] adsorbates takes place, forming Sad, Fad, TiNx and CxHyN

species (which further decompose to carbonaceous species at higher T) in a complex

multistep mechanism. The decomposition is complete at around 560 K.

To simulate more closely an SEI it is necessary to incorporate Li in the investigated

model systems. This has been done for the system [BMP][TFSA]|TiO2(110), where ther-

mal decomposition mechanisms has already been investigated. First, the interaction of

Li with the pure substrate is investigated: Li reacts already at 80 K with the surface for-

ming intercallated Li+ and Ti3+ species and some LixO at the surface. The intercallated

species are located in the near surface region, but diffuse deeper into the substrate at

higher temperatures due to higher mobility in the crystal.

Deposition of Li on a pre-deposited [BMP][TFSA] layer leads to decomposition of the

[BMP][TFSA] even at 80 K and formation of LiF / Fad, LixS / Sad, Li3N and LiCxHyN,

F3C-O2S-N-Li+, F3C-O2S-Li+ and intermediates such as SOx. Parallel to the decomposi-

tion reaction with the [BMP][TFSA] adlayer also reaction with the substrate and inter-

calation of Li+ takes place. Heating up the sample above 340 K leads to further decom-

position in a complex multistep mechanism (details see 3.6). Another very interesting

observation is that [BMP][TFSA] is decomposed at lower temperatures on a TiO2(110)

sample predeposited with Li (which instantly reacts with the surface) compared to a

clean TiO2(110) sample, which can only be attributed to the Ti3+ species in the near

surface region being more reactive than the (normal) TiO2(110) surface.

Overall, this work contributes to a deeper understanding of the interaction of ILs

with solid matter on a molecular scale and its interaction with Li. Of course, the fin-

dings presented here are limited to model studies in UHV and can only cover a limited

amount of ILs and surfaces, but we are confident that this work will be continued fur-

ther and that our fundamental research will be used as basis for further UHV studies,

theoretical calculations and that it helps interpreting the results of future in situ STM

investigations of the IL|solid interface in electrochemical cells. Maybe, with a better un-

derstanding of the IL|electrode interface, it is possible in future to achieve a systematic

optimization of this interface to built better Li ion batteries.
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In der vorliegenden Arbeit wurde die Wechselwirkung der ionischen Flüssigkeiten

[BMP][TFSA] und [EMIM][TFSA] mit verschiedenen einkristallinen Oberflächen (OFn)

als vereinfachte Modellsysteme für die Bildung der sog. SEI (solid electrolyte inter-

face; Grenzfläche zwischen Elektrode und Elektrolyt) an den Elektroden von Li-Ionen-

Batterien untersucht. Ein Kernaspekt dieser Arbeit ist in diesem Zusammenhang die

Anordnung der IL-Moleküle an der Grenzfläche UHV-Feststoff und die Molekül-

Molekül und Molekül-Substrat-Wechselwirkungen, die für diese Strukturbildung ver-

antwortlich sind. Desweiteren sollen auch Informationen über die (thermische) Sta-

bilität dieser Adsorbatschichten erhalten werden. Die Untersuchungen wurden unter

(nahezu) kontaminationsfreien und gut definierten Bedingungen mittels STM im Ul-

trahochvakuum (UHV) durchgeführt. Ziel ist es zu einem grundlegenden Verständnis

der Grenzfläche IL-Feststoff beizutragen, wobei der Schwerpunkt der hier vorgestellten

Untersuchungen auf der ersten Moleküllage liegt. Zunächst soll das Adsorptionssys-

tem [BMP][TFSA] auf Au(111) betrachtet werden. Dieses System wurde als Startpunkt

ausgewählt, da Au(111) eine der am besten untersuchten und verstandenen Oberflä-

chen darstellt, vergleichbar einfach zu präparieren und damit gut kontrollierbar ist. Da-

durch ist es möglich Eigenschaften der darauf adsorbierten IL-Molekülschicht und de-

ren Strukturbildung direkt einzelnen Charakteristika der Au(111) Oberfläche (wie z.B.

seiner Oberflächenrekonstruktion) zuzuordnen. [BMP][TFSA] adsorbiert auf Au(111)

mit beiden Ionen in direktem Kontakt zur OF und wächst bei Bedeckungen > 1 ML

in Schichten auf (Frank-van-der-Merwe-Wachstum). Bei Raumtemperatur konnte kei-

ne Zersetzung der adorbierten Schichten festgestellt werden; bei Temperaturen höher

als 440 K findet Desorption statt, wobei (fast) keine Rückstände auf der OF verblei-

ben. STM Messungen durchgeführt bei Raumtemperatur ergaben, dass die Adsorbate

eine mobile Phase (= 2D-Flüssigkeit) auf der OF bilden, die durch Herunterkühlen der

Probe auf LN2-Temperatur kondensiert, wodurch sich bei Bedeckungen kleiner 1 ML

Adsorbatinseln auf der OF bilden, bei einer Bedeckung von 1 ML bildet sich eine ge-

schlossene Lage, wobei die Anordnung der IL-Moleküle innerhalb dieser Inseln/ die-

ser Lage sowohl 2D-kristallin als auch 2D glasartig sein kann. Bevorzugte Adsorpti-
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onsplätze sind dabei die Stufenkanten des Substrats als auch die sog. "elbows" der

Au(111)-Oberflächenrekonstruktion, die als Kondensationskeime für die Inselbildung

der IL-Adsorbate dienen; bei den Stufenkanten findet die Inselbildung immer an der

aufsteigenden Stufenkante statt. Die IL-Adsorbate erscheinen im STM als runde und

paarweise angeordnete längliche Erhebungen. Aufgrund von Vergleichen mit der Li-

teratur, in der basierend auf winkelaufgelösten XPS-Messungen Adsorptionsgeometri-

en für [OMIM][TFSA] auf Au(111) postuliert wurden,[62] wurden die Erhebungen im

STM folgendermaßen zugeordnet: eine runde Erhebung repräsentiert ein [BMP]+ Kati-

on, welches mit seinem Ring auf der OF adsorbiert ist und dessen längere Alkylkette

von der OF hochsteht. Ein Paar länglicher Erhebungen steht für ein [TFSA]- Anion,

welches in cis-Konformation über seine SO2-Gruppen auf der OF adsorbiert ist, die

CF3 Gruppen sind in Richtung des Vakuums orientiert.

Mit den Untersuchungen an [BMP][TFSA] auf Au(111) war es möglich einen detai-

lierten Vorschlag für die Adsorptionsgeometrie der adsorbierten IL-Ionenpaare und

die Strukturbildung in der ersten Lage zu machen. Um diesen Vorschlag zu über-

prüfen war es allerdings notwendig weitere Untersuchungsmethoden mit einzube-

ziehen, z.B. DFT-Berechnungen. Leider ist Au(111) ein ungünstiges Substrat für DFT-

Berechnungen, da es wegen seiner Oberflächenrekonstruktion die Betrachtung von ver-

hältnismäßig großen Einheitszellen nötig macht. Aus diesem Grund wurde ein zweites

Substrat, Ag(111), in die Untersuchungen mit einbezogen, welches keine Oberflächen-

rekonstruktion aufweist. Um vergleichbar mit den zuvor auf Au(111) durchgeführten

Messungen zu bleiben, wurden für die Adsorption von [BMP][TFSA] auf Ag(111) dies-

selben STM-Messungen durchgeführt wie vorher und durch DFT-D Berechnungen er-

gänzt. Für die Adsorption von [BMP][TFSA] auf Ag(111) wurde, verglichen zu der-

jenigen auf Au(111), ein sehr ähnliches Verhalten gefunden. Bei Raumtemperatur bil-

den die adorbierten Molekülpaare ebenfalls eine 2D-Flüssigphase. Wenn auf ca. 80 K

abgekühlt wird, bilden sich 2D-kristalline und 2D-glasartige Phasen, in denen die IL-

Adsorbate als runde und paarweise längliche Erhebungen erscheinen. Ein detailier-

ter Vergleich des Adsorptionsverhaltens wird in Abschnitt 3.3 durchgeführt. In DFT-D

Rechnungen wurde nun die Adsorptionsgeometrie von [BMP][TFSA]-Ionenpaaren auf

Ag(111) berechnet, wobei gefunden wurde, dass diese mit derjenigen übereinstimmt,

die auch für [BMP][TFSA] und [OMIM][TFSA] auf Au(111) angenommen wurde. STM-

Bilder, die aus den DFT-D Ergebnissen simuliert wurden, stimmen ebenfalls mit dem

Erscheinungsbild der IL-Adsorbate als runde und paarweise angeordnete längliche Er-

hebungen in den gemessenen STM-Abbildungen überein, was wiederum die angenom-
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mene Adsorptionsgeometrie bestätigt. Da das Erscheinungsbild der IL-Adsorbate im

STM auf Au(111) als auch auf Ag(111) quasi identisch ist, wird angenommen, dass

auch die Adsorptionsgeometrie der Moleküle auf den beiden Substraten sehr ähnlich

bis identisch ist. Nichtsdestotrotz kann ein Einfluss der Substrate auf die Anordnung

der Ionenpaare relativ zueinander und die Verteilung von 2D-kristallinen und 2D-

glasartigen Inseln/Domänen (Submono-/Monolagenbedeckung) auf den OFn festge-

stellt werden. Da Ag(111) keine Oberflächenrekonstruktion ausbildet, stellen nur die

Stufenkanten bevorzugte Adsorptionsplätze dar, wodurch bei der Kondensation der

2D-Flüssigphase beim Abkühlen nur von dort Inselbildung erfolgt. Aus diesem Grund

bilden sich auf Ag(111) wesentlich größere Inseln als auf Au(111). Auf Terrassen der

Ag(111)-OF, die breiter als 10 nm sind, wird oft nur eine Domäne der 2D-kristallinen

Struktur gefunden, die sich dafür über hunderte Nanometer entlang und quer zur Stu-

fenrichtung erstrecken kann. Auf Terrassen schmäler als ca. 10 nm werden dagegen

hauptsächlich Domänen 2D-glasartiger Struktur gefunden. Hier scheinen die umlie-

genden Stufenkanten die Adsorbate zwischen ihren im Vergleich zu den Terrassen er-

höhten Energiebarrieren einzuschließen und auch die Ausbildung einer 2D-kristallinen

Phase zu behindern. Die Anordnung der Moleküle relativ zueinander ist in den 2D-

kristallinen Phasen auf Ag(111) im Vergleich zu Au(111) ebenfalls unterschiedlich.

Der Einfluss des Kations auf das Adsorptionsverhalten und die Strukturbildung war

Gegenstand von Abschnitt 3.4. Statt des zuvor verwendeten Pyrrolidin-basierten Kati-

ons in [BMP][TFSA] werden nun zwei ionische Flüssigkeiten mit Imidazolium-basierten

Kationen verwendet, wobei diese beiden sich wiederum nur durch die Länge ihrer

Alkyl-Seitenketten voneinander unterscheiden. Das Anion bleibt für alle untersuch-

ten ionischen Flüssigkeiten unverändert. Die Änderung des Kationtyps hatte keinen

großen Einfluss auf die Strukturbildung in den IL Adsorbatschichten (vergleiche auch

Abschnitt 3.4). Die Bildung einer 2D-Flüssigphase bei RT und von 2D-kristallinen und

2D-glasartigen Phasen bei 80K und das Erscheinungsbild der Ionenpaare selber im

STM sind sehr ähnlich. Aus diesem Grund glauben wir, dass die Strukturbildung haupt-

sächlich von den Wechselwirkungen des Anions (welches in allen drei ILs dasselbe ist)

mit dem Substrat und evtl. zu den umliegenden Kationen abhängt. Nur wenn die Posi-

tion des Anions auf der Oberfläche optimiert ist, ist es möglich eine energetisch stabile

Adsorbatstruktur zu erhalten. Diese Schlussfolgerung wird zusätzlich durch die Beob-

achtung gestützt, dass die lokalen Adsorptionsgeometrien in der 2D-Glasphase ähnlich

denen in der 2D-kristallinen Phase sind.

Wenn man nun anstatt der inerten Edelmetalle Ag(111) und Au(111) eine reaktive-
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re Oberfläche wie Cu(111) betrachtet, verändert sich das Adsorptionsverhalten von

[BMP][TFSA] drastisch. Da bereits bei RT eine Zersetzung der adsorbierten [BMP]-

[TFSA]-Moleküle festgestellt wurde, wurden die STM-Messungen durch XPS-

Messungen ergänzt um die dabei entstehenden Zersetzungsprodukte bestimmen zu

können. Bei einer Temperatur von 80 K adsorbiert [BMP][TFSA] intakt auf Cu(111),

wobei es verzweigt-quasidendritische Inseln mit monomolekularer Höhe auf der OF

bildet. Die Zersetzung dieser Adschichten findet ab Temperaturen zwischen 300 K und

350 K statt, wobei es unerheblich ist, ob die Adsorbate bei niedrigerer Temperatur auf-

gedampft und anschließend erwärmt wurden oder direkt bei diesen höheren Tempe-

raturen aufgedampft wurden. Vor allem das [TFSA]- Anion wird hier zersetzt unter

Bildung von Sad (oder CuxS), welches in den STM-Bildern 2D-kristalline Strukturen

mit monoatomarer Höhe bildet, die von den Fronten der Stufenkanten der Cu(111)-

Oberfläche wachsen. Außerdem werden weitere Zersetzungsprodukte wie SOx,ad und

CF3,ad gebildet, die zu mobil sind um im STM detektiert werden zu können. Die ver-

glichen mit Au(111) und Ag(111) höhere Reaktivität von Cu(111) Oberflächen spiegelt

sich somit auch direkt im Verhalten der adsorbierten IL wider, die sich bereits bei etwas

über Raumtemperatur zersetzt, während sie auf Au(111) und Ag(111) erst bei wesent-

lich höheren Temperaturen ohne Zersetzung desorbiert.

Da die Eigenschaften von einkristallinen Metall-OFn im Detail bekannt sind und des-

wegen sehr oft als Substrate für Modellstudien verwendet werden, aber auf der ande-

ren Seite leider weit entfernt von realen Batteriematerialien sind, wurden die Unter-

suchungen auf einkristallinen oxidischen Substraten weitergeführt. In diesem Kontext

erscheint Rutil TiO2 als guter Kandidat, da es einerseits in realen Batteriesystemen ver-

wendet werden kann (meistens als polykristallines Pulver), aber andererseits z.B. auf

der (110) Facette ebenfalls den Vorzug eines sehr gut charakterisierten Systems bie-

tet (ähnlich den einkristallinen Metall-OFn) und sich somit für die Verwendung in ei-

ner Modellstudie eignet. In unserem Fall wurde ein leicht reduzierter Rutil-Einkristall

mit einer TiO2(110)(1x1) OF-Struktur verwendet (Details zur Substrat-OF können in

Abschnitt 2.3.3 gefunden werden). Bei LN2-Temperatur adsorbiert [BMP][TFSA] in-

takt auf dieser OF, wie es auch auf den metallischen OFn der Fall war. Im Gegen-

satz hierzu werden aber keine Adsorbatinseln auf der OF gebildet, sondern es liegt

eine 2D-Flüssigkeit trotz der niedrigen Temperatur vor. Über 380 K findet Zersetzung

der [BMP][TFSA]-Adsorbate statt, wobei Sad, Fad, TiNx und CxHyN-Verbindungen (die

wiederum bei höherer Temperatur zu kohlenstoffhaltigen Verbindungen zersetzt wer-

den) in einem komplexen mehrstufigen Zersetzungsmechanismus gebildet werden, der
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bei einer Temperatur von 560 K vollständig abgeschlossen ist.

Um näher an das Ziel der Nachbildung einer echten SEI heranzukommen wurde nun

der Einfluss von Li auf adsorbierte IL-Schichten untersucht, genauer für das System

[BMP][TFSA]|TiO2 und dessen (thermischen) Zersetzungsmechanismus. Zunächst

musste aber das Adsorptionsverhalten von Li auf TiO2(110) untersucht werden, da die-

ses nicht im Detail literaturbekannt war: Li reagiert bereits bei 80 K mit dem Substrat,

wobei Ti3+ und interkaliertes Li+ in der OF-nahen Substratregion und etwas LixO di-

rekt an der OF entsteht. Bei höheren Temperaturen diffundieren die Ti3+-Spezies und

das interkalierte Li+ tiefer in den Kristall, wahrscheinlich wegen des höheren Diffusi-

onskoeffizienten bei höherer Temperatur.

Abscheidung von Li auf einer zuvor abgeschiedenen [BMP][TFSA]-Schicht führt zu

einer teilweisen Zersetzungsreaktion des [BMP][TFSA] schon bei 80 K und der Bildung

von Zersetzungsprodukten wie LiF / Fad, LixS / Sad, Li3N, LiCxHyN, F3C-O2S-N-Li+,

F3C-O2S-Li+ und Intermediate wie SOx. Parallel zu der Zersetzungsreaktion der [BMP]-

[TFSA]-Adsorbatschicht findet ebenfalls eine Reaktion des Li mit dem Substrat und In-

terkalation von Li+ statt. Wenn die Proben auf über 340 K erwärmt werden, findet wei-

tere Zersetzung statt, wobei hier wiederum ein komplexer mehrstufiger Zersetzungs-

mechanismus anzunehmen ist (Details siehe Abschnitt 3.6). Eine sehr interessante Be-

obachtung ist hierbei, dass [BMP][TFSA] auf einem TiO2(110) Substrat, bei dem zuvor

Li interkaliert wurde, bei niedrigeren Temperaturen zersetzt wird als auf reinem TiO2.

Dies kann nur auf eine höhere Reaktivität der dann ebenfalls vorhandenen Ti3+-Spezies

zurückgeführt werden im Vergleich zu normalem Rutil.

Zusammengefasst trägt diese Arbeit zu einem tieferen Verständnis der Wechselwir-

kungen von Ionischen Flüssigkeiten mit Feststoffoberflächen auf molekularer Ebene

und dem Einfluss von Li auf diese Grenzflächen bei. Die hier präsentierten Ergebnis-

se sind begrenzt auf Modelluntersuchungen im UHV und können natürlich nur eine

begrenzte Menge an untersuchten ILs und OFn umfassen. Wir sind aber zuversicht-

lich, dass die hier begonnene Arbeit fortgeführt wird und dass unsere grundlegen-

den Modelluntersuchungen Verwendung finden als Ausgangsdaten für weitere UHV-

Messungen und theoretische Berechnungen und dass sie helfen die Ergebnisse von zu-

künftigen elektrochemischen in-situ STM-Messungen zur IL|Feststoff-Grenzfläche zu

verstehen. Am Ende ist es damit vielleicht möglich diese Grenzflächen soweit zu verste-

hen, dass man diese kontrolliert optimieren kann um damit bessere Li-Ionen-Batterien

zu bauen.
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6.1 Supplementary information to [BMP][TFSA] on Ag(111)
(Section 3.2)

Figure 6.1: The STM images at 300 K do not allow to identify single IL entities, however, stripy
features, which are not observed on clean Ag(111), are visible, i.e., molecules in a 2D gas adlayer,
which diffuse rapidly on the time scale of the STM experiment and cannot be visualized. ((a)
UT = -0.40 V, IT = 100 pA, (b) UT = -0.40 V, IT = 80 pA)
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Figure 6.2: In large-scale STM images three orientations of the 2D ordered phase by multiplies
of 120° are found (only one orientation per terrace), which indicates that these domains are in
registry with the underlying surface. ((a) UT = -1.47 V, IT = 90 pA, (b) UT = -1.49 V, IT = 60 pA)

Figure 6.3: A 2D melting temperature of the ordered 2D solid phase of 180 ± 10 K was reprodu-
ced. At 180 K we still observed the ordered 2D solid phase, while at 190 K we observed stripy
features, which are attributed to a 2D gas adlayer. ((a) UT = -1.24 V, IT = 40 pA, (b) UT = -1.25 V,
IT = 80 pA)
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Figure 6.4: Unit cell of the Ag(111) covered by the periodic 2D crystalline IL adlayer containing
two ion pairs per unit cell. The unit vectors of this cell are chosen such that they are aligned with
the rows of dots in the STM images (see Fig. 3.8b, text). A simpler notation would be a (9 x 4) unit
cell. Grey lattice: Ag surface atoms, compact blue and grey entities: adsorbed [BMP]+ species,
colored entities: adsorbed [TFSA]- entities.
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6.2 Supplementary information to [EMIM][TFSA] and
[OMIM][TFSA] on Ag(111) and Au(111) (Section 3.4)

Figure 6.5: STM images of [EMIM][TFSA] and [OMIM][TFSA] on Ag(111) and Au(111) when
heating up from 90 K to RT when the 2D disordered domains are already molten, but with the
2D crystalline domains still stable. (a: T = 190 K, UT = -1.10 V, IT = 60 pA; b: T = 215 K, UT =
-1.06 V, IT = 100 pA; c: T = 149 K, UT = -1.10 V, IT = 20 pA; d: T = 227 K, UT = -1.63 V, IT = 60 pA;
ΔT = ± 5 K)
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6.3 Supplementary information to [BMP][TFSA] on Cu(111)
(Section 3.5)

Figure 6.6: Large scale STM image recorded after vapor deposition of [BMP][TFSA] at 80 K (STM
measurement at 100 K). It shows the same island morphology as depicted in Fig. 3.30 upon va-
por deposition at 200 K. (b) STM image recorded after vapor deposition of [BMP][TFSA] on
Cu(111) at 80 K and subsequent heating to ~300 K, showing the same square structure as obser-
ved after vapor deposition at ~300 K (see Fig. 3.28). The structure is highlighted at a magnified
scale in (c).
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6.4 Supplementary information to [BMP][TFSA] and Li on
TiO2(110) (Section 3.6)

Figure 6.7: (a) XP detail spectra from the same experiment as the ones shown in Fig. 3.34, but
taken at 0° detection angle: (a) clean TiO2 (topmost spectra) and increasing amounts of Li eva-
porated onto this surface. (b) XP spectra recorded after slowly heating the sample overnight to
300 K.
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6.4.1 Calculation of the LixO overlayer thickness after evaporation of Li on
TiO2(110)

The thickness of the LixO overlayer was calculated following ref. [211]:

ILixO = ILixO,∞ ·
[

1− exp

(
− d

λO1s(LixO,LixO) · cosθ

)]
(6.1)

d = −λO1s(LixO,LixO) · cosθ · ln
(

1− ILixO

ILixO,∞

)
(6.2)

where d is the thickness of the overlayer, λ the mean free path of the emitted electrons

from the O1s peak in LixO damped by LixO and θ the detection angle relative to the

surface normal, ILixO,∞ the intensity of the O1s signal of bulk Li2O and ILixO the O1s in-

tensity originated by the LixO layer. λ is calculated to be 2.52 nm from the NIST electron

effective attenuation length database[217] which is based on calculations by Powell et

al. and measurements by Jablonski et al.[218, 219]. This gives a mean escape depth of

0.5 nm when measuring at 80°. The mean escape depth is defined following ref. [218].

θ is corrected for the refraction of the emitted photoelectron wave at the surface barrier

from 80° to 77.2° following refs. [220, 221]. ILixO,∞ is calculated from the bulk O1s ruti-

le signal by taking into account the difference in stoichiometry of oxygen per formula

unit, in the density of the materials and in the EALs following ref. [211].

Alternatively the thickness was calculated using the damping of the O1s(LTO) or the

Ti2p signals, following ref. [211]:

ILTO = ILTO,∞ · exp

(
− d

λTi2p/O1s(LTO,LixO) · cosθ

)
(6.3)

d = λTi2p/O1s(LTO,LixO) · cosθ · ln ILTO,∞

ILTO
(6.4)

where ILTO is the intensity of the Ti4++Ti3+/O1s(LTO) peaks, ILTO,∞ the ones calcula-

ted for bulk LTO (analogously to ILixO,∞ and λTi2p/O1s(LTO,LixO) the mean free path of

electrons emitted from Ti2p/O1s core levels in LTO in the LixO cover layer.
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Figure 6.8: XP detail spectra of 4.7 ML [BMP][TFSA] deposited on TiO2(110) at 80 K (topmost
spectra) and step by step post deposition of 6 ML of Li.
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6.5 Register of STM and XPS data used in Figures

Table 6.1: Register of the used STM images

Figure source
2.5 20110624_1_1
2.6a 20120426_14
2.6b 20120404_12
2.6c 20120514_19
2.6d 20120514_57
2.7d 20120514_14
2.8a 20110624_1_1
2.8b 20111230_7
2.8c 20110426_6
2.9a 20110427_1_11
2.9b 20110426_5
2.10a 2012_05_25_017
2.10b 2012_07_09_109
2.11a 2012_07_09_104
2.11b 2012_07_09_085
2.11c 2012_06_13_002
2.11d 2012_07_09_119
2.13a 2014_07_28019
2.13b 2014_12_04022
2.14a 2014_07_10029
2.14b 2014_07_28012
3.3a 20110615_07
3.3b 20110615_40
3.3c 20110615_1_24
3.3d 20110621_09
3.4a 20110629_1_07
3.4b 20110630_16
3.4c 20110630_60
3.4d 20110630_1_05
3.4e 20120308_24

Figure source
3.5a 20120612_10
3.5b 20120522_5_5
3.6a 20120516_2_33
3.6b 20120518_19-34
3.6c 20120518_35-63
3.7 20120605_18–63
3.8a 20120516_43
3.8b 20120516_47
3.11b 20120516_2_33
3.12b 20110615_38
3.12c 20110628_17
3.12d 20120307_34
3.13 20120612_41
3.13 inset 20120522_5_8
3.14 20120604_45-63
3.15a 20120308_51
3.15b 20120308_24
3.15c 20120522_5_4
3.15c inset 20120522_5_4
3.16a 20120308_5
3.16a inset 20110630_16
3.16b 20120308_62
3.16b inset 20110630_1_5
3.16c 20120516_2_29
3.17 20120604_35-41
3.19a 20120918_45
3.19b 20120924_16
3.19c 20120920_25
3.19d 20120924_63
3.20a 20120702_2_12
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Figure source
3.20b 20120903_58
3.20c 20120709_2_3
3.20d 20120903_22
3.21a 20121126_7
3.21b 20121106_28
3.21c 20121119_32
3.21d 20121106_19
3.21e 20121106_23
3.22a 20121126_2_25
3.22b 20121126_2_24
3.22c 20121126_2_29
3.22d 20121126_2_21
3.22d inset 20121126_2_22
3.23a 20120117_27
3.23b 20120117_38
3.24a 20110523_01_12
3.24b 20120102_57
3.24c 20120102_59
3.24d 20120102_56
3.25a 20120102_61
3.25b 20120102_55
3.26a 20120924_16
3.26b 20120709_2_3
3.27a 20121106_28
3.27b 20110523_01_12
3.27c 20120102_59
3.28a 20120710_050

Figure source
3.28b 20120710_005
3.28c 20120704_041
3.28d 20120710_078
3.29a 20120611_RT_16
3.29b 20120515_33
3.29b inset 20120522_5_4
3.30a 20140414_031
3.30a inset 20140414_007
3.32a 2014_12_04013
3.32b 2014_07_28013
3.32c 2014_10_13014
3.32d 2014_10_13012
3.36a 2014_12_04020
3.36b 2014_12_04011
6.1 20120611_RT_5
6.2 20120518_2_5
6.2 20120522_5
6.3 20120522_5_59
6.3 20120615_8
6.5a 20120924_1_34
6.5b 20120709_3_49
6.5c 20121126_2_59
6.5d 20110523_01_59
6.6a 20140129_046
6.6b 20140409_043
6.6c 20140409_042

Table 6.2: Register of the used XPS data

Figure source
3.2 external
3.9 20130731
3.30 80 K 20140410+11
3.30 300 K 20140409
3.31 20140930
3.33 20140930

Figure source
3.35 20150216
3.37 20150218
3.38 20150608
3.39 20150609
6.7 20150216
6.8 20141023
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At the ionic liquid|metal interface: structure formation
and temperature dependent behavior of an ionic
liquid adlayer on Au(111)

Benedikt Uhl,ab Till Cremer,c Michael Roos,ab Florian Maier,c Hans-Peter Steinrückc

and R. Jürgen Behm*ab

The growth, structure formation and thermal disordering of (sub-)monolayer films of 1-butyl-1-

methylpyrrolidinium-bis(trifluoromethylsulfonyl)imide [BMP][TFSA] grown under ultrahigh vacuum

(UHV) conditions on Au(111) have been investigated using scanning tunneling microscopy (STM) and

angle resolved X-ray photoelectron spectroscopy (ARXPS) under UHV conditions at temperatures between

100 and 298 K. At room temperature, two-dimensional film growth occurs up to one monolayer

coverage, with both cations and anions in direct contact with the gold substrate, as shown by ARXPS,

and STM images reveal a 2D liquid state of the adlayer. At lower temperatures, motion is frozen and a

disordered 2D glass state as well as a 2D crystalline phase with long-range order are formed. The

structure of the 2D crystalline phase is influenced by the underlying Au(111) reconstruction pattern.

Annealing experiments reveal that the 2D crystalline phase is thermally more stable against melting than

the 2D glass state, and that the stability is strongly affected by the adsorbate coverage.

Introduction

Ionic liquids have attracted considerable interest in recent
years because of their unusual physical properties, such as
high ionic conductivity, low flammability, high thermal stabi-
lity, very low vapour pressure, high electrochemical stability
and the stability as a liquid over a wide temperature range.1–4

These features render them interesting for many applications,
e.g., for electrodeposition of (non-waterstable) metals5,6 or as
solvents for chemical reactions1,7 and extraction processes.8,9

In recent years they received additional attention because of
their stability over a wide potential range (wide electrochemical
window), which makes them interesting as solvents in electro-
chemical applications, for example as electrolytes in lithium
ion batteries.10,11 Among other ionic liquids, 1-butyl-1-methyl-
pyrrolidinium-bis(trifluoromethylsulfonyl)imide [BMP][TFSA]
emerged as a promising new solvent for this application.12–15

Structural models of the cation and the anion of this ionic
liquid are shown in Fig. 1. For electrochemical applications,
the interface between the electrolyte and the surface of the
electrode is decisive. A deeper insight into the processes and

the structures in the solid–liquid boundary layer is crucial, e.g.,
for a systematic development of better battery systems. There
have been several studies on bulk [BMP][TFSA] in contact with a
metal surface using, e.g., cyclic voltammetry (CV), atomic force
microscopy (AFM) and in situ scanning tunneling microscopy
(STM).16,17 Nevertheless, the structure and structure formation
of the ionic liquid [BMP][TFSA] at the surface is still an open
question and could not be clarified so far. An alternative
approach to investigate the IL|metal interface involves studies
of ultrathin IL films, in the order of submonolayers up to

Fig. 1 Models of the energy minimized structures of [BMP] (1-butyl-1-methyl-
pyrrolidinium) and [TFSA] (bis(trifluoromethylsulfonyl)imide) (grey: C, white: H,
blue: N, red: O, yellow: S, green: F).
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several molecular layers, which are deposited in situ from the gas
phase. This approach was first applied for n-alkyl-imidazolium
[TFSA] films on Au(111),18 using ARXPS as an experimental
method to probe the adsorption behavior. These ultrathin films
are also very well suited for STM investigation, to obtain direct
structural information on the surface arrangement under UHV
conditions. Waldmann et al.19 recently succeeded in imaging an
ionic liquid layer, in that case 1-butyl-1-methylpyrrolidinium
tris(pentafluoroethyl)trifluorophosphate [BMP][FAP] adsorbed
on Au(111), with submolecular resolution at low temperatures.
While at room temperature these authors detected only frizzy
features along the fast scan direction in the STM images,
indicative of rapidly moving adsorbates in a mobile 2D gas or
a 2D liquid phase, they could resolve round shaped protrusions
in the STM images at a sample temperature of around 210 K.
These protrusions did not exhibit any long-range order, but a
short-range ordered arrangement with a mean distance of
0.45 � 0.02 nm between the protrusions and no preferential
orientation (2D glass or 2D disordered phase). There was also
no indication that the Au(111) surface reconstruction affects
the lateral distribution of the adsorbate species. From the
dimensions of the protrusions in the STM image and the
distances between them the authors ruled out that the protru-
sion represents a single ion species and the other ion is placed
between the protrusions, since the size of the [BMP] cation as
well as the [FAP] anion is too big for this. A definite structural
assignment, however, distinguishing e.g., between structures
with one ion located on top of the other one in a ‘‘sandwich
alignment’’ or with alternating [BMP] cations and [FAP] anions
in the same layer, was not possible from these data.

Structural information, in particular on the vertical distribu-
tion of the adsorbed species and the atoms therein in a monolayer
of adsorbates, was also obtained by ARXPS.18,20,21 This was
demonstrated, e.g., by Cremer et al.18 for the adsorption of
1,3-dimethylimidazolium-bis(trifluoromethyl)imide ([C1C1Im][Tf2N] =
[MMIM][TFSA])18 and 1-methyl-3-octylimidazolium-bis(trifluoro-
methyl)imide ([C8C1Im][Tf2N] = [OMIM][TFSA])18 on Au(111).
Note that due to a different definition of ML in ref. 18 (1 ML =
saturated layer of vertically arranged ion pairs vs. saturated
single layer of alternating anions and cations used herein), the
coverages given there have to be multiplied by a factor of 2,
which is done in the following. For [MMIM][TFSA], in the
submonolayer regime of up to B0.8 ML Cremer et al. observed
shifts of all C 1s and N 1s peaks relative to the signals at higher
coverages or in the bulk, an overproportional high intensity of
the F1s signals, and lower intensities of the cation signals than
expected from the nominal stoichiometry. Based on these
observations the authors concluded that: (i) the anions are
positioned between the cations, with both in direct contact to
the surface, but the anions slightly higher on the surface than
the cations which leads to a slight damping of the cation signal
for grazing electron emission; (ii) the CF3 groups point towards
the vacuum and the O-atoms bind to the surface; (iii) the
imidazolium ring is lying flat on the surface, which results in
a slightly higher position of the anion atoms compared to those
of the cation. The latter has also already been assumed by

Sobota et al. for [C4C1Im][Tf2N] on Al2O3 based on infrared
reflection absorption spectroscopy (IRAS) measurements.22 For
[OMIM][TFSA], the situation was found to be slightly different:
as compared to [MMIM][TFSA], one additional peak is observed
in the C 1s region, which corresponds to the additional alkyl
chain of the cation. For coverages o0.6 ML, the octyl chains lie
flat on the surface, as deduced from the nearly stoichiometric
intensity ratio of 5 : 7 between the C(hetero) and C(alkyl) peaks.
Between 0.6–1.2 ML, the overproportional increase in intensity
of the C(alkyl) peak and a binding energy shift of this peak
compared to the C(hetero) peak indicate that the octyl chains
stand up and point towards the vacuum, in order to accom-
modate additional molecules next to the surface.

The structure formation of the ILs depends also strongly
on the chemical nature of the substrate. From similar ARXPS
experiments described above, thin films of [MMIM][TFSA]
deposited on a Ni(111) substrate were proposed to initially
adsorb in a structure where the cations lie flat in direct contact to
the surface, and the anions are located on top of the imidazolium
ring of the cations.20 A similar behaviour was also reported for
[EMIM][TFSA] adsorbed on glass substrates.23 On Ni(111), at
higher coverages of B0.8 ML, the arrangement changes to an in
plane checkerboard structure of alternately oriented ion pairs,
and it was assumed that this change is induced by repulsive
dipole–dipole interactions between neighbouring ion pairs
with the same orientation, which increase at higher surface
coverage due to the lower intermolecular distances. While these
angle-resolved XPS measurements allow for determining the
vertical arrangement of the ionic liquid on the surface, unambi-
guous conclusions on the details of the lateral arrangement are
difficult to achieve. This requires techniques which provide
direct access to the surface structure such as STM or AFM.

In this paper we present results of a combined STM and ARXPS
study on the adsorption and structure formation of [BMP][TFSA] on
Au(111), where ARXPS gives information on the vertical distribution
of the atoms/molecules on the surface and their electronic state,
while STM gains information on the lateral arrangement of the
molecules. To the best of our knowledge, this is the first publication
where it was possible to resolve and identify anions and cations of
an ionic liquid adsorbed to a surface, in contrast to previous studies.

Results
Adlayer structure at room temperature

In a first step, we investigated the structure formation of a
[BMP][TFSA] adlayer on a Au(111) substrate at room tempera-
ture. STM images of a Au surface covered by a monolayer film of
[BMP][TFSA] show the typical pattern of the Au(111) herringbone
reconstruction,24 but with considerable noise (not shown). This
noise does not appear on a clean, adsorbate free Au(111) surface,
i.e., it is characteristic of the [BMP][TFSA] adlayer. Similar findings
were reported by Waldmann et al.19 for a Au(111) surface covered
by a [BMP][FAP] ([FAP] = tris(pentafluoroethyl)trifluorophosphate)
adlayer and by Foulston et al.25 for a Au(110) surface covered by
a [EMIM][TFSA] (1-ethyl-3-methylimidazolium-bis(trifluoromethyl-
sulfonyl)imide) adlayer. Our RT STM images do not indicate any
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IL-induced modification of the surface reconstruction, as it was
reported in an electrochemical in situ STM study by Atkin
et al.17 At open circuit potential, the latter authors found a
wormlike pattern with holes in the gold surface with a depth of
about 1.5–2.0 nm. Hence, the interaction between [BMP][TFSA]
and Au(111) at the electrified solid|liquid interface may lead to
additional restructuring not present during adsorption under
UHV conditions. The noise in our measurements is ascribed to
mobile adsorbed [BMP][TFSA] species on the surface, which pass
through the surface–tip junction and modify the tunnel current.
Based on these observations and analogous to Waldmann et al.19

and Foulston et al.,25 we conclude that at room temperature the
ionic liquid adlayer forms a 2D-liquid on the surface.

In order to characterize the initial growth, we recorded ARXP
spectra at RT as a function of deposition time, similar to investiga-
tions on ultrathin n-alkyl-imidazolium [TFSA] films on Au(111).18

Fig. 2a shows the attenuation of the Au 4f substrate signals with an
increasing amount of IL deposited up to nominal 2.8 nm film
thickness, which corresponds roughly to the height of seven layers
(ML) of IL molecules. The spectra were recorded under bulk
sensitive (01 emission relative to surface normal, information
depth B9 nm) and under surface sensitive (831, information
depth B1.1 nm) conditions. The exponential decrease of the
measured Au 4f signal intensities with increasing film thick-
ness, which was obtained in both geometries, agrees well with

the behavior predicted for layer-by-layer growth (solid and
dashed curves). In addition, cation and anion related core level
binding energies were evaluated as a function of film thickness,
as shown for the surface sensitive geometry (831) in the C 1s
and the N 1s region (Fig. 2b and c). For a closed layer of IL
molecules, all signals are shifted by around 1.1 eV towards lower
binding energy compared to the thicker films with thicknesses
exceeding the information depth for this high surface sensitivity
(B1.1 nm information depth corresponding to B2.8 ML
[BMP][TFSA]). As shown earlier for imidazolium [TFSA] films
on Au(111),18 this shift clearly reveals that both cations and
anions are directly adsorbed on the metal surface, most likely
next to each other in a so-called ‘‘checkerboard arrangement’’.18

No deviations from the nominal IL stoichiometry could be
detected for emission at 831 in the coverage regime of up to
1.0 ML (i.e., up to one closed layer of IL molecules). In particular,
the Nanion/Ncation ratio for all films is one within the margin of
error. Hence, a sandwich type adsorption, with the cation in
direct contact to the metal surface and the anion on top such as
in the case of imidazolium [TFSA] ILs on Ni(111),20 can unequi-
vocally be ruled out. In Fig. 2b, the Calkyl signal does not increase
in intensity (relative to the other peaks) when a closed layer is
reached; this differs from the findings for [OMIM][TFSA] on
Au(111), where the octyl chains were found to be oriented
towards the vacuum for a full ML.18 Conclusions on the orienta-
tion of the alkyl chains in the case of [BMP][TFSA] are, however,
not straightforward in the present case: while for [OMIM][TFSA],
the Calkyl peak originates from 7 carbon atoms in the octyl chain
only, in [BMP][TFSA] it is composed of only 3 carbon atoms in
the much shorter butyl chain plus the 2 carbon atoms in
the pyrrolidinium-ring with only carbon neighbours. As the
former and the latter are at opposite sides of the molecule, an
unequivocal differentiation between a flat-lying molecule (ring
and chain) and upright standing molecules (ring and chain)
with the butyl chains towards the vacuum side is not possible,
given the error bars of the measurements. All in all, the ARXPS
measurements of the interface IL layer at room temperature do
not reveal any significant preferential adsorption or orientation
of molecules, which is in agreement with our STM observations
described above.

Adlayer structure at low temperature

Upon cooling to lower temperatures, surface diffusion is slowed
down and finally the adlayer is frozen and the adsorbed species
can be resolved in STM images. Since cooling was done very
slowly (ca. 2 K min�1), these images resolve the structure of the
adlayer in thermal equilibrium at the temperature where the
adlayer structure is frozen because of too low mobility for
maintaining the stable equilibrium structure. Two types of
structures are found on the surface, one with short-range order,
but no long-range order (see Fig. 3), which in the following is
termed as ‘‘2D glass’’, and a structure with a well defined long-
range order (see Fig. 4), in the following named as ‘‘2D crystalline’’
structure. It depends sensitively on the preparation procedure
which structure is dominant; mostly both are obtained in varying
amounts. The physical origin for the high sensitivity to the

Fig. 2 ARXP spectra of [BMP][TFSA] thin films deposited at room temperature on
Au(111) as a function of deposition time. The film thickness is given in monolayers
of ion pairs (one layer of [BMP][TFSA] corresponds roughly to 0.8 nm film
thickness). (a) Relative intensity of the Au 4f substrate signal plotted against
deposition time, solid symbols are measured in 01 (bulk sensitive), open symbols
are measured in 831 (surface sensitive) electron detection angle relative to the
surface normal. The dashed and the full line represent an exponential decay
calculated for a homogeneous [BMP][TFSA] layer considering only inelastic scatter-
ing for the two different detection angles.18 (b) and (c): Cation signals (Calkyl and
Chetero, atoms marked with circles and asterisks, respectively; Ncation) and anion
signals (Canion, Nanion), recorded at surface sensitive detection angle of 831.
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preparation process is not yet resolved. We assume that it
strongly depends on the cooling rate of the sample and that
very small changes, smaller than what can be controlled in our
instrument, lead to a different phase distribution on the sur-
face. These observations also indicate that energetically the two
phases are rather similar, which allows for the observed differ-
ences in adlayer composition at the temperature of formation/
crystallization. In addition, also the terrace width and, for the
full monolayer, the adlayer density may play a role.

Fig. 3 shows a series of STM images with different increasing
adlayer coverages recorded at temperatures between 100 and
120 K. The adlayers were prepared by evaporation of [BMP][TFSA]
with the effusion source at 373 K. The coverage in Fig. 3a was
produced by three minutes of evaporation at 298 K sample
temperature, the higher coverage adlayers in Fig. 3b–d were
obtained by repeated evaporation for another 1 min in each
case. Before each evaporation step, the sample was warmed
up to room temperature outside the STM, for imaging it was
cooled down to 100 K, where no more mobility is visible. The
ionic liquid adsorbates appear as round dots, which in the
submonolayer regime form islands on the Au(111) surface.
This indicates already the presence of attractive interactions
between the adsorbates. Between the islands, we see the Au(111)
surface with its typical herringbone reconstruction. [BMP][TFSA]
adsorbs preferentially at the step edges of the Au(111) surface.
This is obvious, e.g., in Fig. 3a–c. The IL adsorbates are prefer-
entially adsorbed at the upper side of the step edges, forming
lines along the steps. This indicates a stronger substrate–
adsorbate bond at the step atoms. At the lower side, in front
of the ascending step edges, adsorbate islands are attached to

the step, pointing to nucleation and growth of 2D islands at the
ascending step.

In the 2D glass adlayer structure, the ionic liquid adsorbates
do not show any long-range order, neither within the islands
nor in the closed layer. This is illustrated in Fig. 3d, which
shows an STM image of a closed adsorbate layer together with a
Fast Fourier transformation (FFT) of that image in the inset.
The FFT exhibits a broad circle, but no discrete spots, reflecting
the absence of any long-range order. This can be described as a
2D glass state of the adsorbates, with short-range order only. The
average diameter of the circle in the FFT is 1.05 � 0.05 nm�1,
which corresponds to a mean distance to the next neighbours of
0.95 � 0.05 nm. For comparison, the dimensions of the cation
and the anion of [BMP][TFSA] in the gas phase were estimated
with a MM2 force field implemented in the ChemBioOffice 2010
software package (this is not an exact calculation, but good enough
to determine the dimension of the molecules). The result is

Fig. 3 STM images of [BMP][TFSA] covered Au(111) surfaces at different coverages:
(a) 0.36 ML (UT =�2087 mV, IT =�0.040 nA, T = 103 K), (b) 0.66 ML (UT =�1907 mV,
IT = �0.050 nA, T = 113 K), (c) 0.88 ML (UT = �1790 mV, IT = �0.060 nA, T = 120 K)
and (d) full coverage (UT = �1736 mV, IT = �0.060 nA, T = 103 K). The inset in
(d) shows the Fourier transformation of this image.

Fig. 4 STM images of ordered domains of [BMP][TFSA] in the (a) submonolayer
regime (UT = �1846 mV, IT = �0.060 nA, T = 102 K) and (b) monolayer regime
(UT = �1846 mV, IT = �0.030 nA, T = 110 K). (c), (d) Higher resolution images in the
monolayer regime, resolving rotational domains of the adlayer ((c): UT =�1846 mV,
IT = �0.040 nA, T = 140 K; (d): UT = �1846 mV, IT = �0.040 nA, T = 139 K). (e) Detail
view of the structure in the submonolayer regime. The unit cell of the adlayer phase
is marked with white lines, the positions of the round shaped protrusions (adsorbed
cations) are marked with black dots and those of the pairs of longish protrusions
(adsorbed anions) with black lines in the unit cell (outside the unit cell with
black ovals for better visibility), (UT = �1846 mV, IT = �0.050 nA, T = 102 K) and
(f, g) structure models, giving distances and angles. The accuracy of the distances
and angles is �0.04 nm and �21, respectively.
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shown in the structure model in Fig. 1: it gives a maximum
diameter of 0.91 nm both for the cation and also for the anion,
which fits very well to the value obtained from the FFTs. The
density of the protrusions was evaluated from B20 STM
images, yielding a value of 0.61 � 0.03 nm�2. Calculating the
density from the average next neighbour distance derived from
the FFT, and assuming that the ions have a round shape and
are closely packed gives a density of 0.78 � 0.08 nm�2. This is
clearly more than obtained from the evaluation of STM images
as in Fig. 3, which reflects the less dense packing in the non-
perfectly ordered adlayer.

Long-range ordered structure

Next we concentrate on the long-range ordered 2D crystalline
structure. Fig. 4a resolves this structure in an island in the
submonolayer regime, Fig. 4b shows it in a closed layer of
[BMP][TFSA] adsorbates. In the submonolayer regime, most of
the adsorbed species are included in islands on the terraces
with the periodic structure, but there are also disordered islands
on the surface. Mostly, the latter ones are smaller and are
attached to steps or to the elbows of the Au(111) reconstruction
pattern. In general, each island of the ordered structure consists
only of a single domain of that structure. In addition, on top of
descending steps, the [BMP][TFSA] adsorbates form a single line
of admolecules as observed before (see Fig. 3). As also described
for Fig. 3, [BMP][TFSA] adsorbates also form islands attached to
the ascending steps, but in the presence of an ordered island on
the lower terrace the islands in front of the steps are much
smaller and only a few protrusions wide. Apparently, the ordered
islands act as effective traps for diffusing [BMP][TFSA] adsor-
bates, indicating that 2D condensation at the perimeter of the
ordered islands is energetically more favourable than at a dis-
ordered one. In a closed layer (or at coverages close to 1 ML), it is
also possible that different rotational domains of the ordered
structure coexist. These may be in direct contact to each other,
but mostly they are separated by an area with a disordered phase
in between. Apparently, during cool-down of the sample a
reorientation of domains is hindered by kinetic limitations.
The disordered regions in between the ordered domains can
be considered to be extended domain boundaries.

The different rotational domains have defined orientations
relative to that of the underlying Au(111) reconstruction pattern.
The reconstruction pattern of the Au(111) surface always points
into the same direction as the connection line through the
‘‘double dots’’ in the ordered adlayer phase (marked in Fig. 4c).
When the dislocation lines of the Au(111) herringbone pattern
bend by 1201, the [BMP][TFSA] structure is not able to follow this
change and the structure mostly breaks down over the area where
the direction of the dislocation lines differs from that of the
connection line through the double dots. This occurs both in the
mono- and in the submonolayer regime. An example is shown in
Fig. 4b, where the ordered structure changes periodically into a
disordered phase. At these positions, the orientation of the
Au(111) reconstruction pattern does not fit to the orientation of
the ordered structure of the surrounding domain (see above). For
coverages close to a full monolayer, where domains of different

orientations were formed by coalescence of differently oriented
islands, it is likely that the domain boundary is located on top of
an orientation change of the subjacent Au(111) reconstruction.
But also the opposite case, where the adlayer overgrows the area
with ‘wrong’ orientation of the dislocation lines without dis-
ordering, was frequently observed (see, e.g., Fig. 4b). In the
submonolayer regime (also Fig. 4b), the island edges are often
placed on top of a line along the elbows in the Au(111)
herringbone reconstruction.

As the ordered structure follows the Au(111) reconstruction
and there are only 3 orientations of the dislocation lines possible
for the Au reconstruction with angles of 1201 in between (because
of the threefold symmetry of the Au(111) surface), there are only
3 orientations on the surface possible for the ordered structure of
the adsorbates. Considering also that the adsorbate unit cell is a
parallelogram, the structure can form two orientations in each
direction which are mirror symmetric to each other, so that
6 orientations are possible in total. This is illustrated in Fig. 4c
and d, which shows rotational domains of the structure and the
angles between. In Fig. 4c, the two domains are rotated by 1201,
which would be consistent with formation of different rotational
domains of the Au(111) reconstruction pattern. In Fig. 4d, four
domains (I–IV) are resolved, where the line through the double
dots (marked as an almost vertical dashed white line in the
image) runs in the same direction in all domains. The two
domains in the upper half of the picture show exactly the same
orientation, but compared to the two domains in the lower half
of the picture the orientation of the zigzag lines (along the dots)
differs by 241 (2 � (90 � 78)1). Therefore, the two sets of
domains are mirror symmetric to each other and chiral.

Molecular structure assignment

Fig. 4e, recorded on an island in the submonolayer coverage
regime, shows a more detailed view of the molecular structure.
Here the circular structures are marked with black dots for
better visibility. Also the longish protrusions are well resolved
in this detail picture. They are aligned in lines which are
oriented in a herringbone pattern, in the other direction they
are parallel to the general orientation of the zigzag lines. These
longish protrusions are also observed in the disordered 2D
glass adlayers. Also in that case they lie in between the dots and
are arranged in pairs, but without a visible long-range order.
The density of the dots relative to that of the longish protru-
sions was evaluated in B10 STM images, both in the ordered as
well as in the disordered structures, and it was always found to
exhibit a ratio of exactly 1 : 2 (dots: longish protrusions).

The resulting unit cell in Fig. 4e is indicated with white
lines. One lattice vector goes along the zigzag line, the other
one is along the connection line of the dot pairs, with an angle
of 681 between the two lattice vectors (which often coincides
with the orientation of the dislocation line in the underlying
Au(111) reconstruction). A schematic representation of the adlayer
structure is given in Fig. 4f and g, including the measured
distances and angles between the protrusions. The unit cell has
a dimension of 4.20 � 0.04 nm � 3.37 � 0.04 nm with an angle
of 68 between the unit vectors, and an area of 13.1 � 0.3 nm2.
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It includes 8 protrusions, yielding a density of 0.61 nm�2. This is
exactly the same density as derived above in the disordered phase.
The shortest distance between two protrusions is 0.73 � 0.04 nm.

In a closed adlayer of [BMP][TFSA] on Au(111), the structure
looks very similar, but the shape and dimensions of the unit
cell differ slightly, with side lengths of 3.79 nm � 2.89 nm
(�0.04 nm each) with an angle of 78 � 21 in between. This
results in a unit cell area and a density of the protrusions of
10.7 � 0.03 nm2 and 0.75 � 0.05 nm�2, respectively. Hence, the
density is significantly higher than in the disordered phase and
in the ordered islands, indicating that in the closed adlayer the
phase is more compressed.

So far, we have not discussed the identity of the different
motifs, of the round dots and the longish protrusions. Consider-
ing their stoichiometry and the fact that the longish protrusions
are always paired, one may assume that the dots resemble one
type of ion and the pairs of longish protrusions the other one.
Another possibility is that one dot together with one longish
protrusion resembles one ion type and another longish protru-
sion the other ion. To distinguish between anions and cations,
it is often helpful to vary the tunneling voltage or to invert the
voltage between the tip and the sample. This should lead to a
different appearance in the STM image, since other orbitals are
addressed, especially when molecules with very different electro-
nic structures are imaged. Unfortunately, we did not find any
significant voltage dependence in the appearance of these
features in STM images. The physical reason for this is not yet
clear and will be subject to further investigation.

Another possibility is to compare the calculated sizes of the
molecules to the measured sizes of the protrusions. Because the
molecules have many conformational and rotational degrees of
freedom and STM does not show directly the geometric propor-
tions but electron densities, this can also be only an estimate.
Assuming a cubic packing geometry, the size of an ion pair was
previously calculated from the density of the bulk to be
0.79 nm.17 From ARXPS measurements, we know that at room
temperature both ion types are in direct contact to the surface,
hence they have to be next to each other. When we put as a rough
estimate both ion types next to each other on the surface with
the dimensions given in Fig. 1, without considering distances
between the ions, we obtain a minimum area for the ion pairs of
0.62 nm2. Assuming a minimum distance of 0.17 nm (estimated
from the molecule dimension and the van der Waals radii of the
outer atoms26) in between the ions, this would yield a minimum
area of 1.1 nm2. In the ordered structure shown in Fig. 4, one dot
and two longish protrusions occupy an area of between 1.64 nm2

(submonolayer coverage) and 1.34 nm2 (monolayer coverage), as
calculated from the size of the unit cell. This fits well to the size
required for an ion pair of the ionic liquid.

Evaluating more than 100 dots in B10 STM images, the
round shaped protrusions have a diameter of 0.70 � 0.04 nm
(full width at half maximum), equivalent to an area of
0.38 � 0.06 nm2. A longish protrusion occupies an area of
0.42 � 0.06 nm2, as calculated from the FWHM of a pair in both
directions. We can compare that with the size of an adsorbed
[TFSA] anion. The orientation of the [TFSA] anion relative to the

surface has already been discussed earlier,18 and it was found
for [MMIM][TFSA] and [OMIM][TFSA] on Au(111) that the anion
has a cis-conformation on the surface with the O-atoms point-
ing to the surface and the CF3 groups pointing to the vacuum.
This conformation is also shown in Fig. 1 for the [TFSA] anion.
Assuming this conformation, the anion has a length (longest
direction) of approximately 0.9 nm, which is more than the size
of either the dots or the longish protrusions. On the other
hand, if we assume that two longish protrusions represent one
adsorbed anion, oriented with the anion lying orthogonal to the
protrusions, the length would fit. In that case, the longish
protrusion could originate from the orbitals of the CF3 groups
in the adsorbed [TFSA] anions, and the dots represent the
adsorbed [BMP] cation. From the size of the dot an adsorption
geometry of the cation with the alkyl chain parallel to the
surface (i.e., a length of B0.91 nm) is unlikely. However,
a geometry with the cation perpendicular to the surface and
the butyl chain pointing towards the vacuum would be con-
sistent with the observations and would also explain that the
dots appear much higher than the anions (note that due to
the electronically equivalent Calkyl atoms in the ring and in the
chain in this cation, XPS is not sensitive to the molecular
orientation). A similar conformation was indeed reported earlier
for the adsorption of similar type cations, but with a longer alkyl
chain, adsorbed on Au(111).18

In total, the above arguments indicate that [BMP][TFSA] is
adsorbed in a very similar way to [MMIM][TFSA] and sub-
monolayers of [OMIM][TFSA] on Au(111), with the alkyl chain
of the cation standing upright and pointing away from the
surface and the anion adsorbed in a cis-conformation with the
O-atoms pointing to and the CF3-groups pointing away from
the surface. In that case the round shaped protrusion in the
STM images are assigned to adsorbed [BMP] cations and the
two longish protrusions to one adsorbed [TFSA] anion. It should
be noted that our data do not allow conclusions on the charge
state of the adsorbed ions and hence on possible discharging of
the ions during adsorption.

Thermal ordering

To obtain more information on the transition from the 2D
liquid at RT to the 2D crystalline solid at 100 K, we investigated
the order–disorder transition and the process of disordering at
temperatures higher than 110 K by slowly heating the sample to
room temperature during STM imaging. In general, the noise
level increased with increasing temperature, and getting ‘‘good’’
pictures with a low noise level became more difficult. This agrees
well with the picture of a thermally induced increasing mobility
of the adsorbates. Looking in more detail, however, the thermal
mobility depends sensitively on the coverage and structure of the
adlayer, differing, e.g., between islands in the submonolayer
regime and closed monolayers, and 2D glass phase and 2D
crystalline phase. Islands of the disordered adsorbed ionic liquid
phase could be detected and resolved up to a temperature of
113 K at lower coverages (see, e.g., in Fig. 3a and b). At coverages
close to a full monolayer, the adsorbates could be resolved in the
2D glass phase up to 173 K. Hence, closed layers are more stable
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against ‘‘melting’’ than the islands of the adsorbed ionic liquid.
At coverages near a full monolayer and at temperatures between
113 and 173 K, motion of the adsorbates is visible as stripy
noise in between areas with 2D solid. At lower coverages, also
the distance to the island perimeter plays a role. While far away
from the island perimeter, the Au(111) surface can be imaged
sharp and with only little noise, the adsorbate free surface around
an island and the ionic liquid adsorbates at the border of an
island appears more and more noisy with increasing temperature.

The islands and domains with long-range order show a very
similar behavior, but in this case even higher temperatures are
necessary to ‘‘melt’’ the structure, 170 K for islands at sub-
monolayer coverage and 225 K in the closed monolayer. It should
be noted that the IL adsorbates, which were present as 2D glass
around or between 2D crystalline islands or domains, are already
highly mobile at temperatures well below these melting tempera-
tures and appear only as noise in the STM images.

These results show that the long-range ordered islands and
domains are more stable than the disordered ones, although
the difference cannot be large since it is possible to form both
structures during cool down. The higher stability of the ordered
phase can easily be explained by the stronger effective adsorbate–
adsorbate interactions, resulting from the higher density of that
phase and the higher number of pairwise interactions. This also
explains the higher stability of the adlayer structure in the
(denser) closed monolayer film than in the islands. Furthermore,
the islands in the submonolayer regime can undergo a 2D
sublimation process, i.e., they are less stabilized by the dilute
2D gas phase compared to the monolayer film, where the
density is much higher.

Finally we would like to note that we did not detect a
transition from the 2D glass state to the 2D solid at 250–265 K,
as it was concluded by Souda and Günster et al.27,28 for a thin
film of 1-ethyl-3-methylimidazolium [TFSA] adsorbed on HOPG
and polycrystalline Au.

Conclusions

The growth, structure formation and thermal disordering of
(sub-)monolayer films of the ionic liquid [BMP][TFSA] on Au(111)
under UHV conditions were investigated by ARXPS and STM
between RT and 100 K. These measurements led to the following
conclusions:

(1) At room temperature ARXPS revealed an adsorption
geometry of the ionic liquid adsorbates in the first monolayer
where the [BMP] cation and the [TFSA] anion are in direct contact
to the surface. For higher coverages, the XPS data are compatible
with a layer-by-layer growth of the ionic liquid adlayers.

(2) STM reveals that the adsorbed species form a 2D liquid
on the surface at room temperature. Cooling down freezes the
mobility of the adsorbed species, leading to 2D crystalline or 2D
glass phases. Furthermore, island formation of the adsorbates
is observed in the submonolayer regime.

(3) Preferred adsorption sides are steps of the Au(111)
substrate as well as the elbows of the Au(111) reconstruction
pattern. Island formation on the terraces starts from the

ascending side of the steps and from the elbows of the
Au(111) reconstruction pattern, whereas on the upper terrace
side the steps are only decorated by a line of adsorbed mole-
cules. Two different (island) structures coexist on the surface,
one with extended, long-range order (‘2D crystalline solid’) and
one with short-range order only (‘2D glass’). The ratio between
these structures depends sensitively on the preparation proce-
dure and defect structure of the surface.

(4) The ionic liquid adsorbates appear as round shaped
protrusion (‘‘dots’’) and longish protrusions, where the latter
always appear in pairs. The dots represent the cations, the pairs
of longish protrusions the anions. The adsorption geometry of
the cation is assumed to be with the ring binding to the surface
and the alkyl chain sticking up from the surface into the vacuum.
For the anion, a cis-conformation on the surface with the O-atoms
pointing towards the substrate and the CF3 groups towards the
vacuum is assumed as most likely in analogy to [MMIM][TFSA]
and [OMIM][TFSA]. In this case, a dot in STM is mainly generated
by an upsticking alkyl chain and a longish protrusion by one CF3

group of the anion.
(5) STM measurements performed while slowly heating up

the sample show a melting of islands of the 2D glass phase at
113 K and of the crystalline phase at 170 K. In a closed layer, the
respective temperatures are 173 K and 225 K. Hence, the 2D
crystalline structures are more stable than the disordered ones,
both phases are more stable at monolayer coverage, in the
absence of regions with 2D liquid phase, than at submonolayer
coverages, where 2D evaporation on adsorbed species into adjacent
regions with the less dense 2D liquid is possible.

Experimental

The measurements were performed in two different UHV systems
(base pressure o4 � 10�10 mbar), one of them equipped with a
variable temperature, the other one with facilities for XPS measure-
ments, which were described in more detail elsewhere.18,20,29

In short, the STM measurements were performed with a
commercial Aarhus-type STM (SPECS; Aarhus STM 150); which
allows measurements at temperatures between 90 K and 400 K.
All images were performed in constant current mode with
tunneling currents between 40 and 100 nA at tunneling voltages
of 1–2 V. The Au(111)-crystal was purchased from MaTecK
GmbH and the ionic liquid [BMP][TFSA] from Merck in ultra-
pure quality. The Au(111) surface was cleaned by repeated
sputtering with Ar+ (0.5 keV, 4 mA) for 30 min, followed by
heating to 770 K for 30 min. The cleanness was checked by
STM, showing an atomically clean Au(111) surface with the
typical herringbone reconstruction pattern24 and terraces with
a width of >200 nm separated by monatomic steps. The ionic
liquid was evaporated onto the surface with a commercial
Knudsen effusion cell for organic molecules (Ventiotec, OVD-3)
at a temperature of 375 K (the evaporation rates were previously
checked by a quartz micro balance) with the Au(111) surface in
line of sight of the opening of the effusion cell. Prior to use,
[BMP][TFSA] was degassed in UHV for at least 24 hours in a
crucible, which had previously been baked out. During the
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evaporation process, the pressure in the chamber rose slightly
to 5 � 10�10 mbar. The adsorbate coverage was adjusted by the
length of the evaporation time. A monolayer coverage is defined
as the maximum coverage for one layer of ions in contact with
the surface, including both cations and anions. This differs from
the definition used by Cremer et al., who defined a monolayer as
a layer of ion pairs (on top of each other), which yields 50% lower
coverage values for the same number of adsorbed ions.18

To avoid misunderstandings, all coverage data from Cremer
et al. were converted by multiplying them by a factor of two.

The minimum energy structures shown in Fig. 1 were calcu-
lated using the MM2 force field implemented in ChemDraw 12.

The angle resolved XP spectra were measured with a VG
Scienta R3000 electron analyser and non-monochromatised
Al-Ka radiation (hn = 1486.6 eV) using a Specs XR 50 X-ray
gun at a power of B240 W (U = 12.5 kV, I = 19 mA) with a pass
energy of 100 eV. The overall resolution is 0.9 eV. The high
surface sensitivity of ARXPS is due the small inelastic mean free
path (IMFP) of the electrons, with value of B3.0 nm for the C 1s
and N 1s electron.18 At normal emission (01), the information
depth, ID (i.e., the depth contributing to 95% of the measured
signal), is about three times the IMFP; at 831, the ID is lower by a
factor of B8 (corresponding to the cosine of 831). Consequently,
the ID is 9 nm at 01 and only 1.1 nm 831. All binding energies
(BEs) reported are referenced to the Ni Fermi edge.
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I
onic liquids (ILs), which are molten salts
usually consisting of organic ions with a
melting point below 100 �C,1,2 have at-

tracted considerable interest in recent years
because of their unusual physicochemical
properties such as high ionic conductivity
and electrochemical stability, very low va-
por pressure, or low flammability. Due to the
large variety of combinations of different
anion�cation pairs, the properties of the ILs
can be adjusted over a wide range, making
them highly interesting molecular building
blocks for both fundamental research and
specific applications.1�4 One very interest-
ing application is their use as solvent in
electrochemical energy storage, where ion-
ic liquids could replace standard solvents in

lithium ion and lithiumair batteries.5�8 They
are also discussed as support-modifying
functional layers in heterogeneous catal-
ysis.9,10 For the successful transfer into ap-
plication, it would be highly desirable to
understand the processes at the IL|solid and
IL|vacuum interface on a fundamental level,
at the molecular scale. As one important
point, this includes the various aspects of
structure formation of ILs on flat surfaces, as
a model for the IL|solid interface.
In this paper we report results of a com-

bined experimental and theoretical study
on the adsorption and structure formation
behavior of the anion�cation pair 1-butyl-
1-methylpyrrolidinium bis(trifluoromethyl-
sulfonyl)imide, [BMP][TFSA], on Ag(111) under
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ABSTRACT The interaction between an adsorbed 1-butyl-1-methylpyrrolidinium bis(trifluoromethylsulfonyl)-

imide, [BMP][TFSA], ionic liquid (IL) layer and a Ag(111) substrate, under ultrahigh-vacuum conditions, was

investigated in a combined experimental and theoretical approach, by high-resolution scanning tunneling

microscopy (STM), X-ray photoelectron spectroscopy (XPS), and dispersion-corrected density functional theory

calculations (DFT-D). Most importantly, we succeeded in unambiguously identifying cations and anions in the

adlayer by comparing experimental images with submolecular resolution and simulated STM images based on

DFT calculations, and these findings are in perfect agreement with the 1:1 ratio of anions and cations adsorbed

on the metal derived from XPS measurements. Different adlayer phases include a mobile 2D liquid phase at

room temperature and two 2D solid phases at around 100 K, i.e., a 2D glass phase with short-range order and

some residual, but very limited mobility and a long-range ordered 2D crystalline phase. The mobility in the different adlayer phases, including melting of

the 2D crystalline phase, was evaluated by dynamic STM imaging. The DFT-D calculations show that the interaction with the substrate is composed of

mainly van der Waals and weak electrostatic (dipole�induced dipole) interactions and that upon adsorption most of the charge remains at the IL, leading

to attractive electrostatic interactions between the adsorbed species.

KEYWORDS: ionic liquids . scanning tunneling microscopy . density functional theory . surface chemistry . self-assembly .
molecule�molecule and molecule�substrate interactions
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ultrahigh vacuum (UHV) conditions in the submono-
layer to monolayer range, applying high-resolution
scanning tunneling microscopy (STM), X-ray photo-
electron spectroscopy (XPS), and dispersion-corrected
density functional theory (DFT-D) calculations.11

Despite numerous investigations, conducted both
in situ, in an electrochemical environment12�16 and
ex situ under UHV conditions,9,10,17�27 studies on the
interaction of IL monolayers with single-crystalline sur-
faces are rare. Cremer et al. studied the adsorption of 1,3-
dimethylimidazolium bis(trifluoromethylsulfonyl)imide
([MMIM][TFSA]) and 1-methyl-3-octylimidazolium bis-
(trifluoromethylsulfonyl)imide ([OMIM][TFSA]) ionic liquids
on Au(111) by angle-resolved X-ray photoelectron
spectroscopy (ARXPS) and concluded that at a cover-
age of up to 1.0 ML both anions and cations are in
direct contact with the surface, presumably in an
alternating arrangement.28 (Note that the authors of
that study defined a coverage of 1 ML as a saturated
layer of anions and cations on top of each other, while
in the present study we define a monolayer coverage
by using the number of adsorbed ions in direct contact
with the surface at saturation of the surface as refer-
ence. This requires multiplying the coverages from the
above group by a factor of 2, which is done in the
following.) In contrast to the findings for Au(111),
Cremer et al. found for [MMIM][TFSA] adsorption on
Ni(111) that up to coverages of ∼0.80 ML the ions are
vertically aligned, with the imidazolium cation directly
on the Ni surface and the corresponding anion on top
of it.26 By analyzing infrared reflection absorption
spectroscopy (IRAS) measurements with the help of
density functional theory (DFT) calculations, Sobota
et al. concluded that at submonolayer coverages the
adsorption geometry of an imidazolium-based IL on
Al2O3/NiAl(110) is likely to be a cis-conformation for
[TFSA]� anions, with the SO2 groups attached to the
substrate.29

In a very firstmolecular resolution STM investigation,
a short-range-ordered structure was resolved for the
1-butyl-1-methylpyrrolidinium tris(pentafluoroethyl)-
trifluorophosphate ([BMP][FAP]) ionic liquid on Au(111)
under UHV conditions at 200 K.30 Molecular objects in
the form of dots could be identified, which could be
either ion pairs in a double-layer arrangement or
individual ions, with both ions in contact with the
surface.More recently, STMmeasurements by Foulston
et al.31 on 1-ethyl-3-methylimidazolium bis(trifluoro-
methylsulfonyl)imide ([EMIM][TFSA]) adsorbed on Au-
(110) resolved molecular entities, which they assumed
to consist of closely associated ion pairs. However, in
neither of these cases was it possible to distinguish and
to molecularly identify anions and cations by STM
imaging. This is in contrast to other 2D ionic networks
involving adsorbed alkali ions (Csþ, Naþ, or Liþ) and
organic anions such as anionic carboxylate or tetra-
cyano-p-quinodimethane adsorbed on smooth noble

metal surfaces (Cu(100), Au(111)),32�34 where STM
identification of the respective adsorbed ions was
possible in several cases. The relative size difference
for the adsorbed IL species, however, is much less,
rendering the identification of anions and cations
much more complicated. In this context it is also of
pivotal importance to obtain information on the actual
ratio of adsorbed anions and cations on the surface. For
a detailed molecular scale understanding of the pro-
cesses at the IL|solid interface, the identification of
single adsorbed ions would be highly desirable, to-
gether with a similar understanding of the nature of
the substrate�adsorbate and adsorbate�adsorbate
interactions. This is the topic of the present work,
where the combination of high-resolution STM imag-
ing with submolecular resolution, XPS measure-
ments, and density functional theory-based calcula-
tions allows for an unambiguous identification of the
different adsorbed species and gives detailed insight
into the bonding situation of the adlayer, including
both substrate�adsorbate and adsorbate�adsorbate
interactions. To the best of our knowledge, this is the
first time that individual ions could be resolved and
identified in an IL adlayer, which is a prerequisite for
the detailed understanding of the solid|IL interface in
general. The latter in turn is the basis for systematic
improvements in related applications as described
above.

RESULTS AND DISCUSSION

To begin with, we discuss the adsorption behavior
of [BMP][TFSA] on Ag(111) based on large-scale STM
images at submonolayer and monolayer coverages.
STM images recorded at 300 K do not allow us to
resolve single IL entities. Instead, stripy features ap-
pear, which are not observed on the clean Ag(111)
surface (SI I). Therefore these features are related to
adsorbed IL entities in a 2D gas/2D liquid adlayer that
diffuse rapidly on the time scale of the STM experiment
and can therefore not be resolved.50�52 Similar obser-
vations were reported by Waldmann et al. for room-
temperature imaging of a [BMP][FAP] ionic liquid
adlayer on Au(111)30 and by Foulston et al. for
[EMIM][TFSA] on Au(110).31

In Figure 1 we present constant-current STM images
recorded at submonolayer (Figure 1a) and monolayer
coverage (Figure 1b) at around 100 K, where a mono-
layer is defined as the coverage required to completely
cover the surface. Figure 1a shows four silver terraces
(depicted as I, II, III, IV), which are covered with the
adsorbed IL species in different ways. On terrace I, we
find a large, long-range ordered and homogeneous
adsorbate phase without any internal domain bound-
aries. These large ordered areas are solely observed on
large silver terraces; small domains or islands of that
phase, separated by domain boundaries or other
phases, have not been observed on these terraces.
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(We here consider terraces to be large, if they exhibit a
width of at least 20�30 nm, and they extend mostly
over the entire scan area in the other direction, which
from experimental reasons was limited to 100 nm �
100 nm.) These areas, which shall be referred to as an
ordered 2D crystalline phase, mostly extend over the
entire terrace, from step to step (see also SI II), while
phase boundaries to an adjacent 2D liquid or 2D gas
phase were largely orthogonal to the steps. From the
reasons given above it was mostly not possible to
determine the lengths of these areas, as they exceeded
at least in one direction the STM scan area. Note that at
large terraces, at least close to the steps, we also
observed regionswhere the IL adsorbates are arranged
in a disordered way, which will henceforth be referred
to as a 2D glass phase. Terrace II (Figure 1a), which is
only ∼10 nm wide, shows an apparently uncovered,
adsorbate-free region; at least there is no adlayer
structure visible, neither ordered nor disordered. Noisy
features in the fast scanning direction are again attrib-
uted to highly mobile adsorbed species; that is, also
this area is not free of adsorbates. At the left side of
terrace II, two islands with arbitrary shapes grow from
the step. At the present resolution, these islands con-
sist of single dots, which are arranged in a disordered
way (see below). Terrace III (Figure 1a) shows a larger
region covered with a disordered 2D glass phase,
which extends from the left to the right step. Finally,
terrace IV (Figure 1 a) is nearly completely filled with
the disordered 2D glass phase.

Successively increasing the coverage (Figure 1b), the
2D crystalline phase is exclusively found on the large
terraces; in addition, also disordered regions are found
on large terraces close to the steps. Narrow terraces
(∼10 nm width) in Figure 1b are now completely filled
with the disordered 2D glass phase. As the influence of
the steps is much larger at narrow terraces, it is likely
that the interaction with these defects is responsible
for the formation of the disordered 2D glass phase,
inhibiting the ordering process. In large-scale STM
images, three orientations of the 2D crystalline phase
are found (only one orientation per terrace (SI II)),
whose orientation differs by multiplies of 120�. Hence,
these domains are rotationally aligned with the under-
lying Ag(111) surface lattice. The observation that large
terraces are largely occupied by large and homoge-
neous areas of 2D crystalline phase points toward
(weakly) attractive adsorbate�adsorbate interactions.
Next we concentrate on the dynamic behavior of

[BMP][TFSA] on Ag(111) at 100 K. Figure 2 shows the
boundary between an ordered 2D crystalline phase
and an adjacent 2D liquid phase, which typically
appears frizzy (Figure 2a). Such frizzy features are
generally due to surface mobility at the phase bound-
ary. Even though we used a high tunneling resistance
(Rt≈ 2�44 GΩ), we cannot totally exclude tip-induced
effects. Time sequences of STM images were acquired,
and selected images from two series are shown in
Figure 2b and c. The time interval from image to image

Figure 2. Constant-current STM images of [BMP][TFSA] on
Ag(111) recorded at ∼100 K. (a) STM image of the ordered
2D crystalline phase exhibiting frizzy features at the phase
boundary to the 2D liquid phase, which are presumably due
to exchange of adsorbed IL species at the phase boundary
between 2D solid and 2D liquid. Time sequences of
STM images with an image to image time of ∼25 s in (b)
andof∼6 s in (c) illustrate the dynamic changes at thephase
boundary ((a) Ut = �0.33 V, It = 150 pA), (b) Ut = �1.2 V, It =
90 pA, (c) Ut = �1.2 V, It = 100 pA).

Figure 1. Constant-current STM images of [BMP][TFSA] on
Ag(111) recorded at ∼100 K. (a) The STM image at sub-
monolayer coverage shows four silver terraces (indicatedby
numbers). Both an ordered 2D crystalline phase on the large
Ag terrace and a disordered 2D glass phase on small Ag
terraces (width ∼10 nm) could be resolved. (b) At mono-
layer coverage, the large terrace is occupied by the ordered
2D crystalline, while small terraces are covered by the
disordered 2D glass phase ((a) Ut = �0.42 V, It = 110 pA,
(b) Ut = �0.37 V, It = 130 pA).
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was∼25 s in Figure 2a and∼6 s in Figure 2b. The main
finding is that the interior of the domain remains stable
over time, while the location of the phase boundary
changes gradually. This behavior can be explained by a
2D adsorption�desorption equilibrium at the phase
boundary. The IL entities in the 2D liquid phase are
highly mobile and cannot be resolved.50�52

Dynamic STM measurements were also performed
at regions of the surface where both the ordered 2D
crystalline phase and the disordered 2D glass phase
coexisted. Selected images extracted from the time
lapse movie (see SI III) are shown in Figure 3. On the
right terrace, the features in the ordered 2D crystalline
phase remain highly stable over time. As in Figure 1a,
disordered regions are found close to the step. On the
left terrace, the STM time sequence shows that an
apparently uncovered region successively fills up with
IL species in the disordered 2D phase; that is, the phase
boundary changes with time. As discussed before, the
stripy features in the fast scan direction are presumably
due to highly mobile adsorbed IL species in a 2D liquid
phase.50�52 Thus, there is an exchange of adspecies at

the boundary between disordered 2D phase and 2D
liquid. In contrast to the 2D crystalline phase, the
adsorbed species in the disordered 2D phase are not
fully immobile; infrequent molecular jumps are ob-
served. Although we do not have experimental evi-
dence for that, such molecular motion would allow, at
least from a kinetic point of view, a slow transformation
from the 2D disordered phase into the 2D crystalline
phase. We assume, however, that both the interaction
with the steps and the absence of strongly attractive
adsorbate�adsorbate interactions prevent the adlayer
from ordering on small terraces or directly along the
steps on larger terraces. As described before, even at
low temperatures of around 100 K we did not observe
small islands of the ordered [BMP][TFSA] adlayer phase
on Ag(111), but just larger ordered areas.
In similar time-resolved measurements we could

resolve the 2D melting of the 2D crystalline phase.
The results were acquired by applying “slow” linear
heating ramps (∼0.5 K/min), starting from an initial
temperature of around 100 K. This way, we could
reproducibly determine a 2D melting temperature of

Figure 3. STM time sequence of [BMP][TFSA] on Ag(111) recorded at ∼100 K. On the left Ag terrace, the phase boundary
between disordered 2D glass and 2D liquid is monitored with a time interval from image to image of ∼12 s (every fourth
image is shown). Both the stripy features close to the phase boundary and the gradually changing phase boundary illustrate
the exchange of adsorbed IL species between the phases. The right terrace is partly covered by a stable 2D crystalline phase
(Ut = �0.86 V, It = 50 pA).
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the ordered 2D crystalline phase of 180( 10 K. Above
180 K, we observed stripy features, which are attrib-
uted to a 2D liquid adlayer (SI IV). The “melting”
temperature of the 2D glass phase is presumably
slightly lower than that of the 2D crystalline phase;
an accurate value cannot be given. However, extra-
polating the intrinsic motion in this phase at 100 K to
higher temperatures, a lower melting point compared
to the ordered 2D crystalline phase seems plausible. In
a more general sense, the presence of long-range
ordered islands with a low melting point and their
equilibrium with a surrounding 2D liquid phase point
to weakly attractive adsorbate�adsorbate interactions
and a low barrier for surface diffusion.
We now focus on the structure of the stable, ordered

2D crystalline phase. The high-resolution STM image
of this phase in Figure 4a resolves an alternating
sequence of pairs of longish protrusions and round
dots, where the latter are indicated by symbols in the
STM image. The dimensions of the unit cell are |a| =
2.3( 0.1 nm, |b| = 1.1( 0.1 nm, and R = 98( 5�, with
two dots and four longish protrusions per unit cell.
Hence, the ratio of dots to longish protrusions is 1:2
(Figure 4b). The pairs of longish protrusions as well as

the dots are aligned along one of the lattice vectors,
with always one line of dots followed by one line of
longish protrusions. Between successive lines of long-
ish protrusion their orientation changes by∼120�. This
together with the observation of three rotational do-
mains indicates that the adlayer is aligned along the
atomic lattice of the Ag(111) surface, most likely with
the lines oriented along the close-packed directions of
the Ag(111) surface.
To directly identify the ratio and composition of the

adsorbed ions on themetal, in addition to the structur-
al information gained by STM, XP data were acquired
on a Ag(111) surface covered by a submonolayer of
[BMP][TFSA] at room temperature (from the damping
of the Ag 3d signals a layer thickness of 3.5 Å was
calculated). The C 1s and N 1s core level signals, which
are common elements of both ions, are depicted in
Figure 5a and b. A molecular stick presentation for
[BMP][TFSA] is placed above the spectra; the color-
coded arrows refer to the corresponding XP peaks. In
the C 1s region (Figure 5a), the peak referred to as Calkyl
originates from five carbon atoms, i.e., three carbon
atoms in the butyl chain and two carbon atoms in the
pyrrolidinium ring, which both have solely carbon
neighbors. The peak referred to as Chetero is due to
the four carbon atoms with the nitrogen atom in the
ring as a neighbor, and Canion is attributed to the two
carbons in the anion; the nominal ratio of these peak
areas is 5:4:2. The experimentally determined peak
areas are 5.0:4.1:1.9 (normalized to Calkyl), which is close
to the nominal IL stoichiometry, indicating a 1:1 ratio of
adsorbed anions and cations on the metal surface. In
the N 1s region (Figure 5b), a Nanion:Ncation ratio of 1 is
found within the limits of accuracy, which further
proves that the anion:cation ratio on the surface
is 1:1. Overall, the XPS data provide clear proof
that anions and cations adsorb without decomposi-
tion. Furthermore, upon successively increasing the
[BMP][TFSA] coverage (Figure 5c), it was found that
for small amounts of the IL on the surface the peak
positions of the signals remain at constant binding
energies, while for thicker films a gradual shift of all
signals toward higher binding energies occurs, which
reveals, in agreement with previous observations by
Cremer et al. for [MMIM][TFSA] and [OMIM][TFSA] on
Au(111),28 that below 1ML both anions and cations are
directly adsorbed on the Ag surface, while at higher
coverages condensed multilayer species dominate the
spectra increasingly. (The peak shift is highlighted by
the dashed lines in Figure 5c, which mark the positions
of the fitted peaks for the submonolayer signal and for
the 17.5 Å thick layer, respectively.)
Despite the detailed structural information gained

from the STM data, it is not possible to identify the
origin of the different features from these images
alone. Further insight comes from DFT-D calcula-
tions, which provide a detailed understanding of the

Figure 4. High-resolution STM images of [BMP][TFSA] on
Ag(111) recorded at∼100 K. (a) High-resolution STM image
of the ordered 2D crystalline phase; on the right-hand
side dots and longish protrusions are superimposed on
the image. (b) Enlarged STM image highlighting the struc-
ture of the ordered 2D crystalline phase. The unit cell is
included (|a| = 2.3( 0.1 nm, |b| = 1.1( 0.1 nm,R= 98�( 5�),
which contains two dots and four longish protrusions
(Ut = �1.32 V, It = 110 pA).
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anion�cation adsorption complex and can explain the
appearance in STM images for the given tunneling
conditions. However, both the cation and the anion
have many possible conformations at the surface due
to rotation around the C�C, N�C, or S�C single bonds.
In order to reduce the number of possible starting
conformations of the adsorption structure of the IL
pair, wewill first analyze themost stable conformations
of the isolated cation and the isolated anion. Especially
for the cation, the orientation of the alkyl chain may
have a strong impact on the appearance in the STM
image and/or the packing density of the molecules at
the surface. In the gas phase, the five-membered ring
of [BMP]þ adopts an envelope conformation in which
the butyl group occupies either the axial position
(as shown in Figure 6a) or the equatorial position; that
is, the butyl group is either perpendicular or parallel to
the cyclopentane ring. For the isolated cation, the
equatorial position is about 18 meV more stable. As
this energetic difference is rather small and the actual
conformation at the surface may depend on the cover-
age, the conformer with the butyl group in the axial
position was considered as well. On the other hand,

it should also be considered that the axial position,
with the butyl group sticking up when the imidazole
ring is parallel to the surface, would allow a higher
packing density.
To identify the most probable locations for the

attachment of an anion, we evaluated the electrostatic
potential at an isosurface of the total charge density of
the [BMP]þ cation (see Figure 5a). The blue regions
reveal the most positive electrostatic potential experi-
enced by a positive test charge; that is, they indicate
the regions where a negative (partial) charge would
attach preferentially. In contrast, the red regions reveal
the least positive electrostatic potential a positive test
charge would experience. Accordingly, the anion most
probably attaches in the middle of the triangle formed
by the hydrogen atoms of the R-C atoms.
For the isolated [TFSA]� anion, two stable conforma-

tions are obtained. In the first one, the CF3 groups are
both located above (or below) the S�N�S plane,
which is subsequently denoted as cis-conformation.
In the secondconformation,which is accordingly termed
as trans-conformation, one CF3 group is above and the
other one below the S�N�S plane. The trans-conformer

Figure 5. XP C 1s (a) and N 1s (b) core level spectra of a submonolayer [BMP][TFSA] layer on Ag(111) at room temperature
(nominal thickness ∼3.5 Å; see text). Stick presentations of the molecules are placed above the spectra. The color-coded
arrows refer to the correspondingly color-coded XP peaks. The experimental peak areas are close to the nominal
stoichiometry of the molecules, indicating that anions and cations are adsorbed on the surface with a ratio of 1:1. (c)
Sequence of C 1s spectra for increasing coverage of [BMP][TFSA] onAg(111). Dashed lines indicate the binding energies of the
anion and cation related peaks in the limits of small coverages (adsorbed species with metal�adsorbate bond) and of high
coverages (17.5 Å film), reflecting condensed ion species (no metal�ion bond).
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is about 40 meV more stable than the cis-conformer.
Additionally, the rotational barrier that needs to be
overcome for transferring from one into the other con-
former is rather small, in the range of 50�100 meV.
Sobota et al. reported for an imidazolium-based
ionic liquid that in the multilayer both the cis- and the
trans-conformers of [TFSA]� coexist, whereas in the
monolayer the cis-conformer is found on a Al2O3/
NiAl(110) support.29 Considering the adsorbed ionic
liquid rather than an individual anion, two additional
factorsmay affect the relative stability of the respective
conformers: the interaction with the counterion, here
the cation, and the interaction with the surface. Due
to these interactions, even quite different conformers
might be involved in the most stable complexes.
Similar to the procedure for the [BMP]þ cation, the
electrostatic potential is calculated at and mapped
onto an isosurface of the total charge density of the
[TFSA]� anion (see Figure 5b) to estimate possible
positions of attached cations. For both the cis- and
the trans-conformation (not shown), the most attrac-
tive regions for positive charges (red regions) are
within the S�N�S plane. In order to probe the possible
changes in the stability induced by an attached cation,

we choose the alkali metal ion Liþ as a simple model.
Both the cis- and the trans-conformers of [TFSA]� lead
to stable complex structures with the alkali metal
cation. Due to the similar stabilization of both [TFSA]�

conformers upon interaction with the cation, the trans-
conformer ismore stable than the cis-conformer also in a
cation�anion complex.
To elucidate effects resulting from the interaction

with the substrate, we first explore the adsorption of
[TFSA]� on Ag(111). In that case, the trans-conformer
leads to the most stable adsorption structure, being
about 0.2 eV more stable than the metastable cis-
conformer. Both the cis- and the trans-conformer
adsorb with their respective dipole moment aligned
normal to the surface, with the negatively charged end
of the molecule oriented toward the surface. The
adsorption distances of both conformers are com-
parable as well. The distance between the average
z-position of the O atoms (only two atoms are taken
into account in the case of the trans-conformer) and
the Ag atoms of the topmost surface layer is 2.472 and
2.717 Å for the trans- and cis-conformer, respectively.
Although we have worked out stable anion and

cation conformations in the gas phase and at the

Figure 6. Electrostatic potential at an electron charge isosurface (isosurface charge density 4 � 10�4 e/bohr3) of (a) [BMP]þ

(view onto the Cbutyl�N�Cmethyl plane) and (b) [TFSA]� (view along the S�N�S plane). Red regions refer to the least positive/
most negative electrostatic potential a positive test charge experiences. Blue regions reveal the most positive/least negative
electrostatic potential a positive test charge experiences. (c) Side viewof the adsorption complex of the ionic liquid ionpair on
Ag(111). (d) Isosurfaces (�0.0058 e/Å3 (blue) andþ0.0049 e/Å3 (red)) of the adsorption-induced changes in the charge density
of [BMP][TFSA] adsorbed onAg(111). The chosen values for the isosurfaces depict a total electron shift of 0.205e from the blue
regions into the red regions.
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surface, there are still many possibilities for the struc-
ture at the surface. In the following we restrict the
discussion to only one possibility that has been found
to be theoretically stable and that is compatible with
our experimental results. A valuable experimental in-
put is that the appearance and the size of the unit
cell of [BMP][TFSA] on Ag(111) and others that we
observed for related ILs with different alkyl groups
([EMIM][TFSA], [OMIM][TFSA]) are nearly identical,
which is a strong indication that the alkyl chain of the
cation adopts the axial position, pointing toward the
vacuum. Furthermore, the XPS data (Figure 5) clearly
indicated that both the cation and the anion are in
contact with the surface. Similar findings were also
reported for ARXPS measurements for the adsorp-
tion of [MMIM][TFSA] on Au(111).28 The authors of
the latter study also proposed that the oxygen atoms
of adsorbed [TFSA]� are pointing toward the surface,
whereas the fluoromethyl groups are directed toward
the vacuum. These experimental findings suggest that
the butyl group of adsorbed [BMP]þ adopts the axial
position and the cis-conformer of adsorbed [TFSA]� is
present in the monolayer of [BMP][TFSA] on Ag(111).
Although, as shown above, both this conformation
itself and its adsorption are less stable than that
of the trans-conformer, it might still lead to a more
stable structure of the total adsorption complex due to
more favorable adsorbate�adsorbate interactions, as
the electrostatic potential of [TFSA]� is most negative
in the S�N�S plane, which in turn is parallel to
the surface in the case of the cis-conformer. Thus, the
interactions with neighboring cations are expected to
be stronger than in the case of the trans-conformer
where the S�N�S plane (and thus the most negative
electrostatic potential) is normal to the surface.
When looking at the structure of the adsorption

complex (see Figure 6c) and comparing it to that of
pure adsorbed [TFSA]� (in the cis-conformation), there
are barely any differences: the anion is only slightly
further away from the surface (about 0.10 Å) than for
the pure adsorbed [TFSA]�. The adsorption energy
with respect to the ionic liquid pair in the gas phase is
1.30 eV. However, 95% of the adsorption energy is due
to dispersion interactions; that is, all other interactions
(electrostatic interactions, covalent bonding) lead
to an adsorption energy of only 0.06 eV. The charge
density difference map (Figure 6d) provides an insight
into the electronic changes occurring upon adsorption.
Upon adsorption, electrons are shifted from the blue
regions to the red regions. As expected, there is a
depletion of electron charge in the region between
the anion and the surface, whereas it is enhanced in the
region between the surface and the cation. Thus, the
ion pair induces a lateral dipole at the surface that is
opposite in sign to the dipole generated by the two
adsorbed ions. For the understanding of the adsorp-
tion bond it would be interesting to know whether the

enhanced/depleted electron density is due to a charge
transfer from the surface to the ionic liquid (and vice

versa) or whether it is due to polarization effects within
the individual components. This could tell us whether
the charge remains at the ionic liquid or whether there
is a significant charge transfer to/from the adsorbed
species. In the first case, there will be considerable
electrostatic adsorbate�adsorbate interactions, which
lead to the formation of an ordered structure. In the
second case, ordering has to occur via different mech-
anisms, e.g., weaker dipolar interactions or van der
Waals interactions between adsorbates, and indirect
(surface-mediated) adsorbate�adsorbate interactions.
However, it is hard to distinguish between charge
transfer and polarization effects, as the assignment of
charges to individual components mainly depends on
the position of the border between them. Therefore,
differentmethods for charge analysis that are based on
different dividing schemes can lead to very diverse
results. In order to get at least a rough estimate of the
charge distribution within the system, we used the
Bader charge analysis. We found that the charges of
the cation and the anion hardly change upon adsorp-
tion on Ag(111). This is in agreement with the rather
small interaction energy of 0.06 eV if dispersive inter-
actions are excluded, i.e., with the absence of any
significant covalent bond formation.
In Figure 7a we show simulated STM images of two

possible adsorption structures with comparable ad-
sorption energy. These simulations suggest that the
experimentally observed dots in the high-resolution
STM images correspond to the cations. This seems to
be the only way to explain the large corrugation of the
isosurface of the partial electronic density contributing
to the STM image. The longish protrusions could be
related to the adsorbed anion. It seems that each anion
leads to two longish protrusions, each of them stem-
ming from 2 F atoms of the fluoromethyl groups. This
could explain the ratio of 1:2 of dots to longish protru-
sions. Furthermore, different voltages in between�0.3
and �1.5 V have been studied; however, no voltage
dependency could be observed.
Following the STM simulations, the anion�cation

pairs in the ordered 2D crystalline phase are depicted
in the high-resolution STM image in Figure 7b on the
right-hand side by superimposed dots and longish
protrusions. To allow for a direct comparison with the
simulated STM images, we inserted a pseudo-three-
dimensional STM representation with a similar scale to
that used in the simulated presentation in the left
lower corner of Figure 7b. Apparently, the IL structure
is formed by an alternating sequence of rows in which
the anion�cation pairs exhibit the same azimuthal
orientation. In this herringbone-type arrangement,
the azimuthal orientation of the ion pairs changes by
120� between subsequent rows. The unit cell is in-
cluded as well; it contains two dots and four longish
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protrusions, which are now identified as two “anion�
cation pairs” with different orientations. It should
be noted that the term “adsorbed ion pair” is insofar
misleading as we have no indication for a structure
dominated by strongly attractive interactions between
intact ion pairs and weak interactions between neigh-
boring ion pairs. Instead, Figure 7b clearly demon-
strates that the spacing between anions and cations
is rather similar, resembling a 2D ion crystal. Further-
more, the layer is rotationally aligned with the sub-
strate, possibly due to the interaction of the oxygen
atoms of the anion with the surface.
Finally it should be noted that for computational

reasons the DFT calculations discussed so far were
performed for a simplified unit cell with a (5�5)
geometry with quasi-isolated adsorbed ion pairs (one
ion pair per unit cell) (see section 2.2), while the unit cell
depicted in Figure 4b containing two ion pairs is
equivalent to a (4�9) periodicity. However, we also
performed a structure optimization within the correct
(4�9) periodicity with two ion pairs per unit cell (see

Supporting Information SI V), starting with the config-
uration of the isolated ion pairs. Because of the large
computational costs for these calculations, due to
the large number of variable parameters for relaxing
the adlayer structure, we had to reduce the thickness of
the Ag slab to one layer so that the STM simulations
cannot be reliably based on this calculation. Yet, we
obtained only a slight structural rearrangement lead-
ing to a stabilization by∼0.3 eV in a shallowminimum.
This indicates that the adlayer is rather flexible and that
there are only relatively weak interactions between the
adsorbates. Considering the small variation in ener-
getics and electronic structure, this alsomeans that the
STM simulations obtained within the (5�5) cells can be
used to interpret the observed structural elements.
These findings also mean that further optimization
of the adlayer is likely to not have a strong impact on
the energetics (substrate�adsorbate and adsorbate�
adsorbate interactions). This latter finding is in good
agreement with expectations for an adlayer system
dominated by repulsive interactions.

Figure 7. (a) Ball-and-stick presentation of two mirror symmetric configurations of the adsorbed IL ions together with
the corresponding simulated STM images (Ut = �1.35 V, isosurface value = 3 � 10�7 e/Å3) of the adsorption structures of
[BMP][TFSA] onAg(111). The dots and longish protrusions seen in the experimental STM images are indicated on the right. (b)
High-resolution STM image of the ordered 2D solid phase. On the right-hand side, the anion and cations are labeled by
schematic drawings, and the unit cell is marked (Ut =�0.33 V, It = 150 pA). The inset in the left lower corner shows a pseudo-
three-dimensional STM representation with a magnified scale, exhibiting the scale as that in the simulated image.
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CONCLUSIONS

Having investigated the interaction of [BMP][TFSA]
with Ag(111) and the structure formation in the adlayer
by variable-temperature STM measurements and DFT-
based calculations, we arrive at the following results
and conclusions:

1. Following deposition of [BMP][TFSA] on Ag(111)
at room temperature and cool-down to around
100 K, we observed the coexistence of an or-
dered 2D crystalline phase, a disordered 2D glass
phase, and a 2D liquid phase. The 2D glass phase
was solely observed on small Ag(111) terraces
(d ≈ 10 nm) and is probably induced by the
interaction with the steps and the lateral con-
finement. On large Ag(111) terraces, long-range
ordered and homogeneous domains are formed
without any internal domain boundaries.

2. Variable-temperature STMmeasurements reveal
melting of the ordered 2D crystalline phase at
180 ( 10 K.

3. Dynamic STM measurements at around 100 K
resolve exchange of adspecies at the phase
boundaries 2D crystalline phase|2D liquid and
disordered 2D glass|2D liquid. While the interior
of the ordered 2D crystalline phase is stable over
time, infrequent molecular jumps are observed
in the 2D glass phase.

4. The fact that we observe long-range ordered
domains with a low 2D melting point and an
equilibrium between the 2D crystalline phase
and the 2D liquid phase points to weakly

attractive adsorbate�adsorbate interactions
and a low surface diffusion barrier.

5. Room-temperature XPS measurements confirm
adsorption of the [BMP] cation and the [TFSA]
anion with an anion:cation ratio of 1:1, where
both ions are in direct contact with the metal
surface. Furthermore, they show that IL species
adsorb intact, without decomposition.

6. DFT-D calculations reveal a stable adsorption
complex for one IL pair with the anion and the
cation laterally placed side by side. The butyl
group of the cation points toward the vacuum,
and the anion exhibits a cis-conformation of the
S�N�S plane, with the SO2 groups binding to
the surface and the trifluoromethyl groups
pointing toward the interface IL|vacuum. STM
simulations agree with the molecular features in
high-resolution STM images, allowing us to iden-
tify anions and cations. In addition, the calcula-
tions show that the charge remains at the ionic
liquid and the interaction with the substrate
mainly occurs almost exclusively via dispersion
interactions and weak electrostatic (dipole�
induced dipole) interactions. The ordered 2D
crystalline phase is stabilized by weakly attrac-
tive electrostatic interactions between the posi-
tive and negative charges of the adsorbed ions.
Finally, the layer is rotationally aligned with the
substrate surface, probably due to the interac-
tion of the oxygen atoms of the anion with the
surface.

METHODS
Experimental Methods. The STM experiments were performed

in a two-chamber UHV system, at a background pressure in the
low 10�10 mbar regime. The microscope is an Aarhus type STM
(SPECS Aarhus STM 150), which allows measuring at variable
temperatures between 100 and 400 K by cooling with liquid
nitrogen and resistive heating. The tunneling current was
between 20 and 150 pA, and the applied bias voltage be-
tween �0.1 and �1.5 V referred to the sample. The images
were recorded in constant-current mode. Variable-temperature
STM experiments were conducted with a heating rate
of ∼0.5 K/min. The Ag(111) single crystal was purchased from
MaTecK; the ionic liquid [BMP][TFSA], from Merck in ultrapure
quality. Clean Ag(111) surfaces were prepared by Arþ-ion
sputtering (500 eV) and annealing to 770 K. Prior to deposition
onAg(111), [BMP][TFSA] was degassed in UHV for at least 24 h in
a previously baked out crucible. The ionic liquid was evaporated
onto the Ag substrate held at room temperature with a com-
mercial Knudsen effusion cell for organic molecules (Ventiotec,
OVD-3), which was heated to 373 K. The evaporation rates were
previously checked by a quartz microbalance. The sample was
cooled to a temperature of roughly 100 K in a time span of 2�3 h
before the STM measurements.

The XPS experiments were performed in a different UHV
system, equipped with a SPECS spectrometer, an Al KR X-ray
source (1486.6 eV) operated at a power of 250 W (U = 14 kV,
I = 17.8 mA), and a hemispherical energy analyzer (DLSEGD-
Phoibos-Has3500). Spectra were recorded at a pass energy of
100 eV. The photoelectrons were detected at an emission angle

(θ) of 80� relative to the surface normal to increase the surface
sensitivity. The adsorbate layer thickness d was calculated by
analysis of the damping of the substrate Ag 3d levels according
to Id = I0 exp(�d/λ cos θ), with λ being the inelastic mean free
path, which was calculated by Tanuma et al. to be ∼3.3 nm at
kinetic energies of 1100 eV.35 Before analysis of the spectra, a
Shirley background was subtracted from all C 1s signals; in the
N1s region this was done by a polygon baseline. In the peak
fitting procedure, a Voigt-type peak shape was applied,
which was approximated by a weighted sum of Gaussian and
Lorentzian functions.

Calculational Methods. Periodic DFT calculations were per-
formed using the exchange�correlation functional of Perdew,
Burke, and Ernerhof (PBE)36 as implemented in the Vienna
ab initio simulation package (VASP).37,38 In order to account
for dispersive interactions missing in the exchange�correlation
functionals of the generalized gradient approximation (GGA),
we employed Grimme's correction scheme of 2010 (DFT-D3).11

It has recently been shown that this approach yields reliable
adsorption energies and structures for organic molecules and
hydrogen-bonded networks on metal surfaces.39�41 Ion cores
are represented by means of the projector augmented wave
(PAW) method.42,43 The electronic one-particle wave functions
were expanded in a plane wave basis set up to an energy cutoff
of 400 eV.

The Ag(111) surface was represented by a slab consisting of
three metal layers, separated by a vacuum region of about 25 Å.
To model the adsorption of one cation�anion pair at the sur-
face, we chose a Ag(111)-(5�5) overlayer structure with one
adsorbed cation�anion pair per unit cell. For the integration
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over the first Brillouin zone a 2�2�1Monkhorst�Pack k-point
mesh44 with a Methfessel�Paxton smearing of 0.1 eV was
employed. The geometry of the adsorption complex was op-
timized by relaxing all atoms of the IL pair and the atoms of the
uppermost layer of the metal surface. Only these atoms were
taken into account for the evaluation of dispersive interactions.

STM simulations are based on the Tersoff�Hamann
approximation.45 Within that model the tunneling current is
proportional to the local density of states (LDOS) at the surface
close to the Fermi energy at the position of the tip. Constant-
current images are simulated by an isosurface of the LDOS
integrated between the Fermi energy of the system and the
sample bias.

Isolated molecules have also been calculated using the
GAUSSIAN09 code46 in connection with the atom-centered
basis set aug-cc-pVTZ.47�49 For isolated molecules no disper-
sion corrections have been employed.
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Abstract
In order to resolve substrate effects on the adlayer structure and structure formation and on the substrate–adsorbate and

adsorbate–adsorbate interactions, we investigated the adsorption of thin films of the ionic liquid (IL) 1-butyl-1-methylpyrroli-

dinium-bis(trifluoromethylsulfonyl)imide [BMP][TFSA] on the close-packed Ag(111) and Au(111) surfaces by scanning tunneling

microscopy, under ultra high vacuum (UHV) conditions in the temperature range between about 100 K and 293 K. At room

temperature, highly mobile 2D liquid adsorbate phases were observed on both surfaces. At low temperatures, around 100 K,

different adsorbed IL phases were found to coexist on these surfaces, both on silver and gold: a long-range ordered (‘2D

crystalline’) phase and a short-range ordered (‘2D glass’) phase. Both phases exhibit different characteristics on the two surfaces.

On Au(111), the surface reconstruction plays a major role in the structure formation of the 2D crystalline phase. In combination

with recent density functional theory calculations, the sub-molecularly resolved STM images allow to clearly discriminate between

the [BMP]+ cation and [TFSA]− anion.
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Introduction
In the last 15 years ionic liquids (ILs) have attracted increasing

attention due to their special physical and chemical properties

such as a low volatility, high chemical stability, low flamma-

bility, high intrinsic conductivity, high polarity, nearly

vanishing vapour pressure and their wide electrochemical

window [1-3]. Because of the enormous flexibility in varying
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the combination and nature of cations and anions [4], e.g., by

using different alkyl chain lengths at the cations [2,5-7] it is

possible to systematically optimize ionic liquids for a specific

application. Aside from many other applications, ionic liquids

have been proposed as promising new solvents in electroche-

mical applications, e.g., in lithium ion batteries [8-10]. For the

latter application, trifluoromethylsulfonyl imide [TFSA] based

ionic liquids have turned out to be promising candidates;

members of this group, e.g., alkylmethylpyrrolidinium-[TFSA]

seem to suppress dendrite formation [11]. The underlying mole-

cular processes, however, are not yet understood. Thus, a

systematic and fundamental understanding of the interface

between ionic liquids and the respective electrode surface

(solid–liquid interface) is essential for developing improved

future battery systems based on ILs. Correspondingly, the inter-

action between different ILs and various electrode materials

was investigated by electrochemical methods, including, e.g.,

cyclovoltammetry, but also by other techniques such as in situ

scanning tunnelling microscopy [12-14].

More detailed insight, on a molecular scale, may be gained in

model studies investigating the interface between the respective

solid surface and thin films of the IL under ultrahigh vacuum

(UHV) conditions. These films can be deposited by physical

vapour deposition, which allows to accurately control the film

thickness (coverage) in the submono- to multilayer regime.

Furthermore, applying proper cleaning procedures, high purity

films can be obtained. This not only allows to use a wide

variety of surface science tools for characterization of the IL

adsorbates/adlayers, but also to vary the temperature over a

wide range, down to cryogenic temperatures, where molecular

motion is largely frozen. This way, the interaction between sub-

strate and adsorbed ILs was investigated in a number of studies,

applying both spectroscopic techniques such as ultraviolet

photoelectron spectroscopy (UPS) [15,16], X-ray photoelectron

spectroscopy (XPS) [17-21], or temperature programmed

desorption (TPD) [22], as well as scanning probe microscopies

(scanning tunnelling microscopy (STM) and atomic force

microscopy (AFM)) [16,23,24]. These surface science tech-

niques allow to gain detailed information on the electronic

properties of the ILs and adsorption induced modifications

therein, on the chemical nature of the adsorbed species, and on

the structure and structure formation in the resulting adlayer.

The latter in turn provides information on the molecule–sub-

strate and molecule–molecule interactions in the respective

adsorption system.

In the following, we will discuss these aspects for the adsorp-

tion of 1-butyl-1-methylpyrrolidinium-bis(trifluoromethylsul-

fonyl)imide [BMP][TFSA] (ball and stick models of the ions

are shown in Figure 1a) comparing adsorption on the close-

packed surfaces of Au and Ag. In that comparison, we will

make use of new and recently published data [25,26]. In addi-

tion to their different chemical nature, these surfaces differ from

each other in that the Au(111) surface is reconstructed, forming

the well-known herringbone reconstruction [27], while the

Ag(111) surface is not reconstructed. We will focus on ques-

tions related to structure and structure formation such as the

nucleation and growth behavior and temperature effects

thereon, the nature and stability of ordered phases, or the role of

the substrate. First we will discuss the adsorption behavior for

room temperature adsorption, then concentrate on the structure

formation at low temperatures down to 100 K, and finally eluci-

date the thermal stability of the different adlayer phases.

Results and Discussion
Room temperature adsorption
Previous STM studies by Waldmann et al. and by Foulston et

al. on the structure and structure formation of IL thin films on

single crystal substrates, specifically for 1-butyl-1-methylpyrro-

lidinium-tris(pentafluoroethyl)trifluorophosphate [BMP][FAP]

adsorption on Au(111) [24] and for 1-ethyl-3-methylimida-

zolium-[TFSA] ([EMIM][TFSA]) adsorption on Au(110) [16],

respectively, indicated that at room temperature the thermal

mobility of IL adsorbates is too high for resolving individual

molecular entities by STM. Images recorded under these condi-

tions resolved a characteristic noise in the tunnel current on the

IL covered surfaces, which was not observed in the absence of

the IL adlayer. The authors of those studies attributed this noise

to the formation of a 2D gas or 2D liquid adlayer phase, where

the IL adsorbates are mobile on the surface and cause a tempo-

rary modification in the tunnel current whenever a diffusing

admolecule passes through the tunnel gap underneath the tip.

(Note that the 2D gas and 2D liquid adlayer phase differ mainly

by the adlayer density.) Similar effects were observed also for

adsorption of [BMP][TFSA] on Au(111) [25] and on Ag(111)

[26]. While this point shall be discussed in more detail later, it

should be noted here already that the high mobility of the

adsorbed species, which reflects a low lateral corrugation of the

adsorption potential along the surface, is incompatible with the

formation of localized covalent bonds between substrate and the

adsorbed IL species.

Finally it should be noted that the STM images showed no indi-

cations of a restructuring of the Ag(111) or Au(111) surfaces

upon interaction with [BMP][TFSA], as it was reported by

Atkin et al. [23] for [BMP][TFSA] on Au(111) in electroche-

mical STM measurements, where bulk IL was in contact with

the surface at potentials between −0.4 and −2.2 V vs the

ferrocene/ferrocenium (Fc/Fc+) redox couple [28]. Hence, the

presence of the IL adsorbate alone is not sufficient to induce a

restructuring of the substrate surface.
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The information derived from STM imaging can be combined

with results of spectroscopic measurements. XP spectra

presented in [25] for submono- to multilayer [BMP][TFSA]

films on Au(111) showed a similar dependence of the intensity

of the different XPS signals (C(1s) and N(1s)) on the emission

angle and an XPS based composition identical to the stoichio-

metric ratio, both in the submono- to monolayer regime and at

higher coverages. Therefore, the authors of that study concluded

that in average all atoms of the two ions are located in the same

layer, with anions and cations placed side by side on the

surface. Therefore, both ions in the first layer are in direct

contact with the surface. This is also confirmed by the fact that

for coverages up to 1 monolayer (ML) the C(1s) and N(1s) XPS

signals show a shift of 1.1 eV to lower binding energy (BE),

due to the interaction with the Au(111) surface. For Ag(111),

where ARXPS measurements are not available, we expect a

comparable adsorption behavior. This is supported also by the

results of density functional theory (DFT) calculations

discussed below.

These results can be compared with findings reported for other

IL adsorption systems. For 1,3-dimethylimidazolium-[TFSA]

([MMIM][TFSA]) and 1-octyl-3-methylimidazolium-[TFSA]

([OMIM][TFSA]) adsorption on Au(111) [19], the same

adsorption geometry with both the anion and cation in direct

contact to the surface was concluded from ARXPS measure-

ments at room temperature. The authors of that study deduced

that the cation adsorbs with the imidazolium ring flat on the

surface and that the anion adsorbs in a cis-conformation, with

the SO2-groups pointing to the surface and the CF3-groups

pointing towards the vacuum. The same adsorption geometry

for the anion was also proposed by Sobota et al. [29] for

[BMIM][TFSA] (B = butyl) adsorbed on a thin alumina film

grown on NiAl(110) [30,31], utilizing a combination of infrared

reflection absorption spectroscopy (IRAS) and density func-

tional theory (DFT) calculations. [OMIM][TFSA], which

differs from [MMIM][TFSA] only by its longer alkyl chain,

showed a coverage dependent adsorption geometry on Au(111):

at coverages below 0.6 ML, the octyl chain lies flat on the

surface, while at higher coverages it sticks up from the surface,

reducing the space requirement of the adsorbed ion pair. In

contrast, for adsorption on other surfaces, also other adsorption

geometries were reported: For [EMIM][TFSA] adsorption on a

glass substrate, an adsorption geometry with the cations lying

flat in direct contact with the surface and the anions placed on

top of the cations was proposed based on ARXPS measure-

ments [17]. For [MMIM][TFSA] adsorption on Ni(111) [20], a

similar adsorption geometry was proposed for adlayers in the

submonolayer coverage regime up to ≈0.8 ML. Finally, for

coverages >0.8 ML, the ARXPS data did not show a vertical

layering of the different ions, therefore under these conditions

both adsorbed cations and anions have to be in direct contact to

the substrate. This behaviour was explained by an increasing

repulsive electrostatic interaction between the ion pairs with

increasing coverage, leaving the former configuration energeti-

cally less favourable at coverages above 0.8 ML compared to a

structure with both species in direct contact with the surface.

Overall, though structural resolution of the IL adlayer was not

possible at room temperature, the examples discussed above,

with their very similar ILs (most of them contain the same

anion and an imidazolium- or pyrrolidinium-based cation),

demonstrate already that the structures resulting in ionic liquid

adlayers depend sensitively on the substrate. This will become

even more evident when comparing adlayer structures on the

two different surfaces Ag(111) and Au(111) in the next section.

Low-temperature adsorption
The situation changes considerably when cooling the samples to

lower temperatures. Under these conditions, molecular motion

is frozen and the adsorbates can be resolved in STM measure-

ments. Since cool-down was done very slowly (ca. 2 K min−1),

the system stays in thermal equilibrium until the adsorbates are

immobilized and STM images show the surface at this freezing

temperature. Although the resulting adlayer differs clearly from

that in the solid–liquid interface at room temperature and above,

e.g., by the much higher molecular mobility, these measure-

ments provide sensitive information on the interactions between

the adsorbed ions and on the variation in substrate–adsorbate

interaction (adsorption potential) along the surface. These char-

acteristic energies can be used as starting point also for the

description of the solid–liquid interface at room temperature

and above.

In their STM study on [BMP][FAP] adsorption on Au(111),

Waldmann et al. resolved round shaped protrusions at tempera-

tures below 210 K [24]. A direct assignment of these structures

to adsorbed cations or anions and a clear identification of the

adlayer structure in terms of co-planar adsorption of both types

of ions or adsorption of one species on top of the other one,

however, was not possible from these data. Likewise, in their

STM study of [EMIM][TFSA] adsorption on Au(110), Foul-

ston et al. identified round shaped protrusions at liquid nitrogen

temperature, which were oriented along the missing row lines of

the (1 × 2) reconstruction of the Au(110) surface, but without

long-range ordering along the lines or strict correlations

between neighbouring lines. These protrusions were proposed

to represent the complete IL ion pair. Also in these images it

was not possible to resolve and identify anions and cations [16].

Overall, these studies succeeded in resolving individual molec-

ular entities, but were not able to derive the actual structure of

the adlayer, or to identify anions and cations separately.
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Figure 1: (a) Ball and stick model of 1-butyl-1-methylpyrrolidinium-bis(trifluoromethylsulfonyl)imide [BMP][TFSA] (grey: C, white: H, blue: N, red: O,
green: S, yellow: F) (drawn with Chem3D). (b) STM image of a Au(111) surface covered with 0.7 ML of [BMP][TFSA] arranged in islands of the 2D
glass phase. Inset: detail of the image in (b) with enhanced contrast between the adsorbate islands, resolving the Au(111) reconstruction pattern
(T = 112 K, UT = −1.9 V, IT = −40 pA); (c) STM image of a Au(111) surface with a small amount (≈0.2 ML) of adsorbed [BMP][TFSA], resolving the
preferential decoration of steps and the nucleation of small islands with 2D glass structure at the elbows of the Au(111) reconstruction, while islands
with a 2D crystalline structure have grown larger. The Au(111) reconstruction pattern is visible on the uncovered parts of the surface (T = 111 K,
UT = −1.74 V, IT = −0.020 nA). (d) High resolution image of the 2D glass phase on Au(111): longish protrusions with a lower height are visible
between the round shaped protrusions (partly marked by white circles and ellipsoids) (T = 119 K, UT = −1.06 V, IT = 80 pA).

Going to the present system, [BMP][TFSA] adsorption on

Ag(111) and Au(111), we find two types of structures, one type

which similar to the above observations does not exhibit a long-

range order but rather a short-range order, which we denote as

’2D glass’ phase, and a second one exhibiting a distinct long-

range order [25,26]. This latter structure can be denoted as ‘2D

crystalline’ phase.

Examples for the ‘2D glass’ adlayer structure are shown in

Figure 1 for adsorption on Au(111) and later in Figure 2 for

adsorption on Ag(111). STM images of the 2D crystalline struc-

tures are depicted in Figures 4–6 (see below).

We will first concentrate on the discussion of the ‘2D glass’

structure. In Figure 1b, a Au(111) surface covered with
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0.7 monolayers (ML) of [BMP][TFSA] adsorbates is shown

(for a definition of 1 ML see Experimental section). In that

image, the IL adsorbates appear as round shaped protrusions

and form distinct islands on the surface. In between the islands,

adsorbate free Au(111) surface areas appear, where the typical

[27] zig-zag pattern of the Au(111) surface reconstruction is

resolved (see inset with enhanced contrast in Figure 1b). The

formation of islands demonstrates the presence of attractive

interactions between the adsorbed IL species, which must be

strong enough to cause island formation at the freezing

temperature. Interestingly, the steps of the Au(111) surface are

decorated with adsorbate species, hence these sites seem to be

preferred adsorption sides. While this is true for both the

ascending and descending side of the steps, on the lower and

upper terrace side, respectively, the structural characteristics

differ for both sites. On the upper terrace side, a single row of

IL adsorbates follows the step, indicative of a stronger adsorp-

tion at these sites, similar to the frequent observation of stronger

adsorption of atomic adsorbates and adsorbed small molecules

[32]. At the lower terrace side, the IL adsorbates seem to

condense at the ascending steps, forming large IL islands which

grow over the Au(111) terraces. Interestingly, 2D condensation

of IL adsorbates at the row of adsorbate species decorating the

step edge on the upper terrace side is not possible. The physical

reason for the different 2D condensation behavior on the upper

and lower step edge is not yet clear.

In addition to the step edges, also the elbows of the Au(111)

reconstruction act as nucleation sites for 2D island formation. A

few examples are visible in Figure 1b. More clearly, this is

observed in STM images recorded at low coverages, where only

the steps and the elbows are covered with adsorbates, as illus-

trated in Figure 1c. This points to a higher adsorption energy at

the elbow sites as compared to the other surface areas, similar to

findings for metal epitaxy, e.g., Ni/Au(111) [33], or adsorption

of large molecules such as porphyrin molecules [34].

The (short-range) ordering of the adsorbates in the islands was

checked by calculating a Fourier transformation (FFT) in

sections of STM images which show solely one island and the

distribution of round shaped protrusions on it. The FFT always

shows a broad circle (see [25]), as expected for a short-range

ordered system. We found no evidence for a coverage effect on

the density and structural characteristics of this phase in the

submonolayer and monolayer regime.

On Ag(111), adsorption of [BMP][TFSA] leads to a similar ‘2D

glass’ structure. In this case, however, it is formed only on

narrow terraces with a width of ≤10 nm, as can be seen exem-

plarily in the STM image in Figure 2, while on Au(111) there

was no obvious influence of the terrace width discernible.

Figure 2: STM image of a submonolayer film of [BMP][TFSA]
adsorbed on Ag(111); the narrow terraces of the surface are covered
with IL islands in the 2D glass phase, the inset shows a high resolu-
tion image of the 2D glass structure resolving both the round shaped
and the longish protrusions (marked with white circles and ellipsoids)
(T = 135 K, UT = −1.14 mV, IT = 100 pA).

This difference is most easily explained by the presence/

absence of the Au(111) reconstruction pattern, which seems to

severely affect the ordering behavior. Keeping in mind that on

Au(111) the elbows of the surface reconstruction act as nucle-

ation sites for IL island formation, the larger tendency for disor-

dered 2D structures on Au(111) can at least partly be ascribed

to a mismatch between the lattice created by the elbow sites and

the ordered lattices of IL adsorbates (see below). In that case, IL

adsorbate islands created at neighbouring elbow sites are not in

registry, and therefore can not coalesce easily. These effects are

absent on the unreconstructed Ag(111) surface.

In the inset of Figure 2, we show a high resolution image of the

2D glass structure. It is recorded in the central area of an island

with very little or no motion of the adsorbed molecules during

imaging. Between the round shaped protrusions, longish protru-

sions with a lower apparent height are resolved. Some of these

species are marked in the image by white circles and ovals for

better identification. For Au(111), high resolution images of the

disordered structure look exactly the same, with identical struc-

tures, mean distances between the protrusions etc. (see

Figure 1d and inset in Figure 2). Therefore, the adsorption

geometry, the structure formation and the molecule–molecule

and molecule–substrate interactions in the 2D glass structure of

[BMP][TFSA] should be identical on Au(111) and Ag(111) and

they can be discussed for both substrates together. The first

question relates to the origin of the different protrusions in the

STM images. Most simply, the longish protrusions represent

one ion type and the round shaped protrusions the other one. In

that case, the adsorbed cations as well as the anions lie next to

each other in direct contact to the surface, as it was already

concluded from the XPS data for [BMP][TFSA] on Au(111)

[25] and for the adsorption of the very similar ILs

[MMIM][TFSA] and [OMIM][TFSA] on Au(111) [19]. A

quantitative evaluation of the numbers of longish and round
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shaped protrusions in several 2D glass domains and on several

STM images yielded a ratio of 2:1. This leaves us with two

different plausible explanations: either one ion type is repre-

sented by two parallel longish protrusions and the other one by

the round shaped protrusion, or one type is represented by the

round shaped protrusion plus one longish protrusion and the

other one by the other longish protrusion. Though the first inter-

pretation sounds more convincing, this question cannot be

solved on the basis of the STM images alone. We will get back

to this point after discussion of the 2D crystalline structure.

As evident in Figure 1d, the longish protrusions are aligned in

rows of varying lengths (between 2 and 8 protrusions are

typical), which are oriented at an angle of roughly 120° (or

240°) in between. The resulting threefold symmetry is probably

due to an alignment to the closed packed directions of the

Au(111) surface. So the structure is not completely random,

even if there is no long-range order visible for the distribution

of the round shaped protrusions in the FFT.

In addition to the differences in the structure formation

processes between Au(111) and Ag(111), there seem to be

differences also in the mobility of the IL adsorbates on these

two surfaces. For the Ag(111) surface, apparently adsorbate free

areas between IL adsorbate islands, e.g., on the central terrace

in Figure 2 or in front of the topmost step in this image, show a

significant noise. The noisy appearance resembles that obtained

for imaging at room temperature, but in the latter case the noise

is more pronounced and present on the entire terrace. On

Au(111), this noise is visible also on similarly covered surfaces

for STM imaging at 100 K, but is much less pronounced. This

indicates that these areas are essentially free of mobile IL adsor-

bates. A higher mobility of IL adsorbates on Ag(111) compared

to Au(111) is evident also from inspection of series of images

from the same surface area, which reveal changes in the island

boundaries with time. This is illustrated in Figure 3, which

shows a time sequence of STM images (time between subse-

quent image starts: 11 s) recorded on a partly IL adsorbate

covered Ag(111) surface. Beside the 2D glass phase, an appar-

ently uncovered region is visible, which, as also described for

the STM image in Figure 2, appears noisy. This sequence

clearly demonstrates that the island edge (phase boundary)

gradually changes with time (Figure 3a–r). While the major part

of the round shaped protrusions persists on the same site from

frame to frame, molecular jumps are detected for others. This is

evident, e.g., in the areas marked with red ovals in Figure 3b

and 3c. The two protrusions in the smaller oval are stable from

image to image, while the protrusions in the larger oval collec-

tively move to a lower position in the image. A red arrow is also

included, pointing towards a single protrusion, which changed

position. In Figure 3d and 3e, the arrows in the orange frame

mark a molecular jump between two consecutive images, while

in subsequent images no motion at the same position takes place

(Figure 3r). In Figure 3m and 3n, the blue circles label protru-

sions, which persist at the same positions, while for others at

and close to the boundary between 2D glass structure and adsor-

bate free area significant changes are visible. Thus, both tempo-

rary changes directly at the phase boundary and also some

limited motion inside the 2D glass phase is found on Ag(111).

On Au(111), these processes were also observed, but less

frequent. These structural changes can be explained either by a

motion of IL adsorbates along the island edge or by a 2D

adsorption–desorption equilibrium between the IL adsorbate

islands and a 2D gas/liquid of IL adsorbates. As expected for

this case, structural variations mainly take place at the island

perimeter, while the inner part of the islands is essentially

stable; with infrequent molecular jumps only in the vicinity of

defects in the adlayer lattice.

Aside the 2D glass phase, also well ordered, 2D crystalline

domains/islands are found on the surface. This is illustrated in

the high resolution images of the 2D crystalline structure on

Au(111) in Figure 4a and 4b. These images also reveal charac-

teristic round shaped protrusions and in between longish, less

pronounced protrusions. Similar to the findings in the 2D glass

phase, the ratio between round and longish protrusions is 1:2. In

the one lattice direction, the round shaped protrusions form a

densely packed line of dimers, which are slightly rotated against

the main direction of the line (in Figure 4a, the lines run

roughly from the lower left to the upper right corner), which

results in a zig-zag like appearance. Between two close-packed

lines of round protrusions, there are always parallel lines with a

lower density of these protrusions (50%). The resulting unit cell

is marked yellow in Figure 4b. The longish protrusions are also

aligned in row like structures, which run in the same direction

as those formed by the round shaped protrusions (see second

unit cell marked in Figure 4b, where the round and longish

protrusions are marked by ovals and circles). Also in this case,

there are two types of rows. In two neighboured rows the

longish protrusions are oriented in the same direction. In the

subsequent third row, they are rotated by ≈120°. In the latter

row, the density of longish protrusions is only two thirds of that

in the other two rows (4 instead of 6 longish protrusions per row

and unit cell). The size of the unit cell seems to differ slightly,

depending on whether the 2D crystalline domain is completely

surrounded by a 2D glass domain, i.e., whether the surface is

saturated with a monolayer of IL adsorbate, or whether there are

adsorbate free surface areas around (= submonolayer coverage

regime). The ordered domains in Figure 4a and 4b were

recorded on a surface covered by a submonolayer film; in this

case the unit cell has a size of 4.20 ± 0.04 nm × 3.37 ± 0.04 nm

with an angle of 68 ± 2° in between. In the monolayer coverage
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Figure 3: Sequence of STM images of [BMP][TFSA] adsorbed on Ag(111), acquired at 124 K, imaging the phase boundary between the 2D glass and
2D liquid phase (image-to-image time ≈11 s). Noisy features near the phase boundary and the successively changing phase boundary are indications
for mobility at the phase boundary. A red frame in Figure 3b and 3c including two ovals marks two protrusions at stable positions (smaller oval), while
the other protrusions in the larger oval shift to a lower position. The red arrow points out the changing position of a single protrusion. The orange
boxes in Figure 3d and 3e highlight a molecular jump between two consecutive images. Subsequently, no motion is observed up to Figure 3r. The
blue circles in Figure 3m and 3n show stable protrusions, while others at and close to the boundary between 2D glass structure and adsorbate free
area clearly change positions (T = 124 K, UT = −0.76 V mV, IT = 50 pA).
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Figure 4: High resolution STM images of the 2D crystalline structures on Au(111) (a, b) and Ag(111) (c). The unit cells are marked with yellow lines.
Both structures are composed from round shaped and longish protrusions, which are marked with white circles and ellipsoids. In (a) the white line and
in (b) the dashed lines mark the zig-zag lines of the Au(111) reconstruction, which are visible through the 2D crystalline structure of the IL adsorbates;
the inset of (c) shows an enlarged part of image (c) with superimposed ball and stick models of [BMP][TFSA] (a: T = 139 K, UT = −1.20 V,
IT = −0.060 nA; b: T = 116 K, UT = −0.71 V, IT = −0.10 nA; c: T = 134 K, UT = −0.37 mV, IT = 110 pA).

regime, the dimension of the unit cell shrunk to 3.79 ± 0.04 nm

× 2.89 ± 0.04 nm, with an angle of 78 ± 2° in between, indica-

tive of a certain flexibility in the structural arrangement of the

adlayer. In both cases, the unit cell contains 8 round shaped and

16 longish protrusions, which most likely (see below) corre-

sponds to 8 ion pairs of adsorbed [BMP][TFSA]. This gives a

space requirement for one ion pair of 1.64 nm2 in the submono-

layer and 1.34 nm2 in the monolayer coverage regime, equiva-

lent to densities of 0.61 and 0.75 ion pairs per nm2, respective-

ly (see Table 1). The alignment of the unit cell with respect to

the substrate lattice will be discussed below.

Atkin et al. [23] concluded from their AFM measurements that

the first [BMP][TFSA] adlayer binds more strongly than the

following layers, i.e., it binds more strongly to the metallic sub-

strate than to itself. In that case, one may expect the saturation

density in the first layer to be higher than in the bulk phase. For

the present adsorption system this means that the bulk structure

may be more similar to the ordered phase in the submonolayer

coverage regime than to that at monolayer saturation.

The 2D crystalline structure of [BMP][TFSA] on Ag(111),

shown in Figure 4c, is more simple than the one formed on
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Table 1: Summary of the adsorbate densities and melting temperatures of the adlayer phases found on Ag(111) and Au(111).

IL adsorbate phase density / nm−2 2D melting temperature / K−1

2D crystalline phase / Au(111), submonolayer coverage regime 0.61 ± 0.03 170 ± 5
2D crystalline phase / Au(111), monolayer coverage regime 0.75 ± 0.03 225 ± 5
2D glass phase / Au(111), submonolayer coverage regime 0.61 ± 0.03 113 ± 5
2D glass phase / Au(111), monolayer coverage regime 0.61 ± 0.03 173 ± 5
2D crystalline phase / Ag(111), submonolayer coverage regime 0.79 ± 0.03 180 ± 10
2D crystalline phase / Ag(111), monolayer coverage regime 0.79 ± 0.03 180 ± 10

Au(111). The round shaped protrusion are aligned in rows,

running from the bottom left side to the top right side in

Figure 4c. The spacing between these rows is slightly different,

leading to the appearance of pairs of lines. In between these

lines, the longish protrusions are also aligned in the same direc-

tion. The orientation of the long side of these protrusion

changes by 120° between neighbouring rows (in the limits of

the experimental accuracy), i.e, they are parallel to each other in

every second row. In the row of longish protrusions that lies

between the two more widely spaced rows of round shaped

protrusion, the longish protrusions are aligned in a straight line

(parallel to the row of round protrusions), in the neighbouring

lines the longish protrusions are pairwise rotated away from the

direction of the row, which allows a closer spacing between the

neighbouring rows of round shaped protrusions. The unit cell of

this structure is marked twice in Figure 4c with yellow lines; in

one of these cases, the protrusions in the unit cell are marked by

white circles and ovals. The size of the unit cell is 1.1 ± 0.1 nm

× 2.3 ± 0.1 nm with an angle of 95 ± 3° in between the two

lattice directions. For Ag(111), the size (2.5 nm2) and geometry

of the unit cell was found to be independent of the IL adsorbate

coverage. The unit cell contains 2 round and 4 longish protru-

sions, which represent two [BMP][TFSA] ion pairs (see below).

In that case, the space requirement per IL ion pair is 1.25 nm2,

the density of the adsorbed ion pairs is 0.79 nm−2. This is very

similar to the density of ion pairs on Au(111) in the monolayer

regime, while in the submonolayer regime the ion pairs on

Au(111) have a 30% lower density.

Next we will discuss additional aspects of the 2D crystalline

phase, such as its alignment with respect to the substrate surface

lattice, its distribution structure on the surface, etc. The orienta-

tion of the IL adlayer can be derived from larger scale images as

shown in Figure 5a and 5b for Au(111). In the image in

Figure 5a, the Au(111) surface was covered with 1 ML of

[BMP][TFSA]. The image shows one island of the 2D crys-

talline structure, which is surrounded by the 2D glass structure,

as typical for the monolayer regime. The amount of the 2D

crystalline structure relative to that of the 2D glassy was found

to vary between experiments. In most cases, the amount of the

2D glass structure is higher than that of the 2D crystalline

phase, and islands of the latter phase are embedded in a

surrounding 2D glass phase. In the submonolayer regime

(Figure 5b) this is similar, but the amount of 2D crystalline

structure relative to that of the 2D glass phase is typically

higher. This is illustrated in Figure 1c: on samples with a low

coverage of [BMP][TFSA] adsorbates we only observed small

islands with 2D glass structure (which are mostly growing from

the elbow sites of the Au(111) reconstruction pattern), while the

islands of the 2D crystalline structure present in between are

much larger. The physical reason for the higher fraction of 2D

crystalline phase at lower coverages, which reflects an easier

alignment of the adsorbate species during cool-down under

theses conditions, may only be speculated upon. It may be

related to more stable adsorption at the perimeter of islands of

the 2D crystalline phase compared to (small islands of) the 2D

glass phase, which allows preferential growth of the former

ones during cool down at lower coverages, while at higher

coverage such effects do not seem to play a significant role.

The STM image in Figure 5a reveals another phenomenon

typical for [BMP][TFSA] on Au(111). The 2D crystalline struc-

ture is also severely affected by the reconstruction pattern of the

Au(111) surface. In this image, the zig-zag line pairs of the

herringbone reconstruction are clearly visible through the

adlayer, they are marked in Figure 5a with white lines in the

upper right part to guide the eye. Note that for the 2D glass

phase the reconstruction could not be resolved. In Figure 4a and

4b, the reconstruction pattern is also visible, but less

pronounced. It is marked by a white line in Figure 4a. The

adlayer is usually aligned in such a way that the direction of the

longer side of the unit cell (see Figure 4b) is parallel to the lines

of the Au(111) reconstruction pattern. Accordingly, the 2D

crystalline phase tends to grow in domains/islands which are

limited by the domain boundaries of the herringbone recon-

struction, i.e., by the bending points of the dislocation lines.

This can be seen in Figure 5a, where the positions of the

bending points of the Au(111) surface reconstruction are

connected with white dashed lines. A large part of the 2D crys-

talline domain visible on this image, which extends diagonally
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Figure 5: (a) STM image of a monolayer film of [BMP][TFSA] on Au(111), showing both 2D crystalline islands as well as 2D glass areas. The Au(111)
reconstruction is visible in the 2D crystalline island (for better visibility it is marked with white lines in the upper right of the image). In the 2D glass
domain, this is not resolved; dashed lines mark the domain boundaries of the Au(111) reconstruction pattern (T = 118 K, UT = −1.25 V,
IT = −0.060 nA). (b) STM image of 2D crystalline domains of [BMP][TFSA] on a single Au(111) terrace in direct contact to each other. The domains
are rotated by 60° to each other (T = 146 K, UT = −1.20 V, IT = 60 pA). (c) STM image of a submonolayer film of [BMP][TFSA] on Ag(111). The
adlayer islands nearly completely consist of the 2D crystalline structure. The island boundary shows a frizzy appearance, which is associated with
mobility of the adsorbed IL species, either along the island edge or in a 2D adsorption–desorption equilibrium between the 2D solid and the adjacent
2D gas phase (T = 130 K, UT = −1.09 V, IT = 80 pA).

across the image, grows on one domain of the Au(111) recon-

struction and fills it nearly completely. As can be seen in the

upper part of the image, it is also possible for the adlayer struc-

ture to grow across such kind of domain boundary in the

Au(111) reconstruction pattern. This was only observed,

however, when the adlayer domain spanned at least over three

Au(111) reconstruction domains and the part with the ‘wrong’

orientation is in the middle. In this case we often observed a

narrow stripe of 2D glass phase directly at the elbows of the

Au(111) reconstruction pattern (see inset in Figure 5a). Isolated

2D crystalline islands, which are limited to a single domain of

the Au(111) reconstruction and where the rotational orientation

of the adlayer island, as described above, does not fit to the

orientation of the Au(111) reconstruction, have not been

observed. It is interesting to note that the elbows of the Au(111)

reconstruction act as nucleation sites for nucleation of 2D glass
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phase islands, and on the other hand limit domains of the 2D

crystalline phase, which seems to be in contrast to each other. A

simple physical explanation is still missing.

Because of the threefold symmetry of the Au(111) surface and

of the Au(111) reconstruction pattern there are only three

different orientations for the 2D crystalline domain on the

surface possible. In Figure 5b, three 2D crystalline domains are

present which are rotated at angles of 120° relative to each

other. Furthermore, because of the non-rectangular form of the

adlayer unit cell, two different chiral forms of that unit cell (see

Figure 4b) are possible along each direction, leading to 6

possible adlayer domains in total. An example for two islands

with chiral structure is shown in the inset in Figure 5b.

On Ag(111), the situation is very different because of the

absence of a surface reconstruction. In this case the domains of

the 2D crystalline structure mostly extend across the entire

terraces, i.e., the domains extend across hundreds of nanome-

ters (if the surface is well prepared and the terraces are suffi-

ciently large). This is equally true also for islands of the 2D

crystalline phase in the submonolayer coverage regime, where

these islands coexist with large areas of adsorbate free surface.

At typical images sizes, most of the STM images show either a

fully covered or an adsorbate free surface. Small terraces with a

width ≤10 nm are covered with ILs adsorbed in the 2D glass

structure as described above. The 2D crystalline structure is

normally attached to an ascending Ag(111) step, mostly with a

small amount of the 2D glass structure between step and

ordered adlayer phase. In this case, the width of the 2D glass

phase is between a few molecules to several nm. It seems as if

the steps of the substrate surface disturb the formation of the 2D

crystalline structure, rather than acting as nucleation sites.

When comparing different domains (an example is shown in

Figure 5c) of the 2D crystalline structure, they are all aligned in

the same direction to each other (like in Figure 5c) or at angles

of 60° or 120° to each other, even when they grow on different

terraces of the substrate. This suggests that the adlayer struc-

ture also follows the threefold geometry of the Ag(111) surface.

Due to experimental reasons (adlayer imaging requires a large

tunnel resistance while atomic resolution require low tunnel

resistances) it was not possible to achieve atomic resolution of

the surface near a boundary of a 2D crystalline island, therefore

it was not possible to correlate the adlayer orientation directly

with the substrate lattice.

In addition to the different arrangements of [BMP][TFSA] on

Au(111) and Ag(111), we also found differences in the mobility

of the island edges of the 2D crystalline phase, evidenced by a

frizzy appearance of the island edges (Figure 5b and 5c). The

frizzyness of the island boundary is proportional to the displace-

ment of the boundary position between subsequent images,

which arises from 2D adsorption/desorption of molecules at the

island perimeter or diffusion of adsorbates along the island

perimeter. The displacement can be quantified by determining

the change in position of the island boundary in successive

STM line scans. A quantitative evaluation revealed that the root

mean square deviation of the position is more than double for

Ag(111) (see Figure 5c) than for Au(111) (Figure 5b), indica-

tive of a significantly higher mobility of the adsorbates at the

island perimeters on the Ag(111) surface than on Au(111).

The mobility of the IL adsorbates at the edge of a 2D crys-

talline adlayer island on Ag(111) is resolved in more detail in

the sequence of STM images shown in Figure 6. The images

were acquired at the same position with a frame to frame time

of 11 s. It is clearly visible that the island edge changes with

time. Places, where the round shaped protrusions vanished from

one image to the other, are labelled with red arrows. Those

places, where a round shaped protrusion is added to the struc-

ture are labelled with green arrows. Similarly as discussed for

the mobility of the 2D glass phase on Ag(111), we assume that

these changes are due to sudden motion of IL adsorbates along

the island edge, or, more plausible, to 2D adsorption–desorp-

tion equilibrium between the IL adsorbate islands and a 2D gas/

liquid of IL adsorbates. Again those regions, which are appar-

ently free of adsorbate appear with streaky features, which we

attribute to highly mobile molecules in a 2D gas/liquid phase,

which diffuse to fast to be resolved with STM. Round shaped

protrusion in the inner parts of the islands remain stable over

time. The difference compared to the 2D glass phase, where

infrequent jumps of these protrusions were possible, is

explained by a higher stability and the absence of defects in the

2D crystalline phase.

Despite of the considerable structural insight gained from these

STM images it was not possible to unambiguously identify the

adsorbed IL species, specifically the adsorbed cations and

anions in these images. This is possible by combination with

dispersion corrected density functional theory (DFT-D) calcula-

tions, performed recently for adsorption of individual

[BMP][TFSA] ion pairs on Ag(111) [26]. Details on the calcu-

lations can be found elsewhere [26].

According to those calculations, the ring of the cation lies flat

on the surface and the butyl group points upwards. The anion

adsorbs in a cis-configuration (both SO2-groups are positioned

on the same side of the molecule, both CF3 groups on the other

side, as it is also shown in Figure 1a) on the Ag(111) surface

and binds via its two oxygen atoms to the surface. The CF3

groups point towards the vacuum. In this conformation both ion

types of [BMP][TFSA] are in direct contact to the surface.
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Figure 6: Time sequence of STM images at the phase boundary of the 2D crystalline phase of [BMP][TFSA] on Ag(111), recorded at 124 K (image to
image time of ≈11 s) The images exhibit frizzy features directly at the 2D crystalline | 2D liquid interface, reflecting mobility of the adsorbed IL species,
either along the island edge or in a 2D adsorption–desorption equilibrium. The red arrows in the images show places at the boundary, where round
shaped protrusions vanish compared to the preceding image. The green arrows depict locations where a protrusion is attached to the boundary
(T = 124 K, UT = −0.76 V, IT = 50 pA).

Simulated STM images using tunnelling conditions similar to

the experimental ones (similar potential, comparable tip–surface

separation) yield characteristic features very similar to those in

the measured STM images. The upright standing butyl chain of

the cation appears as round shaped protrusion. Right next to it

an oval protrusion appears with lower height, which is due to

the parts of the alkyl ring that are not directly lying below the

butyl chain. In the measured STM images, only the round

shaped protrusion is visible due to the limited resolution of the

STM tip. The anion appears in the simulated images as two

longish protrusions each of which is generated mainly by

2 fluorine atoms of the CF3-groups, in perfect agreement with

experimental findings. Similar to experimental data, also their

height is significantly lower than that of the round shaped

protrusion reflecting the butyl chain of the cation.

Although these calculations did not include interactions

between neighboured adsorbed ion pairs, the good agreement

between the characteristic features in the experimental and

calculated STM images are strong evidence for the validity of

this assignment. Further support comes from the qualitative

agreement with the ARXPS measurements of [BMP][TFSA],

[MMIM][TFSA] and [OMIM][TFSA] adsorbed on Au(111)

[19,25]. A suggestion for the structure model for BMP-TFSA

on Ag(111) based on these data is shown in the inset of

Figure 4c, where ball and stick models of the [BMP+] and

[TFSA]− ions are superimposed to the STM-image.

Another interesting result from these calculations was that

based on a Bader charge analysis of the adsorption complex, the

charges of the cation and the anion hardly change upon adsorp-
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tion, and that the adsorption bond is dominated by van der

Waals interactions. We expect these results as characteristic

also for adsorption on Au(111).

Thermal stability of the adlayer structure
Further information on adsorbate–adsorbate interactions can be

derived from the thermal stability and the melting temperature

of the structures on the surface. This was investigated by slowly

heating up samples in the STM from 100 K to room tempera-

ture while recording STM images. Because of the very low

heating rate (3 h for heating from 100 K to 300 K) the surface

has enough time to maintain thermodynamic equilibrium during

heating. Generally, the noise level in the STM images increased

with rising temperature, implying a higher mobility of the 2D

liquid on the surface. At certain temperatures it was finally not

possible any more to resolve the adsorbate structures on the

surface, which was interpreted as the temperature where the ion

pairs, which before formed the island/domain started to move.

This temperature is considered here as melting temperature (for

the 2D glass structure it would be more correct to describe it as

a glass transition when comparing to the notation in a bulk

system, but for simplicity we use the term “melting tempera-

ture” for both adlayer structures). For the adlayer structures on

the Au(111) surface, we could determine four different melting

temperatures, which differ in a characteristic way: the 2D glass

structure is stable up to a temperature of 113 ± 5 K in the

submonolayer and up to 173 ± 5 K in the monolayer regime.

The 2D crystalline structure is maintained up to 170 ± 5 K in

the submonolayer and up to 225 ± 5 K in the monolayer regime.

Hence, islands are thermally less stable than closed layers and

the 2D glass structure is less stable than the 2D crystalline one.

On Ag(111), the melting temperature could only be determined

for the 2D crystalline phase, where it was found to be

180 ± 10 K, both in the submonolayer and monolayer coverage

regime. Because of the small amount of the 2D glass structure

on the surface it was not possible to determine a defined

melting point for the 2D glass structure, it definitely decays at

lower temperatures than the 2D crystalline structure.

The thermal stability of the island is mainly determined by two

parameters, by the surface diffusion barrier, i.e., the activation

barrier for the motion of individual adsorbed species between

two adjacent adsorption sides, and the interactions between

adjacent adsorbates (adsorbate–adsorbate interactions). The fact

that the IL adsorbates form islands at low temperatures is a

clear proof for the existence of attractive adsorbate–adsorbate

interactions between the adsorbed IL species. Furthermore it

shows that the adsorbate–adsorbate interactions exceed the

strength of the surface diffusion barrier, since otherwise the IL

adsorbates would be trapped on their adsorption sites before

they are able to undergo a 2D nucleation and growth process

during cool-down to 100 K. Sufficient mobility of individual

molecules is indicated also by the mobility at the island edges.

Therefore, the temperature for 2D melting is dominated by the

strength of the attractive adsorbate–adsorbate interactions.

Interestingly, the trend in melting temperatures of the 2D crys-

talline phases on Ag(111) and Au(111) does not correlate with

that of the adlayer density (see Table 1). While the 2D melting

temperature on Ag(111) is only little higher than that of the 2D

crystalline adlayer on Au(111) in the submonolayer regime, the

density is comparable with that of the monolayer coverage

adlayer on Au(111). This indicates that the adlayer stability is

affected by the nature of the substrate, not only by purely dis-

tance (and thus density) dependent adsorbate–adsorbate interac-

tions.

Since the structures in the 2D glass phase are similar for both

substrates, we would expect the same melting temperature in

both cases. It was not possible, however, to reliably determine

the melting temperature of the 2D glass phase on Ag(111) (see

above). For adsorption on Au(111), the lower melting tempera-

ture in the 2D glass phase compared to that in the 2D crys-

talline phase arises from the fact that the 2D glass phase is most

likely a kinetically hindered structure and therefore not in ther-

modynamic equilibrium, which is less stable than the equilib-

rium phase. Interestingly, though the monolayer and the

submonolayer coverage 2D glass adlayer have the same local

density, the melting temperature of the latter is significantly

lower. On the other hand, the melting temperature of the 2D

glass phase at monolayer coverage and the 2D crystalline phase

at submonolayer coverage, which also have similar densities,

are essentially identical. In that case, the higher amount of

defects in the former structure does not seem to play an impor-

tant role.

Conclusion
We have investigated substrate effects on the structure and

structure formation, and thus on the substrate–adsorbate and

adsorbate–adsorbate interactions, for the adsorption of

[BMP][TFSA] by STM, by comparing their adsorption on the

close-packed Au(111) and Ag(111) surfaces under UHV condi-

tions in the temperature region between 100 K and 293 K. In

combination also with previous data, these measurements lead

to the following conclusions and adsorption characteristics:

1) Upon adsorption at room temperature, the [BMP][TFSA]

adsorbates form a 2D gas/2D liquid phase with highly mobile

adsorbed species on the surface. The integrity of the ions is

maintained and both ions are in direct contact with the sub-

strate surface. Interaction with the surface results in modifica-

tions of the electronic structure compared to that in condensed
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thicker layers. While XPS data exist only for adsorption on

Au(111), we expect similar behavior also for adsorption on

Ag(111).

2) Upon cooling the sample to 100 K, molecular motion in the

adlayer is frozen and the adsorbates form islands/domains on

the surface with 2D crystalline and 2D glass structures. In the

submonolayer coverage regime, these coexist with (essentially)

adsorbate free surface areas (2D gas). On Ag(111), the adsor-

bates form large islands consisting of a single domain of the 2D

crystalline structure on terraces wider than ≈10 nm, while small

terraces are (partly) covered with a 2D glass structure, and this

phase dominates also in regions directly in front of ascending

substrate steps. On Au(111), both structures are formed in small

islands on the surface in the submonolayer regime. In the mono-

layer regime islands of the 2D crystalline phase are surrounded

by the 2D glass phase. The 2D crystalline adlayer structure on

Ag(111) is oriented along Ag surface lattice, with 3 different

adlayer lattice orientations at angles of 120° to each other

reflects the threefold symmetry of the Ag(111) substrate.

3) The 2D solid adlayer phases exhibit characteristic patterns

consisting of round protrusions and longish protrusions in a

ratio of 1:2. Based on comparison with results of previous DFT

calculations [26], the round protrusion are identified as cations,

with their ring lying flat on the surface and the butyl group

pointing upwards, while the [TFSA] anions are represented by

pairs of parallel longish protrusions. These mainly arise from

the CF3 groups which are pointing upwards, while the anions

bind to the surface with their O-atoms. Based on the similar

structural characteristics in the STM images, we expect a

similar adsorption geometry also for Au(111), where no DFT

calculations exist.

4) Structure formation and adlayer structure/adlayer order are

strongly affected by the reconstruction of the Au(111) substrate.

Furthermore, they are also affected by the chemical nature of

the substrate. The latter is reflected by the slightly different

geometry (and IL adsorbate density) of the adlayer unit cell on

the two surfaces, while the general appearance of the adlayer

structure is identical on both substrate surfaces. The compa-

rable density achieved on Au(111) in the monolayer coverage

regime points to similar size substrate–adsorbate interactions on

both surfaces. The influence of the reconstruction of the

Au(111) surface is indicated in several ways: In addition to

steps, the elbows of the Au(111) reconstruction act as preferen-

tial nucleation sites, starting island growth at these sites.

Furthermore, they tend to induce narrow stripes of 2D glass

phase in the adlayer when overgrown by an 2D crystalline

adsorbate island/domain. The orientation of the 2D crystalline

structure is also influenced by the Au(111) reconstruction

pattern, it prefers to be oriented with the longer side of its unit

cell along the Au(111) dislocation lines. Therefore domain

boundaries of the adlayer structure often coincide with the

connection line of adjacent elbows, where the Au(111) recon-

struction pattern bends.

5) The (2D) melting temperature of the 2D solid phases is

affected by substrate effects, by the adlayer coverage and by the

order in the adlayer/domain. The melting temperature is signifi-

cantly higher for the 2D crystalline phase on Au(111) than for

the 2D glass phase, and it is higher in the (more closely packed)

adlayer in the monolayer coverage regime than in the submono-

layer coverage regime on the same substrate. For adsorption on

Ag(111), where the density of the 2D crystalline phase does not

depend on the overall coverage and where the size of the 2D

crystalline islands is generally very large, we found no effects

of the overall IL adsorbate coverage. The 2D melting tempera-

ture on Ag(111) resembles that on Au(111) in the submono-

layer coverage regime, despite of the significantly lower density

in the latter case. On the other hand, despite of similar densities

on Ag(111) and Au(111) in the monolayer coverage regime (2D

crystalline phase), the melting is significantly higher in the

latter case, indicative of stronger (effective) adsorbate–adsor-

bate interactions on Au(111) than on Ag(111).

Experimental
The measurements were performed in an UHV system with a

base pressure of <4 × 10−10 mbar, equipped with an Aarhus

type STM (SPECS; Aarhus STM 150), which allows measure-

ments in the temperature range between 90 and 400 K, and stan-

dard facilities for surface preparation and surface characteriza-

tion.

The Au(111) and Ag(111) samples were purchased from

Mateck GmbH and cleaned by repeated sputtering with Ar+

(0.5 keV, 4 μA, 30 min) and heating to 770 K for 30 min, until

atomically flat surfaces with mean terrace sizes of >100 nm

were obtained (checked by STM). The Au(111) surface exhib-

ited the typical reconstruction pattern with its characteristic

regular zig-zag pattern [27]. Between two measurements, only a

single cleaning cycle was sufficient to obtain a clean surface

again.

The ionic liquid [BMP][TFSA] was purchased from Merck in

ultrapure quality. It was mounted in a quartz crucible in a

Knudsen effusion cell (Ventiotec, OVD-3) in the UHV

chamber. It was degassed for more than one week in UHV at

room temperature, followed by several hours degassing at

360 K. The crucible itself was also baked at 870 K in UHV

before filling it with the IL. Prior to the experiments, the evap-

oration behaviour of [BMP][TFSA] was tested with a quartz
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micro balance. Based on these preliminary measurements, an

evaporation temperature of 375 K was used in the experiments,

which resulted in a pressure of 5 × 10−10 mbar. At this flow, a

deposition time of 3 min resulted in a coverage of ca. 1 ML, as

verified by STM. The cleanliness of the IL vapour was tested

with a quadrupole mass spectrometer.

One monolayer is defined as one closed layer of ions in direct

contact to the surface. In other publications [19,21], one closed

layer of IL was defined as a layer of IL molecules with the

cation and anion on top of each other, which gives 50% smaller

values compared to our definition. These values were corrected

to fit our definition in the present discussion.
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Interaction of ionic liquids with noble metal
surfaces: structure formation and stability of
[OMIM][TFSA] and [EMIM][TFSA] on Au(111) and
Ag(111)†

Benedikt Uhl,ab Hsinhui Huang,ab Dorothea Alwast,ab Florian Buchnerab and
R. Jürgen Behm*ab

Aiming at a comprehensive understanding of the interaction of ionic liquids (ILs) with metal surfaces we

have investigated the adsorption of two closely related ILs, 1-ethyl-3-methylimidazolium bis(trifluoro-

methylsulfonyl)imide [EMIM][TFSA] and 1-methyl-3-octylimidazolium bis(trifluoromethylsulfonyl)imide

[OMIM][TFSA], with two noble metal surfaces, Au(111) and Ag(111), under ultrahigh vacuum (UHV)

conditions using scanning tunneling microscopy (STM). At room temperature, the ILs form a 2D liquid

on either of the two surfaces, while at lower temperatures they condense into two-dimensional (2D)

islands which exhibit ordered structures or a short-range ordered 2D glass structure. Comparison of the

adlayer structures formed in the different adsorption systems and also with those determined recently

for n-butyl-n-methylpyrrolidinium [TFSA]� adlayers on Ag(111) and Au(111) (B. Uhl et al., Beilstein

J. Nanotechnol., 2013, 4, 903) gains detailed insight into the adsorption geometry of the IL ions on the

surface. The close similarity of the adlayer structures indicates that (i) the structure formation is

dominated by the tendency to optimize the anion adsorption geometry, and that (ii) also in the present

systems the cation adsorbs with the alkyl chain pointing up from the surface.

Introduction

The interaction of ionic liquids (ILs) with solid surfaces has
attracted increasing interest in recent years because of various
possible applications of ILs as solvents, e.g., for the deposition
of metals that cannot be deposited from aqueous solutions (e.g.
Li or Al),1–4 in catalysis5–9 or in battery electrolytes, in particular
in Li ion batteries, exploiting the very high electrochemical
stability of these species.10–17 In all cases, a fundamental
understanding of the processes at the solid|IL interface is
urgently needed for a systematic improvement of the respective
systems. A comprehensive account of the current literature on
the structure and nanostructure in bulk ILs and at the IL|solid
interface was recently published by Hayes et al.18

Since the complexity of realistic systems renders it essen-
tially impossible to gain a clear understanding of the ongoing
processes on a molecular scale, these processes have been

studied using well-defined model systems and simplified con-
ditions. Focussing on applications of ILs as solvent in electro-
chemistry, the potential dependent interaction of bulk ILs with
a single crystal metal surface was investigated combining in situ
scanning tunneling microscopy (STM) and cyclic voltammetry
(CV).19–21 Another, even more idealized approach involves
studies of the interaction of ILs with solid surface under
ultrahigh vacuum conditions, which allows the use of a whole
arsenal of surface sensitive techniques. Due to their extremely
low vapour pressure, even thicker IL films can be investigated
this way. The detailed information accessible from such kind of
studies, employing angle resolved X-ray photoelectron spectro-
scopy (ARXPS) as well as infrared reflection absorption spectro-
scopy (IRRAS), was illustrated by the Steinrück group.22–27

Following these lines, we have started to systematically
investigate the interaction of battery relevant ILs with solids,
focusing on the structure formation at the solid|IL interface as
well as on the possible reactive decomposition of the respective
ILs.28–32 In that work it was possible to gain insight into the
structure formation on a molecular scale, combining high
resolution STM imaging and XPS, which in combination with
density functional calculations allowed us to derive detailed
information on the nature and order of magnitude of sub-
strate–adsorbate interactions and the interactions between
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adjacent adsorbed IL species (adsorbate–adsorbate interactions).
In the present paper we report results of a comparative STM study
on the interaction of two ILs with the same bis(trifluoromethyl-
sulfonyl)imide [TFSA]� anion, [EMIM][TFSA] ([EMIM]+ =
1-ethyl-3-methylimidazolium) and [OMIM][TFSA] ([OMIM]+ =
1-methyl-3-octylimidazolium), with two rather similar noble
metal surfaces, Ag(111) and Au(111). The chemical structure
of the two ILs is displayed in Fig. 1. We focus on the adlayer
structure formation in the submono- to monolayer coverage
regime, where the resulting surface structures are unambigu-
ously related to the first layer, which is in contact with the
substrate. [TFSA]� based ILs, especially in combination with
imidazolium or pyrrolidinium based cations, have emerged as
promising candidates for application in Li ion batteries,10,14,15

underlining the interest in these compounds also from an
application point of view. We are particularly interested in
mapping out similarities and differences in the adsorption
and structure formation behavior caused by the change of the
cation and of the substrate, while the anion was kept the same.
This will gain information on the influence of the cation and of
the substrate structure on these properties, especially when
also comparing with our previous results on the adsorption of
another IL with identical anion, but rather different cation,
[BMP][TFSA] (BMP = n-butyl-n-methylpyrrolidinium) on Au(111)
and Ag(111).31

In the following we will present results on the structural
characteristics of the adlayers on the different substrates at
room temperature, followed by the results on the formation,
structural characteristics and stability of the adlayer structure
formed at low temperatures for each substrate–adsorbate system
separately. We will start with adsorption on the structurally
simpler Ag(111) surface, followed by adsorption on the recon-
structed Au(111) surface.

Results

For all four adsorption systems, [EMIM][TFSA] and [OMIM][TFSA]
adsorption on Au(111) and on Ag(111), respectively, STM imaging

at room temperature did not resolve any specific adsorbate
related structures, except for a significantly higher noise level
than detected on the adsorbate free Au(111) or Ag(111) surfaces.
On the other hand, the steps of the metal substrate surface as
well as the herringbone surface reconstruction of the Au(111)
sample did not show any significant modification. Hence,
adsorption of the ILs does not lead to an IL induced modification
of the surface itself. The latter had been reported by Atkin et al.
for adsorption of [EMIM][TFSA] on Au(111) in an electrochemical
environment, where they detected wormlike patterns on the Au
surface upon adsorption at the open circuit potential (OCP), with
holes of 1.5–2.0 nm depth in the Au surface.33 The pronounced
noise during STM imaging is attributed to adsorbed IL species
which move quickly on the substrate surface and pass through
the tunnel junction. Hence, depending on the density of the
adlayer this can be considered as a 2D gas or 2D liquid, where the
adsorbed species are too mobile to be resolved on the time scale
of the STM measurements.

Similar results, pointing to the presence of a 2D liquid at
room temperature, have been already reported for adsorption
of other ILs on noble metal surfaces, such as [EMIM][TFSA]
adsorption on Au(110),34 [BMP][FAP] on Au(111),28 and finally
[BMP][TFSA] adsorption on Au(111)29 and Ag(111).30 It is not
clear, however, whether the adsorbed IL species diffuse pair-
wise, similar to the existence of cation–anion pairs in the gas
phase upon evaporation, as it was observed for various ILs (inter
alia [EMIM][TFSA] and [OMIM][TFSA]),35,36 or whether they
diffuse individually. Considering that for [BMP][TFSA] adsorp-
tion on Ag(111) DFT calculations and XPS measurements had
indicated that the charge remained almost completely on the
adsorbed species,30 we favor a correlated, pairwise motion on
the surface. Comparing to results of in situ measurements in an
electrochemical environment, our data are most closely related
to measurements at OCP conditions, with no additional electro-
static charge on the substrate. Recently Elbourne et al.37 studied
the interaction of [EMIM][TFSA] with HOPG by in situ AFM. They
resolved row-like features at the OCP and concluded that the rows
result from an ordered layer of the IL, with both anion and cation
adsorbed directly to the surface. They proposed that cations and
anions each form parallel rows with a sequence of anion–cation–
cation–anion rows. The structures are first changing and after-
wards at �0.3 V no structures can be resolved any more. The
formation of structures even at room temperature was argued to
originate from a p–p interaction of the imidazolium ring and the
HOPG surface. In that case, [EMIM][TFSA] seems to interact
much more strongly with HOPG than with noble metal surfaces
and the formation of these structures is very much depending on
the substrate. In another in situ study, Wen et al.21 investigated
the interaction of [BMP][TFSA] with Au(111) by Video-STM. While
at the OCP no distinct features could be resolved, individual
structures can be resolved at potentials o�1.0 V vs. Pt. These
appear first as fluctuating structures in front of the substrate

steps, and at o�1.4 V a close packed
ffiffiffi
3
p ffiffiffi

3
p� �

superstructure

forms, which changes into a
ffiffiffiffiffi
32
p� �

structure o�1.6 V. These

structures were interpreted as layers of solely [BMP]+ cations

Fig. 1 Structural formulas of the investigated ionic liquids.
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which are electrostatically attracted to the negatively charged
surface, with the butyl group lying flat on the surface in the first
structure and the butyl group standing upright in the second
case. Comparable results, with a mobile adsorption of both ion
types around the PZC (point of zero charge; in this study at
�0.3 V), and the formation of ordered and disordered structures
at potentials 4�0.1 V and at o�0.7 V, which were attributed
to adsorption of solely the anions and solely the cations,
respectively, were also reported for [BMIM][BF4] adsorption on
Au(100).38,39 Similar results were also found for various alkyli-
midazolium based ILs in contact to Au(111) regarding cation
adsorption at negative potentials40 and additionally for [BMIM]-
[TFSA] on Au(111).41 In contrast, the present study performed
under UHV conditions reveals the stable adlayer structures
formed in the absence of an applied potential and of interactions
with a bulk electrolyte. For [BMP][TFSA] on Ag(111)30 and
Au(111)29 this results in co-adsorption of cation and anion with
both ions directly interacting with the substrate.

To obtain molecular resolution under UHV conditions and
thus gain information on the adsorption behavior and on the
molecule–surface interactions as well as on the interactions
between the adsorbed IL species also for [EMIM][TFSA] and
[OMIM][TFSA] on Ag(111) and Au(111), similar to [BMP][TFSA]
the samples need to be cooled to reduce the mobility of the
adsorbates. This was done by slowly (ca. 100 K h�1) cooling the
entire STM set-up together with the adsorbate covered sample
to liquid nitrogen (LN2) temperature. The results will be pre-
sented in the following for each adsorption system separately.

3.1 [OMIM][TFSA] adsorption on Ag(111)

At very low coverages, adsorbed [OMIM][TFSA] species are
predominantly found in front of the descending steps of the
Ag(111) surface. At higher coverages, islands form on the
terraces, which, however, are always connected to the steps of
the Ag(111) surface. Hence, upon cooling the sample to nearly
LN2 temperature, condensation of the adsorbed IL species
starts at the upper side of the steps, which act as preferred
adsorption sites for the adsorbed IL molecules and hence as
nucleation sites for 2D island formation. With higher coverages,
the adsorbate islands grow across the terraces by condensation of
further mobile adspecies at the perimeter of the adlayer islands.
The formation of these islands indicates the existence of attractive
interactions between the adsorbed species, similar to the adsorp-
tion of [BMP][TFSA] on Ag(111).30 DFT-calculations for the latter
adsorption system had shown that the adsorbed ions keep most of
their charge. We therefore relate the attractive intermolecular
forces mainly to electrostatic interactions. Similar characteristics
we assume also for [OMIM][TFSA] adsorption on Ag(111).

[OMIM][TFSA] forms two types of adlayer structures on
Ag(111) which are resolved in the STM image in Fig. 2a. This
image, which was recorded on a surface covered by a sub-
monolayer of [OMIM][TFSA], shows two terraces of a Ag(111)
surface where one is largely overgrown with a long-range
ordered structure (structure #1). This phase can also be
denoted as a 2D crystalline structure. A high resolution image
of this structure, recorded on the area marked by a white

rectangle, is presented in Fig. 2b. The adlayer forms a regular
pattern of round shaped protrusions (marked by black dots in
the image) and elliptic protrusions (marked with black ovals in
the image), where the latter ones are not as high as the round
protrusions. The protrusions are aligned in rows parallel to the
full black line in Fig. 2b; between each row of round shaped
protrusions there is a row of elliptic protrusions (details see
below). The rows of round shaped protrusions are arranged
pairwise, with a shorter row-to-row distance within each pair
than between the pairs of rows. A similar pairwise arrangement
is also found along the rows. In this case, however, the
differences between the distances within and between the pairs
are less pronounced. Within each row of elliptic protrusions
(along the full black line in Fig. 2b), the latter are oriented
approximately in parallel, with their long axis rotated by 60 �
101 with respect to the row direction. Between neighbored rows,
the orientation of these protrusions changes by 120 � 101. The
unit cell of the adlayer lattice is marked by a black parallelo-
gram in Fig. 2b, its dimensions are 2.1 � 0.1 nm � 2.3 �
0.1 nm, with an angle of 82 � 41 in between the lattice
directions. The unit cell (cell area 4.9 � 0.4 nm2) contains 4
round shaped protrusions and 8 elliptic protrusions, giving a
density of 0.8 � 0.1 round protrusions per nm2. The round
shaped protrusions are always surrounded by 4 pairs of long
shaped protrusions, and each of the pairs of longish protrusions
by 4 round shaped protrusions.

The adlayer structure closely resembles that observed for
[BMP][TFSA] on Ag(111), both with respect to the characteristic
structural elements and their arrangement.30 The only signifi-
cant difference is that in the latter case the distances between
the round protrusions along the row direction marked by the
black full line are, within the limits of the resolution, identical,
leading to a unit cell with half the size as obtained here
([BMP][TFSA] – Ag(111): 2.3 � 0.1 nm � 1.1 � 0.1 nm, unit cell
area 2.5 � 0.3 nm2). This results in exactly the same density of
0.8 � 0.1 round protrusions per nm2 for the latter adsorption
system. Since [BMP][TFSA] and [OMIM][TFSA] appear nearly
similar in the STM images, it is likely that both ILs have a
comparable adsorption geometry on Ag(111), where the latter is
known from combined STM results and DFT-D calculations.30

In that case, the [TFSA]� anion, which corresponds to a pair of
elliptic protrusions,30 is adsorbed in a cis conformation, with
the SO2 groups pointing to the surface, while the electron
densities leading to the elliptic protrusions in the STM image
are mainly generated by the CF3 groups pointing away from the
surface. The round shaped protrusions then have to be associated
with the [OMIM] cation. The DFT calculations for [BMP][TFSA]
adsorption mentioned above had indicated that the cation adsorbs
with the ring lying flat on the surface and the alkyl chain pointing
away from the surface, where the latter is responsible for the round
protrusion appearing in the STM images.30 Therefore we assume a
similar adsorption geometry for the [OMIM] cation. Comparing
this structure with the results of Cremer et al.25 and Krischok
et al.,42 who concluded from their XPS25,42 and MIES (metastable
induced electron spectroscopy)42 results that for room temperature
[OMIM][TFSA] adsorption on Au(111) the alkyl chain is horizontal
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to the substrate surface, there seems to be a reorientation in the
adsorption layer during cool down from room temperature to LN2

temperature, with the alkyl chains bending up from the surface
when going to LN2 temperature. This may be rationalized by a
tendency to order in an energetically more favorable adsorption
geometry, with smaller distances between the differently charged
adsorbed ions, and by the formation of islands. At temperatures
above the 2D crystallization temperature, the thermal motion/
energy in the system hinders the formation of ion pairs in their
most favorable adsorption geometry, and therefore they move
across the surface with little interactions to neighboring mole-
cules. We speculate that in that case the adsorption of the cations
may change such that the longer alkyl chain is oriented parallel to
the surface because of the expected higher van der Waals inter-
actions to the substrate.

The similarity of the 2D crystalline structures formed by
[BMP][TFSA] and [OMIM][TFSA] on Ag(111) leads also to a very
interesting conclusion: obviously the nature of the cation has
little influence on the structure formation. [OMIM]+ is an
imidazole with a 5-membered planar aromatic ring containing
2 nitrogen atoms, while [BMP]+ is a pyrrolidinium derivative

with a 5-membered non-aromatic non-planar ring containing
one nitrogen. Although the geometric and electronic structures
of the cations differ considerably, which should result also in
different interactions with the substrate and between neighbored
cation and anion cations, we find no significant differences in the
overall adsorption structures. This indicates that the resulting
ordered adlayer structures are dominated by the [TFSA]�–substrate
interactions, specifically by the variation of these interactions with
adsorption site and adsorption geometry. Optimizing the anion
adsorption geometry and thus the anion–substrate interactions
seems to be the determining parameter for the adsorption struc-
tures found on Ag(111) for both [BMP][TFSA] and [OMIM][TFSA],
overcompensating correlated variations in the cation–substrate
and adsorbate–adsorbate interactions. It should be noted that
such kind of structure determining role of the anions is specific
for the present case. In particular for adsorption at negative
potentials in an electrochemical environment, where one would
expect the cations to be in direct contact with the electrode surface,
these are likely to be responsible for the resulting adlayer structure.
Accordingly, Borisenko et al. reported pronounced differences in
the adsorption behavior of three different ILs, all containing the

Fig. 2 STM images of a Ag(111) surface covered with [OMIM][TFSA] adsorbates: (a) the IL adsorbates arrange in domains with 2D crystalline (1) and 2D
glass (2) structure; between the adsorbate covered areas bare Ag(111) surface (3) is visible (T = 110 K, UT = �1.16 V, IT = 130 pA). (b) High resolution image
of the 2D crystalline structure; the size of the image is equal to the size of the white rectangle in (a); (cations: round shaped protrusions, anions: pairs of
longish protrusions). The unit cell of the 2D crystalline structure is marked by a black parallelogram (dimension: 2.0 � 0.1 nm � 2.2 � 0.1 nm, directions:
black line� dashed black line) (T = 118 K, UT =�1.10 V, IT = 90 pA). (c) 2D crystalline structure aligned parallel to well ordered Ag(111) steps along the h1%10i
direction of the surface lattice. For better contrast the image was cut at the steps and the contrast was enhanced for each terrace on its own; terrace
a is the lowest, g the highest (T = 118 K, UT = �1.06 V, IT = 50 pA). (d) Domain of the 2D crystalline structure which is chiral to the ones shown in (a) and (b)
(T = 148 K, UT = �1.10 V, IT = 80 pA).
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same [FAP]+ anion, but different cations ([BMP]+, [EMIM]+ and
[HMIM]+) on Au(111) at negative potentials in a combined in situ
STM and AFM study.43 Although molecular resolution could not be
obtained, the change in cations was found to result in very
different structures of the solid–liquid interface.43

Coming back to our STM measurements, in addition to
structure #1, there are also larger disordered adlayer areas, as
can be seen in Fig. 2a on the upper terrace (marked with ‘2’ in
the image). Closer inspection reveals that the local structures
are often similar to those in the long-range ordered phase, with
short rows of round protrusions and the characteristic arrange-
ment of anions. Hence, they exhibit a short-range order, but no
long-range order. This structure will in the following be termed
a 2D glass phase. The islands consisting of 2D glass domains
also enclose adsorbate-free Ag(111) areas (marked with ‘3’ in
Fig. 2a). Similar to [BMP][TFSA] adsorption on Ag(111),30 the 2D
glass phase mainly appears on narrow terraces and along steps
in areas where large ordered areas connect to steps. In addition,
for [OMIM][TFSA] adsorption the 2D glass phase can form
islands/domains also on wide terraces, which was not observed
for [BMP][TFSA] adsorption on Ag(111).30 Finally, areas of
structure #1 often include small disordered ‘defective’ areas
with dimensions of a few nanometers. This contrasts the
structure formation of [BMP][TFSA] on Ag(111),30 where the
2D crystalline domains typically extend with almost no defects
over several 100 nm. Overall, the relative amount of 2D glass
structure is clearly higher for [OMIM][TFSA] adsorption on
Ag(111) than for [BMP][TFSA] adsorption. Most likely, the
higher tendency to form the short-range ordered structure is
related to slightly different space requirements of the ILs in the
2D crystalline structures, which allows a better fit of the adlayer
to the substrate lattice for [BMP][TFSA] adsorption than for
[OMIM][TFSA] adsorption.

The influence of the substrate lattice is on the other hand
indicated by the fact that the 2D crystalline adlayer structure is
not oriented randomly relative to the surface, but exhibits fixed
rotational orientations with respect to the substrate lattice. In
agreement with the threefold symmetry of the Ag(111) surface
we found three rotational orientations of that phase, indicating
that one lattice direction of the adlayer is oriented along the
close-packed h1%10i direction of the substrate. Considering that
the steps of a well prepared Ag(111) surface are largely oriented
along the h1%10i directions and that the paired rows of the
adsorbate structure are mostly either parallel (see Fig. 2c) or at
angles of 601 or 1201 (see Fig. 2a) to the steps, the rows of the
adlayer structure must be oriented along the h1%10i directions as
well. The long axes of the elliptic protrusions, which represent
the anions, are rotated by 601 relative to the paired rows and are
therefore also oriented in h1%10i direction. It was not possible to
obtain molecular resolution images of the IL adlayers together
with an atomically resolved Ag(111) surface in the same STM
image to confirm this conclusion. This is due to the very different
tunneling conditions that are necessary for atomic/molecular
resolution imaging: for atomically resolved Ag(111) images tunnel-
ing currents higher than 300 pA are necessary in our setup, while
at tunneling currents above B150 pA the tip starts to push away

the adsorbed IL molecules and destroys the 2D crystalline domains.
Furthermore, stable high resolution imaging is hindered by the
moving admolecules and their ‘collisions’ with the tip.

In addition to the 3 rotational orientations the unit cell can
be arranged in two different configurations by mirroring it at a
vertical plane along the h1%10i direction, indicating that the
structures are chiral. Two such structures are resolved in
Fig. 2a, b and d. The images are rotated such that the molecule
rows in the structure (marked with black lines in Fig. 2b and d)
are oriented in the same direction. The second directions of the
unit cells (marked with dashed black lines) in Fig. 2b and d are
mirrored at a vertical plane along the h1%10i direction. In total,
this yields 6 possibilities to align the ordered structure on the
substrate surface (2 chiral structures in 3 directions each). Still,
in all possible orientations found for the 2D crystalline adlayer
structure, the longish protrusions align along the h1%10i direction.
Since a pair of longish protrusions resembles one anion, this
means that the anions always align in a special and well defined
adsorption geometry relative to the substrate lattice. This observa-
tion supports our above assumption that the structure formation
is dominated by the anion–substrate interactions and the ten-
dency to optimize the [TFSA]� anion adsorption geometry.

The thermal stability of the adlayer structures was tested by
slowly (ca. 70 K h�1) heating the STM set-up from 90 K to room
temperature, while continuously recording STM images.
Already at 90 K (see Fig. 2a and c) we find stripy features at
the island boundaries to the surrounding 2D gas phase, both
for the ordered and for the short-range ordered phase islands.
These features arise from mobile molecules moving along the
island boundaries or attaching to/detaching from the islands.
The boundaries of the islands are therefore constantly changing,
while the adsorbates within the 2D islands are immobile. With
increasing temperature, the frizziness at the island boundaries
increases and spreads across the 2D glass phase areas, while the
central parts of the islands with 2D crystalline structure remain
stable. For the 2D glass phase we cannot give a definite ‘melting’
temperature, since its mobility increases over a wide temperature
range, but it was always completely dissolved when the 2D
crystalline structure started to melt. An STM image taken close
to the melting temperature of the 2D crystalline structure is
given in the ESI† (Fig. S1a), where the coexistence of the 2D
liquid (appearing as noisy features) and remaining 2D crystal-
line domains is visible.

The ordered structure melts at 165 � 10 K in islands at
submonolayer coverages and at 185 � 10 K in a monolayer
covered sample. The higher melting temperature in the mono-
layer coverage range reflects the mutual stabilization of the
adsorbed species by (additional) repulsive interactions, while at
lower coverages formation of ordered structures is dominated by
attractive interactions. The stability of the adlayer structure closely
resembles that of the [BMP][TFSA] adlayer structure on Ag(111),
where a melting temperature of 180 � 10 K was observed for both
the monolayer and for the submonolayer coverage regime.30

Overall, the interaction of [OMIM][TFSA] with Ag(111) is
dominated by molecular adsorption and the formation of a
mobile 2D liquid at room temperature. This and the formation
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of 2D solid adlayer phases only at low temperatures, with
melting temperatures below 200 K, indicate the presence of
weak adsorbate–adsorbate interactions. The formation of very
similar ordered and short-range ordered adlayer structures as
observed previously for [BMP][TFSA] on Ag(111),30 as well as the
similar orientation of the adsorbed [TFSA]� anions in both
adsorption systems relative to the substrate lattice indicate that
the structure formation is dominated by the anion–substrate
interactions and the tendency to optimize the [TFSA]� anion
adsorption geometry.

3.2 [EMIM][TFSA] adsorption on Ag(111)

[EMIM][TFSA] differs from [OMIM][TFSA] only by its shorter
alkyl chain in the cation (octyl - ethyl). Therefore, any differ-
ences in the adsorption behavior and structure formation must
be directly connected with this, or, reversely, if there are no
significant differences, the length of the alkyl chain has no
influence on the adsorption characteristics.

The adlayer structures formed upon [EMIM][TFSA] adsorp-
tion indeed closely resemble those observed for the adsorption
of [OMIM][TFSA] adsorption on Ag(111). As illustrated, e.g., in

Fig. 3a, the same 2D crystalline structure is found on terraces
wider than B20 nm, and also the short-range ordered 2D glass
phase is formed. Similar to the findings for [BMP][TFSA]
adsorption, the 2D glass phase is solely found on narrow
terraces (o20 nm width) or as a narrow stripe directly along
steps (see Fig. 3a and b). In addition, it sometimes appears at
the perimeter of 2D crystalline domains. The relative amount of
the 2D glass phase is lower than for [OMIM][TFSA]. Further-
more, the 2D crystalline areas show fewer defects than in the
latter adlayer. Overall, the tendency for ordering in a 2D crystal-
line structure is more pronounced than for [OMIM][TFSA]
adlayers, resembling more the case of [BMP][TFSA] adsorption.

The 2D crystalline structure has the same type of unit cell as
formed in the [OMIM][TFSA] adlayer, but with slightly different
dimensions, as can be seen in the high resolution STM image
in Fig. 3c, where the unit cell of the adlayer structure is marked
again by a red parallelogram. For one unit cell also the round
and elliptical protrusions are indicated by black circles and
ovals, respectively. The unit cell has a size of 1.9 � 0.2 nm �
2.3 � 0.1 nm, with the longer side along the molecule rows, and
an angle of 75 � 81 in between the lattice vectors. On an area of

Fig. 3 Ag(111) surface covered with islands/domains of [EMIM][TFSA]: (a and b) terraces with a width o20 nm are covered with adsorbates arranged in
the 2D glass structure, on larger terraces mainly 2D crystalline domains are found. In different domains, the directions of the molecule rows in the 2D
crystalline structures (marked with white lines) are rotated by 1201 to each other. For better contrast, image (a) was cut at the steps and the contrast was
enhanced for each terrace ((a) T = 108 K, UT = �1.13 V, IT = 60 pA; (b) T = 157 K, UT = �1.43 V, IT = 60 pA). (c) High resolution STM image of the 2D
crystalline structure; the unit cell is marked by red parallelograms (size: 1.8 � 0.2 � 2.1 � 0.1 nm, lattice directions: white arrow � dashed arrow); the
positions of the cations and anions are marked by black circles and pairs of black ovals in one of the parallelograms (T = 117 K, UT = �0.97 V, IT = 70 pA).
(d) 2D crystalline domain of [EMIM][TFSA], showing some defects and small 2D glass domains in the long-range ordered structure (T = 130 K, UT =
�1.20 V, IT = 60 pA).
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4.3 nm2 it includes 4 round and 8 elliptical protrusions (0.9 �
0.1 round protrusions nm�2). Evaluating numerous images, we
find that the exact dimensions of the unit cell vary slightly
between different surface locations. It could be that the structure
has slightly different dimensions, e.g., in the monolayer and the
submonolayer regime, as it was also reported for [BMP][TFSA] on
Au(111),29 but the differences are in the range of the standard
deviation. Overall, the adlayer structures formed by [EMIM]�,
[OMIM]� and [BMP][TFSA] on Ag(111) are very similar, therefore
we conclude that (i) [EMIM][TFSA] adsorbs in a similar adsorp-
tion geometry as the other two ILs and that (ii) the round
protrusions resemble the upstanding alkyl chains of the cation
and a pair of longish protrusions represents one anion. Also
the density of ion pairs per nm2 differs only slightly between
[OMIM][TFSA] and [EMIM][TFSA], with 0.9 � 0.1 nm�2 and
1.0 � 0.1 nm�2. With the longer alkyl chain lying flat on the
surface at coverages o0.8 ML, as it was postulated by Cremer
et al. for [OMIM][TFSA] on Au(111) at room temperature25 the
difference in the space requirement of both molecules should
be much larger and, compared to [BMP][TFSA], the structure
formation itself should also be different. A rough estimate of
the difference in the structure sizes for flat lying alkyl chains
can be given by using data on the ionic volumes for different IL
ions calculated by Slattery et al.44 For [EMIM]+ they reported a
volume of 0.156 nm3, for [OMIM]+ a value of 0.242 nm3.
Assuming roughly spherical shapes, the spheres have a dia-
meter of 0.35 nm ([EMIM]+) and 0.53 nm ([OMIM]+). This is a
difference of 34%. Hence, when the longer alkyl chains would
lie flat on the surface, the difference in the density of ion pairs
should be larger than 34%, since the difference in volume is
caused only by the longer alkyl chain and should be more
pronounced in the surface direction when the alkyl chain is
lying horizontally on the surface. In contrast, for an alkyl chain
standing upright on the surface the difference should be
smaller than this value. Since the measured difference in the
density is only around 10%, which is close to the range of the
error bar, this points to the latter adsorption geometry, in
agreement with the results of DFT-D calculations for [BMP][TFSA]
adsorption on Ag(111).30

The 2D crystalline structure of [EMIM][TFSA] shows the
same orientation along the h1%10i lattice vectors of the Ag(111)
substrate as it was found and discussed before for [OMIM][TFSA].
Different rotational domains, which are observed on different
terraces, always include angles of 120 � 51 between the directions
of the close packed rows of round protrusions. This is illustrated
in Fig. 3a, where the directions of the close packed rows in both
structures are marked by white lines. The structure also forms
parallel to well ordered Ag(111) steps (not shown). In addition,
when comparing the unit cells of the adlayer in Fig. 3a and c,
these appear as image and mirror image. Hence, also this adlayer
structure is chiral. The 6 possibilities to align the structure on the
substrate surface (3 sets of 2 chiral structures with the molecule
rows of the structure parallel to each h1%10i direction of the surface
lattice) are therefore identical to those for [OMIM][TFSA].

The thermal stability of the adlayer structures formed by
[EMIM][TFSA] was tested in the same way as it was done for

[OMIM][TFSA] adsorption. Similar to our findings for [OMIM]-
[TFSA], the perimeters of the adsorbate islands become mobile
already at 90 K, which is manifested by stripy features in the
STM images. In contrast, the core of the adsorbate islands is
stable under these conditions (compare e.g. in Fig. 3d). For the
2D crystalline structure, melting temperatures of 180 � 10 K in
the submonolayer and 212 � 10 K in the monolayer regime
were determined, while for the 2D glass structure the melting
temperature could not be determined reliably because of the
relatively low amount of this structure on the surface. The
higher melting temperatures of the crystalline phase compared
to the [OMIM][TFSA] adlayer phases, by 15 K for the submono-
layer and by 27 K for the monolayer coverage regime, clearly
reflect an influence of the longer alkyl chain of the cation on
the stability of the adlayer structure. One possibility to explain
this observation is that the stronger +I-effect of the octyl chain
(electron donation via the covalent s-bonds) compared to the
ethyl chain leads to a slight weakening of the positive charge
in the ring of the imidazolium cations and thus to weaker
electrostatic interactions between the cations and anions in the
structure. [BMP][TFSA], which lies with the length of its butyl-
chain between ethyl and octyl, has nearly the same melting
temperature as [OMIM][TFSA]. It could be that the effect of the
compared to [BMP][TFSA] longer alkyl chain, which should lead
to a lower melting temperature, is roughly compensated by the
different electronic structure of the imidazolium ring compared
to the pyrrolidinium ring.

The 2D melting temperatures determined here can be
compared to the bulk melting temperatures of the respective
ILs. Bulk [EMIM][TFSA] melts at 258 K (value is taken from the
data sheet of the supplier), other studies reported values
between 255 K45 and 265 K.46 For [BMP][TFSA], values between
252 K47 and 267 K46 were reported. For [OMIM][TFSA], no literature
value is available. In general, the 2D melting temperatures for the
adsorbed structures are slightly lower than the melting tempera-
tures of the bulk ILs. The lower stability of the 2D crystalline
structures is mainly attributed to weaker molecule–molecule
interactions compared to the bulk due to the interaction with
the surface.

The interaction of [EMIM][TFSA] with Ag(111) closely resem-
bles that of [OMIM][TFSA], where the latter differs only by its
longer alkyl chain in the cation. Based on the similar character-
istics in structure formation and especially the similar densities
of the adsorbate structures, we conclude that in the 2D crystalline
phases the alkyl chains are standing upright and that also in this
adsorption system the structure formation is dominated by the
tendency to optimize the adsorption geometry of the anion on the
surface.

3.3 [OMIM][TFSA] adsorption on Au(111)

On Au(111), [OMIM][TFSA] condenses into islands with mono-
molecular height like on Ag(111). Typical large-area STM
images of a surface with submonolayer coverage are shown in
Fig. 4a and 5a. Here it should be noted that on the adsorbate
free areas the zig-zag double lines of the herringbone recon-
struction48 are clearly visible; their orientation is indicated by

PCCP Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

7 
A

ug
us

t 2
01

5.
 D

ow
nl

oa
de

d 
on

 0
2/

07
/2

01
6 

10
:2

9:
46

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online



This journal is© the Owner Societies 2015 Phys. Chem. Chem. Phys., 2015, 17, 23816--23832 | 23823

the white zig-zag pattern in Fig. 4a. The images reveal a number
of characteristic features: similar to observations for adsorption
on Ag(111), the step edges are decorated by small islands
(nuclei) of adsorbed [OMIM][TFSA] (Fig. 5a–c). Similar nuclei
and also somewhat larger islands are observed at the bending
points (‘elbows’) of the herringbone reconstruction. These
islands exhibit the disordered structure discussed before (2D
glass phase, see islands marked by ‘2’ in Fig. 4a). Furthermore,
large islands are formed on the terraces, which largely consist
of a 2D crystalline phase, similar to that observed for adsorp-
tion on Ag(111). These islands can extend across several
domain boundaries of the underlying Au(111) reconstruction
pattern formed by the bending points of the zig-zag lines
(marked by dashed lines in Fig. 4a). On the other hand, these
domain boundaries of the Au(111) reconstruction often coin-
cide with the perimeters of the adsorbate islands (see Fig. 4a).
Additionally, the islands generally have a lengthy form along
these domains of the Au(111) reconstruction. It seems that an
ordered domain preferably forms on top of one such Au(111)
reconstruction domain. Obviously, the bending points of the

Au(111) surface reconstruction seem to act as a barrier for
further island growth, which is most likely attributed to the
sudden misorientation between substrate and adlayer lattice.

Finally, we also observed adlayer islands containing different
rotational domains of the adlayer structure. These different
rotational domains are separated from each other by areas with
2D glass phase. Most likely, these islands developed by coales-
cence of separate islands, each consisting of one domain of
ordered adlayer structure.

Next we will concentrate on the 2D crystalline structure.
A high resolution STM image of that structure, recorded in the
area imaged in Fig. 4a, is shown in Fig. 4b. The size and
location of the latter image is indicated by the black rectangle
in Fig. 4a. The long-range order in this structure differs some-
what from the 2D crystalline structure formed on Ag(111), but
the appearance of the adsorbed ions is the same. Also in this
case the structure is built up by round protrusions (marked as
white dots in Fig. 4b) and pairs of elliptical protrusions (white
ovals in Fig. 4b) with a ratio of 1 : 1. From the similarity in
characteristic structural features we conclude that the general

Fig. 4 (a) STM image of a submonolayer of [OMIM][TFSA] adsorbed on Au(111): large islands consisting mainly of molecules arranged in a 2D crystalline
structure extend across the surface (1); small islands with 2D glass structure are formed at the elbows of the Au(111) reconstruction (2), which is visible on
the bare Au(111) surface areas (3) and is also visible through the 2D crystalline adlayer structures. For better visibility, one double line of the Au(111)
corrugation lines is marked with white lines; the connections between bending points of the Au(111) surface reconstruction are marked with white dotted
lines (T = 102 K, UT = �0.76 V, IT = 50 pA). (b) High resolution image of the 2D crystalline phase. The size of the image corresponds to the black
rectangular in (a). The unit cell of the structure is indicated by a red parallelogram (size: 2.5 � 0.1 nm � 3.5 � 0.1 nm, arrow 1 � arrow 2) (T = 151 K,
UT = �1.16 V, IT = 70 pA). (c) High resolution image of the 2D glass phase (T = 157 K, UT = �0.33 V, IT = 50 pA). (d) Two 2D crystalline domains next to each
other; the domains are rotated by 1201 to each other. Additionally, the two adlayer domains are mirror images to each other (T = 145 K, UT = �1.16 V,
IT = 80 pA). (e) High resolution image of the boundary area between two long-range ordered domains (T = 149 K, UT = �1.16 V, IT = 90 pA).
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adsorption geometry of the IL ions is essentially identical to
that of [OMIM][TFSA] and [EMIM][TFSA] on Ag(111). The
anions (=elliptical protrusions) are aligned in rows (the direc-
tion of the rows is marked in Fig. 4b by arrow 1), and along
these lines they are oriented parallel to each other. Comparing
the orientation of the anions in different rows we find that this
is identical always in two neighboring rows, while in the third
one it is rotated by 1201 relative to the preceding two rows. In
the next two rows they are again oriented in the same way as in
the two rows before, resulting in an ‘a–a–b–a–a–b’ ordering
sequence. It is important to note that the ‘‘b’’ rows exhibit only
2/3 of the protrusions present in the ‘‘a’’ rows. The cations
(round protrusions) are aligned in between the anion a-type
rows, forming zig-zag lines with 4 cations per 3 anions in one
neighboring a-type row. In total, this results in a different
arrangement of the ions in the unit cell (see marked parallelo-
gram in Fig. 4b) compared to the adlayer on Ag(111). In the
latter case, cations and anions have the same number of
neighbored adsorbed ions, the cations are surrounded by 4
anions and the anions by 4 cations. In the ordered structure of
[OMIM][TFSA] on Au(111), the cations next to the ‘‘b’’ rows of
the anions (see Fig. 4b) have 4 anions as neighbor. The cations

between the ‘‘a’’ rows of anions have either 3 or 4 anions as
neighbors (marked with a ‘‘3’’ or ‘‘4’’ in Fig. 4b), (note that since
from the STM images we cannot unambiguously decide which
two of the longish protrusions in the ‘‘a’’ rows form a pair and
thus result from one anion, the assignment of 4 or 3 nearest
neighbor anions to the cations in between the ‘‘a’’ rows in
Fig. 4b could also be other way around). The anions in the ‘‘b’’
rows have always 4 neighbored cations; in the ‘‘a’’ rows 2/3 of
the anions have also 4 nearest neighbors, but 1/3 has only 3
nearest neighbors. This gives a mean coordination of 3.75
neighbored counter ions per anion or cation, which is 0.25 less
than in the 2D crystalline structure of [OMIM][TFSA] on
Ag(111). The dimensions of the unit cell are 2.8 � 0.1 nm along
the direction marked by arrow 1 and 3.8 � 0.1 nm along the
direction of arrow 2, with an angle of 76 � 51 in between the
lattice vectors. The total area of the unit cell is 10.3 � 0.5 nm2

and the density of round protrusions is 0.8 � 0.1 nm�2, which
on the other hand is identical to that on Ag(111). Compared to
the adsorption of [BMP][TFSA] on Au(111),29 the arrangement
of the ions in the structure relative to each other is exactly the
same; also the density of [BMP][TFSA] on Au(111) was found to
be 0.75 � 0.05 nm�2 in a monolayer, which is in the limits of

Fig. 5 (a) STM image of a Au(111) surface with low coverage of [OMIM][TFSA]. Preferred adsorption of the molecules takes place in front of the steps
(T = 125 K, UT = �0.45 V, IT = 100 pA). (b) STM image of the area marked with dashed black lines in (a) with 2 min delay, showing that the bulk islands are
stable at this temperature, only minor movement can be detected at the island boundaries (T = 125 K, UT =�0.45 V, IT = 110 pA). (c) High resolution image
of the molecules adsorbed in front of descending steps. Directly at the step cations are adsorbed, followed by the anions (T = 127 K, UT = �0.45 V,
IT = 70 pA). (d) High resolution images of an island boundary of a 2D crystalline island with a time delay of 2 min in between. In the white rectangle at the
island boundary we find an attachment/detachment of an ion pair (T = 124 K, UT = �0.71 V, IT = 80 pA).
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accuracy the same value as for [OMIM][TFSA]. In contrast, for
submonolayers of [BMP][TFSA] on Au(111) a slightly smaller
density of 0.61 nm�2 was found; while the ordered structure of
[OMIM][TFSA] did not depend on the coverage. [OMIM][TFSA]
adsorption on Au(111) results in an adlayer structure very
similar to that formed for [BMP][TFSA] in the monolayer region.
Overall, the similarity of adlayer structures for these ILs on
Au(111) and Ag(111) further supports our above conclusion
given for this type of ILs that the ordered adlayer structures are
dominated by the substrate–anion interactions and that
cation–substrate interactions seem to play a minor role.

The orientation of the adlayer structure relative to the sub-
strate lattice can be evaluated by comparing with the orientation
of the Au(111) reconstruction pattern. The double rows of the
Au(111) reconstruction are known to run in h11%2i direction.48 In
Fig. 4a, we find one large domain of the 2D crystalline structure
in the middle and upper part of the image and two smaller
domains at the bottom of the image. The direction in the
respective structures, which corresponds to that of arrow 2 in
Fig. 4b, is marked in Fig. 4a by a dashed black line. These
directions are always parallel to the double rows in one domain
of the Au(111) surface reconstruction and hence to a h11%2i
direction of the Au(111) surface, with an angle of 1201 between
the different directions. This is also true for the domains shown
in Fig. 4a, d and e, where these directions of the adlayer
structures are also marked with dashed lines.

Considering also the direction of the rows of round protru-
sions (arrow 1 in Fig. 4b), again two different structures can be
formed for each h11%2i direction, which behave as image and
mirror image. This is illustrated in Fig. 4d and e, where the
directions in the adlayers corresponding to arrow 2 in Fig. 4b are
marked with dashed black lines and the ones corresponding to
arrow 1 are marked with full black lines. In each image the two
marked domains are mirror images to each other. Hence, also in
this case the resulting surface structure is chiral.

At comparable adlayer coverage, the ordered domains formed
by the [OMIM][TFSA] adsorbates on Au(111) are much smaller
than the ones on Ag(111). We attribute this to the Au(111) surface
reconstruction, where both the steps and elbows act as nuclea-
tion centers for island formation, whereas on Ag(111) island
formation always starts at the steps. Hence, the density of
nucleation sites is much higher on Au(111) than on Ag(111).

Fig. 4c shows a high resolution image of the short-range
ordered 2D glass phase (see above). The appearance of the
molecules with round and elliptical protrusions is the same as
observed in the 2D crystalline structure, pointing to a similar
conformation of the adsorbed IL species in both phases. Also
the short-range order in the 2D glass phase is resolved in that
image, with cations and anions often lining up in short rows of
up to around 10 adsorbed ions, which exhibit similar structural
characteristics as the rows in the 2D crystalline phase. This
holds true also for the orientation of the anions, where many of
the elliptical protrusions are arranged in parallel to each other.
Obviously, the anions prefer the same adsorption geometry
relative to the surface as in the ordered structure. This is
evident also from Fig. 4e, which shows a high resolution image

of a small area of 2D glass structure between two 2D crystalline
domains. Most of the elliptical protrusions are aligned in the
same symmetric directions as observed in the long-range
ordered adlayer structure.

The thermal stability of the adlayer phases was evaluated in
the same way as described in the previous sections. Already at
the lowest temperatures, the edges of the islands appear frizzy
(see Fig. 4 and 5, except in Fig. 4a, where the scale is too large).
In analogy to [OMIM][TFSA] and [EMIM][TFSA] adsorption on
Ag(111) and to [BMP][TFSA] adsorption on Au(111) and Ag(111),31

we interpret this as either due to a high mobility of adsorbed IL
species along the island edge, or, more likely, as rapid exchange
of IL adsorbates between a surrounding 2D gas/liquid phase of
mobile IL adsorbates and the respective islands (2D solid). On the
other hand, the island cores are stable under these conditions.
This is illustrated in the STM images in Fig. 5a, b and d, which
were recorded at T = 125 K. Fig. 5a and b are images of the same
IL island recorded with a time period of ca. 2 min in between,
where Fig. 5b has a smaller scale than Fig. 5a (the area imaged in
Fig. 5b is marked by a dashed black rectangle in Fig. 5a). On this
large scale we find no significant changes of the island perimeter,
and the core of the island is completely stable. On a smaller scale,
however, changes can be detected, which is illustrated in Fig. 5d.
This shows two images of the same area (but different from that in
the images in Fig. 5a and b), which were recorded with a time delay
of 2 min in between. Here we find clear differences in the perimeter
structure, e.g., in the area marked by a white rectangle. In this case
the position of one anion is changed and another one is missing
completely. Overall, the island perimeters are mobile at 125 K on a
molecular scale, but show only little mobility on a larger scale.

When warming the sample to higher temperatures, the
mobility at the island edges gets more pronounced, but the
molecules in the inner parts of the islands stay stable. The 2D
glass islands ‘melt’ over a wide temperature range, but always
at lower temperatures than the 2D crystalline ones. At 165 �
10 K in the submonolayer regime and at 197 � 10 K in the
monolayer regime, the 2D crystalline structure melts, leaving a
2D liquid of the molecules on the surface, where the mobile IL
adsorbates cannot be resolved by STM. Therefore, we cannot
comment from these data on the proposal by Cremer et al.,25

who (based on ARXPS measurements performed at room tempera-
ture) proposed different adsorption geometries for the submono-
and monolayer regime. For monolayer coverage they suggested that
the cations are adsorbed in a similar geometry as favored in this
work for low temperatures, with the alkyl chain pointing up,
while at submonolayer coverage (o0.8 ML) they proposed that
the alkyl chains are adsorbed flat on the surface. The larger
space requirement of the latter adsorption geometry would be
compatible with the lower density of the 2D liquid phase formed
at room temperature in the submonolayer coverage regime, but
not with that of the ordered structure present at low temperatures.

Comparison of adsorption of [OMIM][TFSA] on Au(111) with
that on Ag(111) indicates that the influence of the substrate on
the interaction of [OMIM][TFSA] with noble metal surfaces is small,
both with respect to structure formation and to adsorbate–
adsorbate interactions. The general appearance of the adsorbed
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species and also the orientation of the anions relative to the
substrate are identical compared to those on Ag(111), leaving the
adsorption geometry largely unchanged, though their arrange-
ment relative to each other is slightly different. Different from
the non-reconstructed Ag(111) surface, the herringbone recon-
struction of Au(111) affects the shape of the adsorbate islands by
limiting their size, and on the other hand providing additional
nucleation centers at the elbows of the reconstruction.

3.4 [EMIM][TFSA] adsorption on Au(111)

Large-scale images of islands and domains of adsorbed
[EMIM][TFSA] on Au(111) at submonolayer coverage are shown
in Fig. 6. In the image in Fig. 6a we find two different 2D
crystalline structures. The structure resolved on the right hand
side of the image is very similar to that known from [OMIM][TFSA]
and [BMP][TFSA] on Au(111) (structure #2). In contrast, the 2D
crystalline structure appearing on the left of the image, which is
denoted as structure #3, has not been observed for the other
adsorption systems.

More detailed information on the structure of phase #2 is
obtained from the high resolution image shown in Fig. 7a. The
unit cell of the adlayer is marked by a red parallelogram, its size
is 3.0 � 0.1 nm � 3.4 � 0.1 nm (arrow 1 � arrow 2) with an
angle of 721 � 51 in between, an area of 9.9 � 0.5 nm2 and a
density of 0.8 � 0.1 ion pairs nm�2. The alignment and the
general appearance of this structure are essentially identical to
those in the 2D crystalline structures of [OMIM][TFSA] and
[BMP][TFSA] on Au(111), with the same density as observed for
[OMIM][TFSA] adsorption (0.8 � 0.1 ion pairs nm�2). We
therefore suggest that also in the present case the longer alkyl
chain of the cation points upwards. The adlayer lattice is
aligned along the h11%2i directions of the Au(111) surface (arrow
2 in Fig. 7a is oriented in h11%2i direction), as it was observed
also for [OMIM][TFSA] on Au(111). Similar to the latter adsorp-
tion system, this adlayer lattice direction is oriented along the

corrugation lines of the Au(111) surface reconstruction pattern.
Also in this case the domain and island boundaries of the
adsorbed 2D crystalline phases lie on top of lines along the
bending points of the Au(111) reconstruction (see, e.g., in
Fig. 6b). In the latter image, two pairs of the corrugation lines
of the Au(111) herringbone reconstruction are marked by white
lines, the bending points are located on the dotted lines. In the
middle of the image, two large domains of the 2D crystalline
adlayer structure are visible, whose boundaries partly are
located on the bending lines of the herringbone reconstruction
(dotted lines in Fig. 6b). These two domains are aligned parallel
to each other based on the direction of arrow 2 (see also the
white dashed line in this image). In contrast, the close packed
rows of round protrusions, whose directions are indicated by
arrows 1, are not parallel. Hence, these two domains are again
examples for the mirror symmetric orientations expected in
a chiral adlayer structure. Together with the three possible
rotational orientations, we thus obtain 6 possible arrangements
of the ordered adlayer, similar to our findings for the other two
ILs ([OMIM][TFSA] and [BMP][TFSA]) on Au(111).

For [EMIM][TFSA] adsorption we also observed a specific
modification of structure #2 which is visible in the upper part
of Fig. 6b. In this structure pairs of round protrusions along the
direction of arrow 2 are rotated by 901, which leads to a bending
of the close packed rows of round protrusions. This is illustrated in
the lower part of Fig. 7a, where one of such rotated pairs is marked
by black dots, together with its ‘normal’ neighbor pairs (black
circle). This structural modification is neither observed for
[OMIM][TFSA] nor for [BMP][TFSA] on Au(111).

The second ordered phase formed by [EMIM][TFSA] on
Au(111), structure #3, is resolved in Fig. 6a (large scale pre-
sentation) and in Fig. 7b and c (high resolution images). The
unit cell of this structure is indicated by a red parallelogram in
either of the images. Furthermore, the positions of the elliptical
protrusions are marked with black ovals for better visibility in

Fig. 6 [EMIM][TFSA] adsorbed on Au(111) at submonolayer coverage: (a) in addition to the 2D crystalline structure #2, another 2D crystalline structure
(#3) is found. The image was cut at the steps of the Au(111) surface and the contrast was enhanced for the structures on the terraces, the appearance of
different heights left from the screw dislocation at the left side of the image is an artifact of this treatment (T = 107 K, UT = �1.28 V, IT = 40 pA). (b) Various
domains of structure #2 are visible in this STM image. The two large domains in the middle of the picture are aligned parallel to each other along the
direction of arrow 2, which indicates also the direction of the corrugation lines of the Au(111) reconstruction domains on which they are largely located.
The directions of the molecule rows in the domains (arrows 1) run at angles of 721 and �721 relative to the direction of arrow 2: these two domains are
chiral. The upper part of the image shows a modified structure #2 (T = 113 K, UT = �1.28 V, IT = 80 pA).
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Fig. 7c. The unit cell has a size of 3.5 � 0.1 nm � 5.3 � 0.1 nm
(arrow 3 � arrow 4, Fig. 7b), with an angle of 831 � 41 in
between, and an area of 19.0� 0.8 nm2. It contains 12 ion pairs.
This leads to a density of 0.65 � 0.08 ion pairs nm�2, which is
lower than that of structure #2. Most obvious difference to
structure #2 is that in structure #3 the adsorbed ions are not
aligned in alternating rows of cations and anions, but in a more
complex arrangement. In this structure the cations (round
protrusions) are arranged in zig-zag lines, which are oriented
along a direction illustrated in Fig. 6a by a full white line and by
arrow 3, or directions rotated by �1201. Compared to the
dashed white line in Fig. 6a, which indicates the direction of
arrow 2 in structure #2 and thus the h11%2i direction of Au(111),
the white line is always rotated by 61 � 21. The presence of
similar structural elements in structure #3 as in the other
structure(s), with pairs of elliptical protrusions and round
protrusions, indicates that these are also related to adsorbed
anions and cations, respectively. Also similar to the other
structures, the pairs of elliptical protrusions exist in different
orientations, with the long axes oriented in one of the h1%10i
directions. This is indicated in the high resolution image in
Fig. 7d, where a domain of structure #2 appears next to a
domain of structure #3. In structure #2 the axis marked by a

dashed white line in Fig. 7d is parallel to the h11%2i direction of
the Au(111) surface. The long axes of the longish protrusions
are all with an accuracy of �101 rotated by 301/901 to the h11%2i
direction and therefore oriented along the h1%10i direction. The
orientation of the anions relative to the substrate in the new
structure is therefore similar to that in structure #2, and also
similar to the orientation of the anions of [BMP][TFSA]29 and
[OMIM][TFSA] on Au(111). The adsorption geometry of the
anion relative to the substrate is therefore the same (or very
similar) as in the other 2D crystalline adlayer structures (and
also in the 2D glass phase) of [OMIM][TFSA], [BMP][TFSA] and
[EMIM][TFSA] on Au(111) and also on Ag(111). This further
supports our above conclusion of a structure determining
anion–substrate interactions in these adsorption systems.

In contrast to the similar adsorption geometry, the arrange-
ments as well as the number of neighbored adsorbed anions in
structure #2 and #3 differ, as described in the following. In the
upper unit cell marked in Fig. 7c the number of neighbored
anions is indicated on the positions of the respective cations. In
the lower unit cell, the number of neighbored cations to each
anion is indicated in the same way. The numbers vary between
2 and 5 neighbors for the anions and between 2 and 4 for the
cations. Compared to structure #2, which had for both anion

Fig. 7 High resolution STM images of the 2D crystalline structures formed by [EMIM][TFSA] on Au(111): (a) structure #2 (unit cell: 2.7 � 0.1 nm � 3.1 �
0.1 nm, arrow 1 � arrow 2). The lower part of the image shows the modified structure #2 described in the text (T = 153 K, UT = �1.54 V, IT = 70 pA). (b and
c) Structure #3 with a unit cell of 3.2 � 0.1 nm � 4.8 � 0.1 nm (arrow 3 � arrow 4). (c) The positions of the anions are marked with pairs of black ovals in
the unit cell (red parallelogram) ((b and c) T = 150 K, UT = �1.40 V, IT = 60 pA). (d) Domain boundary between both structures; the unit cell of #3 is rotated
by 61 � 21 to the axis of the unit cell of #2, which is parallel to the h11 %2i substrate directions (T = 150 K, UT = �1.40 V, IT = 80 pA).
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and cation only 3 or 4 neighbors, structure #3 shows a larger
variation. Furthermore, the mean number of neighbors per
anion or cation is lower in structure #3 (3.25 neighbors) than in
structure #2 (3.75 neighbors). On the other hand, the density of
the adlayer in structure #3 (0.65 � 0.08 cations nm�2) is lower
than in structure #2 (0.8 � 0.1 cations nm�2). The reason for
the different arrangement of the adsorbed ions relative to
each other in these structures must be subtle differences in
the adsorbate–adsorbate interactions in structure #3 and in
structure #2. The overall energies of formation of these two struc-
tures, however, must be rather similar, since both adlayer structures
coexist on the surface.

It is not yet clear why structure #3 (or an analogous struc-
ture) could not be observed for [OMIM][TFSA] and [BMP][TFSA]
on Au(111), but its absence in these systems must be related to
very subtle differences in the energetics, as concluded from
the existence of similar #2 structures in all three adsorption
systems.

Finally, also for this adsorption system we observed a 2D
glass phase. High resolution images resolving its structure are
presented in Fig. 8. The image in Fig. 8a resolves a domain
of that phase between two domains of structure #2, Fig. 8b
shows a part of a larger domain of the 2D glass structure.
The arrangement of the adsorbed ions is very similar to that
observed for [OMIM][TFSA] on Au(111) (see previous section
and Fig. 4c). The anions as well as the cations are often
arranged in short rows of cations and anions similar to the
arrangement in the ordered structure #2. Furthermore, the
adsorbed anions are oriented with their main axis along the h11%2i
directions of the Au(111) surface, i.e., the long axes of the elliptical
protrusions are orthogonal to that direction, identical to their
orientation in structures #2 and #3.

Upon heating the samples slowly to room temperature, we
determined melting temperatures of 240 � 10 K for both 2D
crystalline structures, of 205 � 10 K for the 2D glass structure in
the monolayer and of 120 � 10 K for the 2D glass structure in
the submonolayer regime. Compared to [OMIM][TFSA] on
Au(111), which has 85/40 K (submonolayer/monolayer regime)
lower melting points, this trend is the same as for the two ILs

on Ag(111). As already discussed this can be attributed to the
different alkyl chain length of the cation and its influence
on the electrostatic interactions between the adsorbed ions.
Comparing the adlayer melting temperatures on the different
substrates Au(111) and Ag(111), we find an B30 K higher
melting temperature for [EMIM][TFSA] adsorption on Au(111),
while for [OMIM][TFSA] the melting temperatures are approxi-
mately identical on both substrates (submonolayer regime) or
slightly higher on Au(111) (monolayer coverage). Hence, there
is no clear trend for the influence of the two substrates Ag(111)
and Au(111) on the stability of the 2D crystalline structures.
They mainly differ in the local geometries on the surface due to
the slightly different interatomic distances and of course by the
reconstruction of the Au(111) surface layer, which is accompa-
nied by also anisotropic atomic distances.

Overall, the interaction of [EMIM][TFSA] with Au(111) results
in a larger structural variety than observed for its interaction
with Ag(111), but also for interaction of the other ILs [OMIM]-
[TFSA] and [BMP][TFSA] with Au(111). This difference must
originate from subtle differences in the adsorbate–adsorbate
interactions, caused by the different alkyl chain length. The
main structural characteristics, in particular the anion adsorp-
tion configuration and also the effective adsorbate–adsorbate
interactions, are, however, maintained and similar to those in
the other adsorption systems considered here for comparison,
[OMIM][TFSA] and [BMP][TFSA] on Au(111) and Ag(111). In all
cases the optimization of the anion adsorption configuration
seems to be the decisive parameter for the nature of the ordered
adlayer structures.

3.5 Commensurability of the structures to the
substrate lattice

The sizes of the unit cells given in the text above are those
which were measured in the STM images. Since the 2D crystal-
line adlayer structures are strictly oriented along certain lattice
directions it is likely that the molecules in each structure are
also adsorbed on similar adsorption sites. In that case, the 2D
crystalline structures must be commensurate to the substrate
lattice. This was not the case in the structures discussed so far.

Fig. 8 High resolution STM images of the 2D glass structure of [EMIM][TFSA] on Au(111) (a) between two domains of 2D crystalline structure #2 and (b) in
a larger domain ((a) T = 152 K, UT = �1.40 V, IT = 70 pA; (b) T = 149 K, UT = �1.40 V, IT = 70 pA).
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In Fig. 9 and 10 we show drift corrected high resolution STM
images together with commensurate structure models for the
different molecule–substrate combinations investigated (Fig. 9a:
[OMIM][TFSA] on Ag(111); Fig. 9b: [EMIM][TFSA] on Ag(111);

Fig. 10a: [OMIM][TFSA] on Au(111); Fig. 10b and c: [EMIM]-
[TFSA] on Au(111)). In all images we included a hexagonal
network of black circles, which illustrate the Ag(111) or
Au(111) substrate lattice. For Au(111) the network is contracted

Fig. 9 Models of the 2D crystalline structures of (a) [OMIM][TFSA] and (b) [EMIM][TFSA] on Ag(111) relative to the Ag(111) surface lattice (see underlaid
lattice). Red lines show the ‘‘as measured’’ unit cell, dashed red lines and blue rectangles/trapezes show the error area, black lines show the best fit
commensurate unit cells. The underlying STM pictures were drift corrected on the best fit commensurate unit cell. Grey spheres mark the positions of the
cations, pairs of red ovals those of the anions.

Fig. 10 Models of the 2D crystalline structures of (a) [OMIM][TFSA] and (b, c) [EMIM][TFSA] on Au(111), analogously to those in figure.
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in the vertical h1%10i direction by 4.3% to account for the
contracted outermost layer in the Au(111) herringbone recon-
struction.48 The scale is identical for all images. The measured
dimensions of the unit cells are drawn with red lines, the
dashed red lines indicate the maximum area available for the
unit cell considering the error range in the measured distances
and orientations. The blue trapezoids indicate the limits for the
unit cell considering the accuracy of the measured angles and
side lengths.

It is not possible to decide from the STM images whether the
anions or cations adsorb on on-top, bridge or on threefold
hollow (hcp or fcc) sites, since atomic resolution of the substrate
lattice could not be obtained in high resolution measurements of
the adsorbed IL islands. Therefore in Fig. 9 and 10 we placed the
round protrusions, which mark in these images the upper right
corner of the unit cell, on a threefold hollow site. For a commen-
surate adlayer structure this means that all round protrusions
(cations) at the corners of the unit cells are located on the same
sites. The measured values for the unit cells do not fit exactly to
a commensurate structure, but considering the error range in
the STM measurements, commensurate unit cells are definitely
possible, and also likely from the reasons given above. The
commensurate unit cells fitting best to the measured sizes/
orientations are marked in the images with black lines. The
sizes of the best fit commensurate unit cells are summarized in
Table 1. The positions of the round shaped protrusions (=cation
positions) and of the pairs of longish protrusions (=anion
positions) in the commensurate structure, averaged over several
STM images, are marked with grey round spheres and red ovals.
The positions of the cations vary slightly in different STM images.
For the anions a determination of their exact positions is not
possible because of their low apparent height. This is especially
true for structure #3 of [EMIM][TFSA] on Au(111). Nevertheless,
the adsorption sites of the anions on the substrate seem to be
very similar in all structures. Finally we would like to mention
that it cannot be ruled out that the cations exist in slightly
different conformations. This is especially possible for the longer
alkyl chains, which are mainly responsible for the roundish
protrusions in the STM images30 This would explain slight
variations in the positions of the round protrusions, while the

imidazolium rings of the cations may still be adsorbed on identical
adsorption sites (e.g., with N-atoms on top of substrate atoms) on
the surface. Overall, determination of the exact adsorption geo-
metry especially of the cations, but also of the anions requires
additional support from other experimental methods and in
particular from theory, from electronic structure calculations.

Conclusions

Based on the results of a comparative STM study on the
structure, structure formation and thermal stability of (sub-
)monolayers of two closely related ILs, [EMIM][TFSA] and
[OMIM][TFSA], on two noble metal surfaces with similar local
symmetry, Au(111) and Ag(111), which were performed under
UHV conditions and at temperatures between 100 K and room
temperature, and making use of previous findings on the
structure and structure formation of an IL with similar anion,
[BMP][TFSA] on these surfaces,29–31 we arrive at the following
conclusions:

(1) For all three ILs the ions remain intact upon evaporation.
At room temperature, the adsorbed ILs form a 2D gas or a 2D
liquid on each of the two substrates, depending on the cover-
age. Upon cooling to 100 K, the adsorbed species condense into
monolayer islands on the surface. Island formation starts at
descending steps and, in the case of Au(111), at the elbows of
the surface reconstruction, followed by 2D growth over the
terraces.

(2) In the condensed phase the adsorbed species either form
a 2D crystalline phase or a short-range ordered 2D glass phase.

(3) From the close similarity of all adlayer structures with
that of [BMP][TFSA] on Ag(111), with round shaped protrusions
and pairs of elliptical protrusions, a similar density of these
features and comparable lattice characteristics, we conclude on
a similar origin of these features, with the round protrusions
corresponding to the adsorbed cations with the alkyl chain
pointing upwards, and the pairs of elliptical protrusions corres-
ponding to the adsorbed anions.

(4) The rather similar adlayer structures and essentially
identical adsorption geometry of the anions, despite the rather
different nature of the cations in the three ILs, indicates that

Table 1 Overview of the measured sizes of the unit cells and the adlayer densities in the different structures. The corresponding best fit commensurate
unit cell dimensions, the resulting adlayer densities and the matrix notation of them are also summarized

Structure

Measured unit cell
dimensions
[nm] � 0.1 nm

Measured density
[ion pair nm�2]

Commensurate
unit cell
dimensions [nm]

Density
[ion pair nm�2]

Matrix
notation

Matrix notation
(mirror structure)

[OMIM][TFSA] Ag(111) 2.1 � 2.3
821 � 41

0.8 � 0.1 2.023 � 2.294
78.841

0.8778 7 0
3 9

� �
7 0
6 9

� �

[EMIM][TFSA] Ag(111) 1.9 � 2.3
751 � 81

0.8 � 0.1 2.023 � 2.366
70.971

0.8778 7 0
2 9

� �
7 0
7 9

� �

[OMIM][TFSA] Au(111) 2.8 � 3.8
761 � 51

0.8 � 0.1 2.530 � 3.744
76.211

0.8620 15 8
3 11

� �
15 8
�3 8

� �

[EMIM][TFSA]#2 Au(111) 3.0 � 3.4
721 � 51

0.8 � 0.1 2.931 � 3.492
67.181

0.8313 14 7
�4 8

� �
14 7
4 8

� �

[EMIM][TFSA]#3 Au(111) 3.5 � 5.3
83 � 41

0.65 � 0.08 3.503 � 5.237
85.471

0.6563 14 6
0 19

� �
14 8
0 19

� �
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the adlayer structures are dominated by the optimization of the
anion adsorption geometry, while the cation adsorption has
little effect. Optimizing the [TFSA] anion adsorption geometry
seems to be essential for the formation of the identified 2D
crystalline structures. This is supported also by the observation
of similar local adsorption configurations in the 2D glass
phases. The little differences between adlayer structures formed
for [EMIM][TFSA] and [OMIM][TFSA], which differ significantly in
the length of the alkyl chain at the cation, further indicates that
in the ordered phases the alkyl chains are standing upright rather
than lying flat along the surface, in agreement with previous
results of recent DFT-D calculations for [BMP][TFSA] on Ag(111).

(5) Substrate effects on the structure and structure for-
mation are present, but weak. They are evident from differences
between the 2D crystalline structures formed on Au(111) and
Ag(111), both for the ILs investigated in this structure and
for [BMP][TFSA]. Furthermore, the Au(111) herringbone recon-
struction causes a higher amount of lattice defects and short-
range ordered 2D glass phase, also the ordered domains are
smaller on Au(111) than on Ag(111).

(6) The attractive interactions between the adsorbed ILs are
weak, regardless of the IL and the nature of the noble metal
substrate, even at 100 K the 2D solid phases of the ILs are in
equilibrium with a 2D gas phase of adsorbed mobile species.
The high mobility of the individual adsorbed species also
points to a low diffusion barrier for the individual adsorbed
species.

Overall, this comparative study gained detailed insight into
the interaction of ILs containing [TFSA]� anions with noble
metal surfaces, and the general features are expected to be
characteristic also for the interaction of other types of ILs with
noble metal surfaces.

Experimental

The measurements were performed in a UHV system with a base
pressure o1 � 10�10 mbar, which is equipped with a variable
temperature Aarhus-type STM (SPECS; Aarhus STM 150) and
standard facilities for surface preparation and characterization.
STM measurements can be carried out between 90–400 K, utiliz-
ing liquid N2 cooling and resistive sample heating. All images
were acquired in constant current mode with tunnelling currents
between 40 and 100 nA and tunnelling voltages of 1–2 V.

The Au(111) and Ag(111) crystals were purchased from MaTeck
GmbH with an orientation accuracy of o0.11 and a surface
roughness o0.03 mm. The ILs were purchased from Merck
([EMIM][TFSA]) and from Io-Li-Tec (Germany) ([OMIM][TFSA]),
both in the highest available quality (ultrapure). Cleaning of the
Au(111) and Ag(111) surfaces was performed by repeated cycles of
Ar+ sputtering (30 min, 4 mA, 0.5 keV) and heating (770 K, 30 min).
The cleanness was checked with STM; for both substrates atom-
ically clean surfaces were obtained with terraces of 4200 nm
width separated by monatomic steps. In the case of Au(111), the
terraces exhibit the typical herringbone surface reconstruction
pattern.48 The IL adlayers were prepared by physical vapor

deposition using a triple Knudsen effusion evaporator (ventiotec,
OVD-3). Prior to use, the glass crucibles were baked out at 870 K
in UHV to remove vaporizable impurities from the glass. After
cooling down and dismounting of the evaporator from the
chamber, the ILs were filled into the crucibles, the evaporator
is afterwards again installed at the UHV chamber and evacuated.
The ILs are then degassed for 24 hours under UHV conditions
at temperatures slightly below the evaporation temperature
([EMIM][TFSA] at 350 K; [OMIM][TFSA] at 300 K). This procedure
ensures contamination-free IL vapor (checked by QMS). Residues
such as H2O, Li+ or Na+ ions, or Al2O3 particles, which often
appear even in ‘‘ultrapure’’ ILs,20,49 are either not vaporizable and
thus remain in the crucible during evaporation, or have been
removed by the degassing process. The evaporation rate was
calibrated against the evaporator temperature by a quartz micro
balance (intellemetrics IL150) and by mass spectrometric mea-
surements, using a quadrupole mass spectrometer (Pfeiffer
HiQuadQMG700) which was mounted with its ionization area
into the IL beam. Defined IL adsorbate coverages were obtained
by adjusting the evaporation time and the evaporation tempera-
ture, with evaporation temperatures between 350 K and 390 K for
[EMIM][TFSA] and between 300 K and 330 K for [OMIM][TFSA].

A monolayer is defined as a closed layer of ions in direct
contact to the surface, following the definition in our previous
studies.29–31 This differs from the definition used by Cremer
et al.,25 who defined a monolayer as a layer of ion pairs on top
of each other. To avoid misunderstandings, all coverage data
from Cremer et al. were converted by multiplying them with a
factor of two.
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Adsorption and reaction of sub-monolayer films
of an ionic liquid on Cu(111)†

Benedikt Uhl,‡ab Florian Buchner,‡ab Stephan Gabler,ab Maral Bozorgchenaniab and
R. Jürgen Behm*ab

The reactive interaction of the ionic liquid 1-butyl-1-methyl-

pyrrolidinium bis(trifluoromethylsulfonyl)imide [BMP][TFSA] with

Cu(111) was investigated by scanning tunnelling microscopy (STM)

and X-ray photoelectron spectroscopy (XPS) under ultrahigh vacuum

(UHV) conditions. Decomposition between 300 K and 350 K is

manifested by changes in the surface structure monitored with

STM. XPS reveals that mainly the [TFSA] anion is decomposed.

Ionic liquids (ILs), which are defined as molten salts with a
melting point below 100 1C,1 have attracted rapidly increasing
attention due to their outstanding physicochemical properties
such as high ionic conductivity and electrochemical stability,
very low vapour pressure, or low flammability.1–3 Furthermore,
these properties can be systematically tuned by varying the
combination of anion–cation pairs. Among other applications,
ILs were identified to be particularly suitable for application
in the area of electrochemical energy storage, as a solvent in
lithium ion and lithium air batteries.4–6 For a systematic
optimization of the ILs for these applications, a detailed under-
standing of the processes at the IL|solid interface on a funda-
mental level, at the molecular scale, is essential, which is a
precondition for understanding the processes leading to the
formation of the solid-electrolyte interphase in Li ion batteries.
This led to a number of studies on the interaction between ILs
and solid electrode surfaces, both in situ, under electrochemical
conditions,7–9 and ex situ, under ultrahigh vacuum (UHV)
conditions.10,11 Molecular scale information on the adsorption
behaviour directly at the IL|metal interface, in the monolayer
regime, however, is scarce and is just starting to emerge.

Therefore we have recently started to systematically investigate
the interaction between representative ILs, which are suitable for
battery applications, and selected electrode materials. In a first
step, we focussed on idealized materials, specifically noble metal
surfaces, and idealized conditions, at the solid|vacuum interface
under UHV conditions. In these studies we concentrated on
aspects of structure formation, the chemical state of the molecules
at the interface, and the interactions between metal and adsorbed
ILs. Following previous reports on the interaction of the anion–
cation pair 1-butyl-1-methylpyrrolidinium bis (trifluoromethyl-
sulfonyl)imide [BMP][TFSA] with the rather inert Ag(111) and
Au(111) surfaces,12–15 in the present communication we make a
considerable step forward towards the ultimate goal of under-
standing the processes leading to the formation of the solid-IL
interphase (SEI), exploring the interaction of [BMP][TFSA] with the
more reactive Cu(111) surface. We here present first results on
the interaction of submonolayer amounts of [BMP][TFSA] with
Cu(111), employing scanning tunnelling microscopy (STM) and
X-ray photoelectron spectroscopy (XPS) for structural and chemical
characterization, respectively. Considering the higher reactivity of
Cu(111) compared to Ag(111) and Au(111), we will compare our
findings with results obtained for the interaction of the same IL
with Ag(111) and Au(111), where this had been demonstrated to
adsorb intact, without decomposition, up to at least 420 K.12–15

In the present work, we are particularly interested in the
thermal stability and decomposition of the adsorbed IL in the
temperature range between liquid nitrogen temperature and
around room temperature (300–350 K). Following our approach
for [BMP][TFSA] adsorption on Ag(111) and Au(111), we first
performed STM measurements on a sub-monolayer [BMP][TFSA]
film covered Cu(111) surface, where both IL deposition and STM
imaging were performed at around room temperature.

In large scale STM images (Fig. 1a and b) we find noisy terraces
with no obvious structure. This resembles previous findings for
[BMP][TFSA] adsorption on Au(111) and Ag(111) (see Fig. 2a for
comparison), where STM imaging at room temperature also
resulted in structureless, noisy images.12–15 The noisy appearance
was explained by mobile adsorbates rapidly diffusing over the
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surface. Furthermore, and different from the findings for the
latter adsorption systems, the step edges changed their shape from
straight or slightly curved on the bare, adsorbate free Cu(111)
surface into steps with clear preferential orientations which differ
by angles of �1201, indicative of step faceting. Upon closer inspec-
tion we also find small and long shaped islands with ordered
structure, either attached to the steps (see Fig. 1a and b) or located
on the terraces as demonstrated in Fig. 1c. Time sequences of
STM images verify that these islands are highly stable over time,
pointing to a rather high barrier for diffusion on the Cu(111)

surface. The high stability and the pronounced anisotropic shape
of the islands indicate strong and highly anisotropic interactions
between neighbouring adspecies, with a much stronger interaction
along the long island direction than orthogonal to it. Comparison
with atomic resolution images of the Cu(111) lattice reveals that the
islands are strictly aligned along the main directions of the under-
lying copper lattice, with the long side oriented along the close-
packed o1104 directions and the short side along the o1124
directions. The dimensions of the unit cell are |a| = 0.47� 0.02 nm
and |b| = 0.52 � 0.2 nm and a = 90 � 21 (Fig. 1d), the resulting

commensurate overlayer can be described by a
2 1
0 2

�
�
�
�

�
�
�
�

super-

structure, using standard matrix notation. The structure of the
islands is very different from that of the [BMP][TFSA] adlayer formed
on Ag(111) or Au(111) upon cooling down to liquid nitrogen
temperature (see Fig. 2b for comparison). Most important, the size
of the unit cell is too small for a [BMP][TFSA] adlayer, considering
the size of the adsorbed ion pairs (ca. 0.9 nm diameter per adsorbed
ion14). Therefore the STM images provide first evidence for a
decomposition of the adsorbed [BMP][TFSA] film under these
conditions, where the islands are composed of a rather small
adsorbed fragment of the decomposition process. In that case,
the other remaining fragments of the decomposition process are
either desorbed or are present as highly mobile adspecies, con-
tributing to the noisy appearance of the remaining terrace areas. For
larger exposures, the islands with their square structure grow in size.

In the next step, a submonolayer of [BMP][TFSA] was pre-
pared on Cu(111) by vapour deposition on the sample held at
around 200 K and subsequent cool down to B100 K (note that
similar structures were observed upon deposition at B100 K and
subsequent imaging at that temperature (see ESI†)). In the large
scale STM image in Fig. 3a (300 nm � 150 nm) the surface is
covered by a 0.4 ML [BMP][TFSA] adlayer, where the adsorbed
species are condensed into small island structures which are
homogeneously distributed over the terraces (1 monolayer (ML)
corresponds to the number of adsorbed ions in direct contact
with the surface at saturation). Also in this case the steps are
decorated; however, they are not altered as described above upon
vapour deposition at 300 K. The magnified STM image inserted
in Fig. 3a resolves that the islands exhibit branched shapes and
consist of a disordered pattern of protrusions. Hence, despite
using a higher sample temperature for preparing the adlayer
(200 K), ordering still seems to be kinetically limited. Different
from adsorption on Ag(111),14 it was not possible to resolve and
identify individual anions and cations, and also the typical
structural element observed upon adsorption on Ag(111) or
Au(111), with one circular protrusion for the cation and two
parallel elliptic protrusions for the anion, could not be resolved.

Beside the structural information gained from STM imaging,
the chemical state of the adlayer was probed by XPS measure-
ments. Representative C1s and S2p core level spectra recorded
after deposition on the sample held at 80 K, are depicted in
Fig. 3b and c. A molecular stick presentation of [BMP][TFSA] is
placed above the spectra. In the C1s region (Fig. 3b), the peak
referred to as Calkyl (285.0 eV) can be associated with five carbon
atoms, three in the butyl group and two in the 5-membered ring,

Fig. 1 STM images recorded after vapor deposition of [BMP][TFSA] on
Cu(111) at room temperature reveal a modification of the steps (imaging
temperature 300 K). In (a) and (b) it is demonstrated that the steps are in
large parts modified by ordered structures. (c) These commensurate
structures also appear at the terraces, exhibiting distinct azimuthal orien-
tation along the main axes of the underlying copper atomic lattice. In the
magnified STM image in (d) the unit cell is highlighted.

Fig. 2 STM images after (a) vapour deposition of [BMP][TFSA] on Ag(111) at
room temperature (imaged at r.t.) (b) after cool down to liquid nitrogen
temperature. The noisy appearance at room temperature is indicative for a
2D gas/liquid adlayer. Upon cool down a highly ordered 2D solid phase is
formed. The insert in Fig. 2b resolves dots and pairs of longish protrusions,
which are assigned to the alkyl chains of the cation pointing towards vacuum
and the two CF3 groups in the anion, respectively (details are found in ref. 14).
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where each group has a similar carbon environment. In a similar
way, the peak referred to as Chetero (286.2 eV) is related to the four
carbon atoms which are next to the nitrogen atom of the ring. The
Canion (292.7 eV) peak is finally assigned to the two carbon atoms in
the anion. The nominal intensity ratio of these peak areas is 5 : 4 : 2,
experimentally we found a ratio of 5.0 : 4.0 : 1.8 (normalized to Calkyl).
This agrees well with the stoichiometry of the molecules, in the
limits of the experimental accuracy. The S2p core level signal shows
the S2p1/2 and S2p3/2 doublet at 170.3 eV and 168.9 eV, respectively,
caused by the sulphur atom in the SO2 group of the anion. The F1s
and O1s regions reveal single peaks at 688.7 and 532.6 eV, respec-
tively, which also originate from the [TFSA] anion. Also their
intensities agree rather well with the nominal values expected for
intact IL adsorbates. The N1s region unfortunately overlaps with a
background feature, it is therefore not shown. Overall, the XP data
indicate that intact [BMP][TFSA] species are adsorbed on Cu(111) at
80 K which is supported also by the absence of the ordered square
structure in STM images as shown in Fig. 1. Similar structures as in
Fig. 3a were observed also upon IL deposition at temperatures below
200 K and subsequent STM imaging at B100 K.

To elucidate temperature-induced changes, we also performed
XPS measurements at around room temperature. Distinct differ-
ences in the spectra compared to those recorded after deposition at

80 K indicate that under these conditions the adlayer has changed
considerably (Fig. 3b and c). The C1s spectrum in Fig. 3b shows
that the peaks related to Calkyl and Chetero persist and are essentially
unaffected, while the peak due to Canion shifts by 1.1 eV to lower
binding energy (291.6 eV); the total peak area is nearly constant.
Also the F1s peak shifts by 0.5 eV to lower BEs (688.2 eV), with a
constant peak area. The constant intensity and the BE shifts of the
signals in the F1s and C1s regions indicate changes of the atomic
environment of these atoms, while their total amount remains
constant, i.e., it is not affected by desorption. In contrast, the O1s
intensity decreases by roughly 60%, indicative of a loss of oxygen
containing species due to desorption. Marked changes occur in
particular in the S2p region (Fig. 3c), where two new doublets
evolve, which must reflect the formation of two new adspecies,
while the intensities of the previous peaks decay to zero. The
doublet with BEs of 162.5 and 161.3 eV is ascribed to adsorbed
atomic sulphur (Sad) or to CuxS. Earlier STM16 and low energy
electron diffraction (LEED)17 studies on the chemisorption of
sulphur on Cu(111) had shown that deposition of S, by exposure
to H2S, caused a distinct restructuring of the steps, which closely
resembled our findings (see Fig. 1). Furthermore, they resolved a
number of different stable surface structures, depending on the
H2S exposure. These structures differ from the square structure
detected in the present study (Fig. 1), but this may result from the
presence of coadsorbed species. Therefore we assume that the
stable adsorbate structure formed at room temperature (Fig. 1) is
composed of Sad or CuxS. The doublet at 168.0 and 166.8 eV
probably stems from adsorbed SOx. The total intensity in the S2p
region remains constant. Together with the constant intensities of
the C1s, S2p, F1s peaks and the decrease of the O1s intensity this
points to a decomposition of the adsorbed [TFSA] anion into
mainly CuxS (or Sad), SOx, and probably other fluoro and carbon
containing species (CF3,ad).

In summary, the interaction of [BMP][TFSA] with the more
reactive Cu(111), as compared to Ag(111) or Au(111), can be
characterized by the following features:

(1) Upon deposition at low temperatures (80–200 K) [BMP][TFSA]
adsorbs intact on Cu(111), forming islands with branched, quasi-
dendritic shapes. This reflects attractive interactions between
adsorbed species. Different from the noble metal surfaces, no
long-range ordered structures are formed, which we attribute to a
too low mobility of the adspecies at these temperatures.

(2) Vapour deposition of [BMP][TFSA] on Cu(111) at room
temperature causes a decomposition of the [BMP][TFSA], speci-
fically of the adsorbed [TFSA] anions, while the cations remain
intact. Interaction of the rather mobile Cu(111) surface with the
decomposition products, most likely with adsorbed S, causes a
restructuring of the steps (step faceting), together with the
formation of a stable adsorbate phase with a square lattice.
Other decomposition products on the surface might be SOx and
fluoro/carbon containing adspecies (CF3,ad), which are too
mobile for the visualization by STM at room temperature.

(3) Heating the surface to B300 K after low temperature
deposition of [BMP][TFSA] results in dissolution of the islands
observed at low temperatures, in combination with anion
decomposition, step restructuring and formation of an Sad phase

Fig. 3 (a) STM image recorded after vapour deposition of [BMP][TFSA] on
Cu(111) held at 200 K and subsequent cool down to 110 K, showing islands
with arbitrary shape. (b) and (c) XP spectra recorded upon annealing an
adlayer prepared by vapour deposition on Cu(111) held at 80 K to 300 K,
revealing chemical changes in the C1s and S2p regions of the anion upon
annealing to around 300 K.
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as experienced upon adsorption at room temperature (see STM
image ESI†).

Overall, these findings provide first molecular scale informa-
tion on the decomposition of an IL upon interaction with a reactive
surface such as Cu(111), which can be considered as a further step
toward understanding the processes leading to the formation of
the solid-electrolyte interphase (SEI) in a Li ion battery.

This work was financially supported by the ‘‘Fonds der
chemischen Industrie (FCI)’’.
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Interaction of the ionic liquid [BMP][TFSA] with
rutile TiO2(110) and coadsorbed lithium†

Benedikt Uhl,ab Maral Hekmatfar,ab Florian Buchnerab and R. Jürgen Behm*ab

Aiming at a fundamental understanding of the processes at the electrode|ionic liquid interface in Li ion

batteries, we investigated the interaction of the ionic liquid n-butyl-n-methylpyrrolidinium bis(trifluoro-

methylsulfonyl)imide [BMP][TFSA] and of Li with a reduced rutile TiO2(110) (1 � 1) surface as well as the

interaction between [BMP][TFSA] and Li on the TiO2(110) surface under ultrahigh vacuum (UHV) conditions

by X-ray photoelectron spectroscopy and scanning tunnelling microscopy. Between 80 K and 340 K

[BMP][TFSA] adsorbs molecularly on the surface and at higher temperatures decomposition is observed,

resulting in products such as Sad, Fad and TiNx. The decomposition pattern is compared to proposals

based on theory. Small amounts of Li intercalate even at 80 K into TiO2(110), forming Li+ and Ti3+ species.

The stoichiometry in the near surface region corresponds to Li7Ti5O12. For higher coverages in the range

of several monolayers part of the Li remains on the surface, forming a Li2O cover layer. At 300 K,

Ti3+ species become sufficiently mobile to diffuse into the bulk. Li post-deposition on a [BMP][TFSA]

covered TiO2(110) surface at 80 K results in two competing reactions, Li intercalation and reaction with

the IL, resulting in the decomposition of the IL. Upon warming up, the Ti3+ formed at low T is consumed

by reaction with the IL adlayer and intermediate decomposition products. Post-deposition of [BMP][TFSA]

(300 K) on a surface pre-covered with a Li2O/Li7Ti5O12 layer results in the partial reaction of [BMP][TFSA]

with the Li+ and Ti3+ species, which gets completed at higher temperatures.

1 Introduction

Ionic liquids, which are molten salts with a melting point below
100 1C,1 have attracted high interest in the last few decades
because of their uncommon physicochemical properties such
as their low vapour pressure, their non-flammability or their
high electrochemical stability, and the ability to fine tune these
properties by combining different anion–cation pairs.2–4 Because
of the latter properties they also emerged as promising new
solvents for use as electrolytes in lithium ion and lithium air
batteries.5,6 In lithium ion batteries the interface between the
electrolyte and the electrode and the formation of the so-called
solid-electrolyte interphase (SEI), which is a protective layer of
decomposition products formed in the first cycle of operation
and which prevents further decomposition of the electrolyte,
are crucial for the performance and stability of the battery.
Despite significant efforts, a molecular scale understanding of
structure, composition and formation of these protective layers

is still lacking.7,8 Aiming at a comprehensive understanding of
the processes directly at the interface between the solid electrode
and the ionic liquid based electrolyte, we have therefore started
to investigate the interactions between solids and ionic liquids
on a fundamental scale, using well defined model systems and
conditions. In a first step we have investigated the interaction of
battery relevant ionic liquids such as n-butyl-n-methylpyrrolidinium
bis(trifluoromethylsulfonyl)imide [BMP][TFSA], 1-ethyl-3-methyl-
imidazolium bis(trifluoro-methylsulfonyl)imide [EMIM][TFSA]
and 1-octyl-3-methylimidazolium bis(trifluoromethyl-sulfonyl)imide
[OMIM][TFSA] and Ag(111), Au(111) and Cu(111) model substrates
under ultrahigh vacuum (UHV) conditions.9–13 Employing Surface
Science tools such as scanning tunnelling microscopy (STM),
angle resolved X-ray photoelectron spectroscopy (XPS) and IR
spectroscopy, and combining the experimental efforts with
theory we could gain detailed insight into the molecule–molecule
and molecule–substrate interactions and the structure formation
and thermal stability of the IL adlayers on these simplified model
systems. We now extended this study to more realistic materials.
In the present contribution we report the results of a study on
the interaction of [BMP][TFSA] with a single crystalline rutile
TiO2(110) substrate, and the effect of Li on the IL–TiO2(110)
adsorption system. TiO2 with rutile or anatase structure is in
addition to the spinel Li4Ti5O12 (LTO) a standard electrode
material for Li ion batteries.14–16
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Despite extensive literature on the physics and chemistry of
TiO2 surfaces,17,18 very little is known on the interaction of Li
with these surfaces. Therefore, in addition to investigating the
interaction between [BMP][TFSA] and TiO2(110) (Section 2.1),
we also explored the interaction between Li and that surface,
upon vapor deposition of small amounts of Li on that surface
and upon subsequent annealing (Section 2.2). Finally, in order to
gain information on the effect of Li on the interaction between a
[BMP][TFSA] adlayer and TiO2(110), we investigated the inter-
action of [BMP][TFSA] with a TiO2(110) surface modified by pre-
deposited Li, and the effect of post-deposited Li on a [BMP][TFSA]
adlayer covered TiO2(110) substrate, and the thermal stability of
these systems (Section 2.3).

Before presenting the present results, we will briefly sum-
marize the main previous findings relevant for this study. The
structure of ILs in the bulk and also at interfaces have been
reviewed recently by Hayes et al.19 UHV studies on the inter-
action of Li with TiO2(110) upon Li deposition reported partly
contradictory results. In a combined metastable impact electron
spectroscopy (MIES) and ultraviolet photoelectron spectroscopy
(UPS) study Krischok et al. reported that Li adsorbs ionically up
to 0.3 ML and 130 K, accompanied by the formation of Ti3+

species at the surface. Above 160 K the Li2s signal in the MIES
spectra was found to vanish, pointing to Li insertion into the
substrate.20 In contrast, employing STM, Tatsumi et al. reported
the observation of small protrusions on a TiO2(110) (1 � 1)
surface upon Li adsorption at room temperature, which they
attributed to adsorbed Li.21 In an electrochemical environment,
Li intercalation was found to take place in TiO2 substrates
(rutile as well as anatase) at room temperature.22–24 For rutile
this intercalation was limited by slow diffusion of the Li into

the bulk crystal.25,26 Based on these findings, lithium inter-
calation could therefore be a competing process in addition to
the expected reaction with the adsorbed IL layer. Former
studies of [OMIM][TFSA] in contact with bulk lithium27 and
of co-deposited Li and a [BMP][TFSA] adlayer on Cu(111)28

revealed a decomposition reaction of the respective IL adlayer on
the Li substrate or induced by coadsorbed Li, and the formation of
various decomposition products such as LiF, Fad, Li2S, Sad, SOx,ad,
CF3,ad, Li2O and LixCHy.

2 Results
2.1 [BMP][TFSA] on rutile TiO2(110)

First we focus on the interaction of [BMP][TFSA] with the rutile
TiO2(110) surface. In Fig. 1 the spectra represent the XPS
signals in the O1s, C1s, N1s, S2p and F1s regions, recorded at
room temperature on a TiO2(110) surface covered with B1.5
monolayers (ML) of [BMP][TFSA], where 1 ML corresponds to a
closed layer of adsorbed [BMP][TFSA]. Additionally we show a
ball and stick model of a [BMP][TFSA] ion pair. The O1s region
reveals two peaks at binding energies (BEs) of 530.6 eV and
532.8 eV. The peak at lower BE is related to the oxide ions of
the TiO2 substrate. Its position agrees with values reported for a
clean and fully oxidized rutile TiO2 crystal (530.4 eV).29 The
peak at 532.8 eV as well as the peaks in the other regions shown
in Fig. 1 appear only after evaporation of [BMP][TFSA] on the
substrate. The peaks resemble what is expected for adsorption
of the intact [BMP][TFSA] molecules: the peak at 532.8 eV in the
O1s region is attributed to the SO2 groups of the [TFSA]� anion.
In the C1s region three peaks are identified, similar to previous

Fig. 1 O1s, C1s, N1s, S2p and F1s XP core level spectra of 1.5 ML [BMP][TFSA] adsorbed on TiO2(110) at 300 K. A structural model of [BMP][TFSA] is
displayed on the right hand side.
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reports for [BMP][TFSA] multilayer adsorption on Cu(111)12

and Ag(111):10 the peaks at Eb = 285.6 eV and 287 eV arise from
the [BMP]+ cations, where the C-atoms directly bonding to
the N-atom (‘‘Chetero’’) have a 1.4 eV higher BE than the alkyl
C-atoms (‘‘Calkyl’’). The peak at 293.2 eV is related to the C-atoms
in the [TFSA]� anion. As expected for the CF3 groups with their
highly electronegative substituents, this peak is strongly shifted
to higher BE compared to the cation related peaks. In the N1s
region two peaks with equal intensity appear at 402.8 eV and
399.7 eV. Since the electron density at the positively charged
N-atom in the cation is lower than at the N-atom in the anion,
the peak with higher BE is attributed to Ncation, the other one to
Nanion. This assignment resembles earlier ones reported for
[BMP][TFSA] on Cu(111)28 and for [xMIM][TFSA] (xMIM =
1x-3methylimidazolium with x = methyl, ethyl, octyl) on Au(111),
Ni(111) and a glass substrate, respectively.30–32 A doublet peak
in the S2p region, at 169.3 eV (S2p3/2) and 170.5 eV (S2p1/2), and
a singlet peak in the F1s region, at 689.1 eV, originate from the
[TFSA]� anion. After correcting for the different cross sections/
sensitivity factors of the different peaks, their intensities largely
fit (�0.2) to the stoichiometry of the intact [BMP][TFSA] ion
pair, with a composition of 4 OTFSA : 2 Canion : 4 Chetero : 5 Calkyl :
1 Ncation : 1 Nanion : 2 STFSA : 6 FTFSA. Only for FTFSA, we find a higher
intensity (6.6–7) than expected from the stoichiometry, while for
OTFSA the relative intensity (3.2) is lower than expected. Similar
XPS results, including the deviations from a stoichiometric
intensity distribution, were reported and discussed by Cremer
et al. for [OMIM][TFSA] and [MMIM][TFSA] on Au(111)31 and
Ni(111).32 Following their interpretation these deviations can be
used to draw conclusions on the adsorption geometry of the
[BMP][TFSA] adsorbates. Elements with signal intensities higher
than expected from the stoichiometry are in average positioned
slightly higher in the adsorbate layer, those with lower signal
intensities closer to the surface with their XPS signal damped by
inelastic scattering at the atoms located higher. Accordingly,
we assume an adsorption geometry similar to those found for
[MMIM][TFSA] on Au(111)31 and for [BMP][TFSA] on Au(111)9 and
Ag(111)10 with both the anion and the cation directly adsorbed on
the surface. Following our earlier discussion for adsorption on
Ag(111),10 the anion adopts a cis-conformation (as shown in Fig. 1),
with the O atoms pointing to the surface, and the F atoms to the
vacuum. The other atoms are arranged on the main axis of the
molecule and are roughly positioned at the same height relative to
the substrate surface. In this geometry, the signal of the O atoms is
damped relative to the signals of the other atoms, while that of the
F atoms is more intense. (In this discussion it should be kept in
mind that the XPS data were recorded at a very shallow emission
angle of 801 to the surface normal, which makes the measurement
very surface sensitive.) Since the intensities of the cation related
peaks also fit to the stoichiometry, the cation atoms should be
arranged roughly at the same height above the surface as the
atoms in the main axis of the anion. For the vertical position of
the Calkyl atoms, which are situated in the butyl chain and in
the ring of the cation, we can only state that in average they are
at the same height as the Chetero atoms. The individual positions
of the different Calkyl atoms may be different, if, e.g., a higher

position of the atoms in the alkyl chain is counterbalanced by a
lower position of the Calkyl atoms in the ring. Note that this
means that from the XPS measurements we cannot decide if the
alkyl chain is adsorbed flat on the surface or if it is pointing up
from the surface.

Additional information on the adsorption behaviour of
[BMP][TFSA] on rutile(110) was obtained from STM measure-
ments. STM images of a clean rutile(110) surface, which illus-
trate also the quality of the surface preparation, are shown in
Fig. 2a and b. In Fig. 2a the STM contrast resembles that known
from various publications.17,18,33 There is a consensus that the
line structure observed in the STM images is due to a (1 � 1)
structure. A detailed model was given in ref. 18. In short, the
terminating atoms along the [001] direction are aligned in rows
of (a) twofold coordinated ‘‘bridge-bonded’’ O-atoms on top of
6-fold coordinated Ti-atoms, (b) 3-fold coordinated O-atoms and
(c) 5-fold coordinated Ti-atoms in the sequence . . .abcbabcb. . .

along the [1�10] direction. The bridge-bonded oxygen rows are
geometrically highest, but appear as dark rows in STM images,
while the (lower lying) 5-fold coordinated Ti-atoms are repre-
sented by the rows of bright protrusions. The appearance of
the STM images therefore is opposite to the topography of the
surface, meaning that it is dominated by electronic effects. The
individual bright spots, which are always positioned on top of
the dark rows, have been explained as missing bridge-bonded
oxygen atoms at the surface (oxygen vacancies).17

In addition to the STM images with ‘‘normal’’ contrast (see
above), we sometimes also obtained images as shown in Fig. 2b,
where the rows of bridge-bonded oxygen atoms appear as bright
lines. Images with comparable contrast had also been reported
previously;33,34 by some authors they were termed as STM images
with ‘non-reversed contrast’.34 These images closely resembled
images of the TiO2(110) surface obtained by non-contact atomic
force microscopy (NC-AFM) with atomical resolution.35 Since the
tunnelling parameters are in general not different from those
used in the ‘‘normal’’ reversed-contrast images, this different
contrast is presumably due to changing tip conditions. Overall,
the STM images largely resemble those reported in the literature
for (1 � 1) surface structure on a partly reduced sample.36–40

Room temperature STM imaging of an [BMP][TFSA] adlayer
covered TiO2(110) surface, which had been prepared by [BMP][TFSA]
evaporation at room temperature, results only in noisy features
on top of the (1 � 1) surface structure. We explain this by the
formation of a 2D gas/liquid on the surface, similar to previous
findings for [BMP][TFSA], [EMIM][TFSA] and [OMIM][TFSA] on
Au(111) and Ag(111).9,10,13 In the latter cases, cooling down to
(nearly) liquid nitrogen (LN2) temperatures led to the formation
of condensed 2D crystalline and 2D glass phases or islands on
the surface. For [BMP][TFSA] on TiO2(110), even STM imaging
at 100 K resulted in very noisy STM images. Since we were
reproducibly able to clearly resolve the clean TiO2(110) surface,
we do not think that this is a technical problem of the STM
measurement, but indicates that even at this low temperature
the adlayer is rather mobile, forming a mobile 2D gas/liquid
phase. In that case, the mobility of [BMP][TFSA] is significantly
higher on the TiO2(110) surface than on the noble metal surfaces
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investigated so far.9,10 Only at coverages close to 1 ML we could
resolve new features, and only at very low tunnelling currents
o20 pA, as shown in Fig. 2c. Most likely, the formation of
reasonably stable structures is related to a stabilization of the
adsorbates in the closed layers by adsorbate–adsorbate inter-
actions. In the STM image round protrusions can be resolved,
which are essentially closely packed along the [001] oriented
rows formed by the (1 � 1) surface structure of TiO2(110).
The distance in the [1�10] direction between the rows was
0.61 � 0.04 nm. This fits very well to the distance between
the bridge-bonded oxygen rows of the TiO2(110) surface of
0.63 � 0.02 nm (literature: 0.63 � 0.025 nm18). Along the rows
the distances seem to vary at around 0.61� 0.07 nm. The diameter
and density of the round protrusions are measured from several
independent STM images to be 0.56 � 0.06 nm (full width at
half maximum) and 2.6 � 0.4 nm�2. The round protrusions
observed in these images shall be compared with the structures
formed for [BMP][TFSA] on Au(111) and Ag(111),11 where in
addition to round protrusions also pairs of longish protrusions
appeared next to each other on the surface at LN2 temperature.
Based also on DFT-D calculations,10 the round protrusions were
identified as [BMP]+ cations adsorbed on Ag(111), while a pair
of longish protrusions reflects a [TFSA]� anion. The density of
cations was 0.61–0.79 nm�2 (depending on the substrate and

the coverage), and their diameter in the STM images (full width
at half maximum) was 0.70 � 0.04 nm. Our observations shall
further be compared with the results of an in situ electro-
chemical study of [BMP][TFSA] adsorption on Au(111), where
two different adlayer structures were found: at the negatively
charged interface at �1.4 V vs. a Pt quasi reference, only the

[BMP]+ cations adsorb in the first layer in a
ffiffiffi
3
p
�

ffiffiffiffiffi
13
p� �

super-
structure with a density of 1.9 nm�2 cations, with the alkyl
chains lying flat on the surface. For adsorption at �1.6 V they

reported a
ffiffiffi
3
p
� 2

� �
structure with a density of 3.6 cations nm�2,

with the alkyl chains pointing upwards from the surface.41 Also
monolayers of a related IL, [BMP][FAP] ([BMP]+-tris(pentafluoro-
ethyl)trifluorophosphate), on Au(111)42 (same cation, different
anion) appeared in STM images as randomly distributed round
protrusions with a diameter of B0.5 nm, a mean distance of
0.45 � 0.02 nm between the protrusions and a density of
4.5 � 0.1 nm�2 (imaged under UHV conditions at 210 K). There
it was discussed whether the protrusions represent both ion
types (1 protrusion = 1 [BMP]+ or 1 [FAP]�) or whether the ions
form two layers on top of each other, where STM detects only
the upper layer. The possibility that one protrusion represents
a complete ion pair was ruled out because the size of the
protrusion and their mean distance are too small. The density
of protrusions found for [BMP][TFSA] on TiO2(110) is between

Fig. 2 (a) STM image of a clean TiO2(110) surface. The typical lines of the (1 � 1) structure are clearly visible as well as bright spots, indicating oxygen
vacancies in the bridge-bonded oxygen rows (T = 110 K, UT = 1.1 V, IT = 21 pA). (b) Inverted contrast STM image of TiO2(110) with atomic resolution of the
bridge-bonded oxygen atoms and dark spots in these rows resembling missing bridge-bonded oxygen atoms (T = 300 K, UT = 1.7 V, IT = 650 pA). Small
(c) and large scale (d) STM images of TiO2(110) covered with 1 ML of [BMP][TFSA] (c: T = 127 K, UT = 1.1 V, IT = 20 pA; d: T = 126 K, UT = 1.1 V, IT = 20 pA).
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that of the adsorbed cations on the charged Au(111) surfaces,
where it is higher (138% of that on TiO2(110)) at �1.6 V and
lower (73%) at �1.4 V. On the other hand, it is much higher
(373%) than in the structures of [BMP][TFSA] on Au(111) and
Ag(111) at the solid|UHV interface with both the anion and
cation directly adsorbed on the surface. It should also be noted
that the round protrusions have roughly the same size as the
ones representing [BMP]+ cations adsorbed with upstanding alkyl
chains on Au(111) and Ag(111). Considering that based on the
XPS results both cations and anions are directly adsorbed on the
TiO2(110) surface, the present STM results seem to indicate that
on TiO2(110) one [BMP][TFSA] ion pair is represented by either 3
or 4 round protrusions. In both cases we assume that the anion
appears as two protrusions, close to previous findings on Au(111)
and Ag(111), where the anion is represented by two protrusions
with longish shapes and a lower height compared to the round
protrusions representing the cation alkyl chain.9,10 In the first
case the remaining one of the three round protrusions per ion
pair would represent an adsorbed [BMP]+ cation with the alkyl
chain pointing upwards. The second case could be rationalized
by a model where the cation is imaged as two protrusions, one
for the ring and one for the alkyl chain, in this case most likely
a flat lying alkyl chain. That would lead to densities of 0.87 or
0.65 ion pairs nm�2, respectively, which is in the range of the
densities of adsorbed ion pairs with upstanding alkyl chain
on the Au(111) and Ag(111) surfaces under UHV conditions.
Because of the much higher noise level in these images com-
pared to those obtained for [BMP][TFSA] on Au(111) and Ag(111),
a final decision on the adlayer structure on the molecular level is
not possible at present.

The 2D growth behaviour of [BMP][TFSA] adsorbates at low
temperatures was also examined in large-scale STM images. An
example is shown in Fig. 2d. In the first layer [BMP][TFSA] forms
a homogeneous layer across the whole surface. Island formation
in the submonolayer coverage range, as it was reported on
Au(111),9 Ag(111)10 and Cu(111),12 could not be identified in
the present work, not even at temperatures of 80 K, which is the
lowest temperature accessible for our setup. Hence, attractive
molecule–molecule interactions must be weaker on TiO2(110)
than on the metallic substrates mentioned above, or are even
absent.

Finally, we also did not observe any preference for adsorp-
tion at the TiO2(110) steps (structural effects), whereas this was
commonly observed for metallic substrates. In the latter case
island growth started preferably from the steps, in the case
of Au(111) also at the elbows of the herringbone surface
reconstruction.11

Thermal stability of the [BMP][TFSA] adlayer. The thermal
stability of [BMP][TFSA] adlayers was probed by stepwise slow
annealing from RT up to 640 K, holding the sample at each
temperature for 5 min, respectively, and subsequent XPS char-
acterization, with XPS measurements after each step. One such
series of measurements with an adlayer thickness of B1.5 ML
is exemplarily shown in Fig. 3 with the topmost spectra (which
were already discussed before) at 300 K and the bottom spectra
at 640 K. Starting at 300 K, the spectra first slowly lose intensity

in all peaks related to [BMP][TFSA], which is most likely due
to multilayer desorption (in the experiment shown in Fig. 3
desorption of molecules in the second adsorption layer). Upon
annealing to above 350 K, the decay of the peak intensity is
more pronounced. At the same time the peaks related to the
[TFSA]� anions shift by 1.0 � 0.1 eV to lower BEs. For the cation
related peaks a similar shift appears, but it is only 0.4 � 0.1 eV.
The peak related to the oxygen atoms in the [TFSA]� anion, OTFSA,
shifts from 532.8 eV at 300 K to 531.9 eV at 500 K, which was the
highest temperature where a peak could reasonably be fitted
into the shoulder of the larger peak generated by bulk TiO2.
In contrast, the position of the OTiO2

peak remains constant,
indicating that there are no significant chemical changes of the
surface near substrate ions. The intensity of the latter peak is
constant until 350 K and rises continuously afterwards up to
145% of its intensity at 640 K. This increase in intensity is due
to the loss of adsorbate which reduces the damping of the
substrate signals. Nevertheless it only reaches 41 � 1% of
the intensity of the adsorbate free surface, which must be due
to the presence of decomposition products remaining on the
surface (especially F and S containing species, see below). It
should be noted that due to the high surface sensitivity of the
measurements at 801 detection angle a strong signal damping
is obtained already for rather thin layers. In the N1s region the
[BMP]+ related Ncation peak shifts by 0.3 eV to lower BE before it
vanishes at 590 K. The Nanion related peak shifts by 1.0 eV to
lower BE up to a temperature of 440 K, at even higher tempera-
tures the shift amounts to 2.0 eV at 470 K and 2.7 eV at 560 K.
This is much more than for the other peaks related to the
[TFSA]� anion. Therefore we suggest that at 470 K and above
this peak arises from an inorganic species which was formed by
decomposition of the adsorbed [TFSA]� anion. Based on the BE
of 397 eV this could be a TiNx species, since titanium nitride
films show an N1s peak between 397.1 and 397.4 eV.43 The
intensity of this peak has its maximum at 500 K, at higher
temperatures it decreases again and vanishes at 590 K (see
below). In the S2p region a new peak doublet starts to grow at
500 K. The S2p peaks are at binding energies of 161.3 eV and
162.6 eV. Peaks at exactly the same BEs were also detected upon
the decomposition of [BMP][TFSA] on Cu(111) and were attributed
to the formation of Sad (or CuxS) species.12 Rodriguez et al.44

reported that adsorption of S2 on TiO2(110) at 300 K result in a
peak doublet at 161.6 eV (S2p3/2), which they attributed to
S adsorbed in (pre-existent) oxygen vacancies in the bridge-
bonded oxygen rows. This is only possible until all oxygen
vacancies are occupied, and the excess S atoms adsorb on top
of the fivefold coordinated surface Ti atoms. These latter S
species were proposed to appear as two peak doublets with
their S2p3/2 peaks at 162.8 eV and 163.3 eV. At higher tempera-
tures, the latter doublets vanish and at 600 K only the doublet
with the S2p3/2 peak at 161.6 eV remains.44 Based on combined
XPS and STM experiments between RT and 1073 K, Hebenstreit
et al. concluded that Sad is not only preferentially adsorbed at
the oxygen vacancies, but also react with the surface above
390 K by replacing bridge-bonded oxygen with sulphur species.
The XPS peak corresponding to these latter species was found

PCCP Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

8 
Ja

nu
ar

y 
20

16
. D

ow
nl

oa
de

d 
on

 0
2/

07
/2

01
6 

10
:2

8:
18

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online



This journal is© the Owner Societies 2016 Phys. Chem. Chem. Phys., 2016, 18, 6618--6636 | 6623

at 162.4 eV.45,46 Based on these observations we assume that
the Sad atoms generated by [BMP][TFSA] decomposition directly
react with the TiO2(110) surface and replace the bridge-bonded
oxygen species at temperatures above 500 K, where this peak
is formed.

In the F1s region the original [TFSA]� related peak shifts
successively by 0.9 eV to lower BE between 300 and 500 K and
concomitantly decreases in intensity. At 380 K a new peak starts to
grow at 684.6 eV, accompanied by a further intensity decrease of
the [TFSA]� related peak. The BE of the new species corresponds
to signals measured for adsorbed F� atoms on TiO2(110).47–49 We
would like to note that CF3-containing molecules are known to
decompose via generation of F� under reductive conditions.50 For
thermal decomposition of [BMP][TFSA] on Cu(111) no such peak
was observed.28 Between 380 K and 640 K, this peak shifts by
0.6 eV to higher BE. At this point we can only speculate that this
shift is either due to a change in the adsorption sites with
higher temperature or an incorporation of the F� ions into the
subsurface region of the TiO2(110) crystal. The [TFSA]� related
peak vanished completely at 560 K.

In the C1s region the Canion related peak follows the trend of
the other anion signals, with a shift of 1.0 eV to lower BE and a
continuous decay of the peak intensity until it vanished at 560 K.

The signals from the cation carbon shift only by B0.3 eV and
persist up to higher temperatures compared to the anion, up to
590 K for the Chetero and up to 640 K for the Calkyl related peak.
In addition, the intensities of these signals decrease slower in
intensity than all other signals including the Ncation signal. Since
the BE of B285.3 eV is characteristic also for various kinds of
carbonaceous species, we expect that the slower decrease in
intensity is related to the formation of carbon containing decom-
position products. Since no corresponding signal is found in the
N1s region, these compounds do not include any nitrogen any
more. A more accurate prediction of the species formed during
decomposition is not possible from these XPS measurements (see
also the later discussion). Starting at temperatures of B410 K, the
intensity of the Ccation peaks decays slower than that of the other
XP signals during heating, indicating that carbon containing
adsorbed decomposition products are formed, while for the other
elements the fraction of volatile (desorbing) decomposition
products is higher. This discrepancy reaches its maximum at
530/560 K, where the decomposition products account for roughly
80% of this peak-multiplet. At even higher temperature the carbon
containing decomposition products start to desorb as well, either
directly or via further decomposition followed by desorption, and
the related signals have essentially vanished at 640 K.

Fig. 3 XP core level spectra of 1.5 ML [BMP][TFSA] adsorbed on TiO2(110) recorded upon stepwise heating from 300 K to 640 K in steps of 30 K. The structural
model of [BMP][TFSA] is displayed on the right hand side.

Paper PCCP

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

8 
Ja

nu
ar

y 
20

16
. D

ow
nl

oa
de

d 
on

 0
2/

07
/2

01
6 

10
:2

8:
18

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online



6624 | Phys. Chem. Chem. Phys., 2016, 18, 6618--6636 This journal is© the Owner Societies 2016

The above data in combination indicate that multilayer
desorption occurs between 300 K and 350 K. This is followed
by decomposition of both cation and anion species, accompanied
by desorption of decomposition products and possibly also of
intact cation and anion species. Decomposition starts at B380 K
with the formation of adsorbed F� and hydrocarbon species.
Since the overall peak intensities in the F1s and S2p regions
decrease above this temperature, we assume that only part of the
[TFSA]� anions decomposes, leaving adsorbed decomposition
products, while the other part desorbs fully, possibly as intact
molecules. At 440 K the amount of decomposition products
increases more strongly, and Sad is formed in addition, which
replaces bridge-bonded surface oxygen in the substrate. Finally,
nitrides are also formed on the surface, presumably as TiNx

species. At 530–560 K, [BMP][TFSA] is completely decomposed.
Upon further heating up to 640 K, also the signals of the TiNx and
of the hydrocarbon decomposition products vanish. In the case
of TiNx we expect that these species dissolve into the bulk TiO2 or
decompose to N2 and desorb. The adsorbed carbonaceous species
are expected to further decompose and desorb. The Sad and Fad

species finally remain on the surface.
A similar decomposition pattern of the [TFSA]� anion was

also found for [HMIM][TFSA] (1-hexyl-3-methylimidazolium
[TFSA]�) on reduced CeO2�x surfaces.51

The decomposition of [BMP][TFSA] on TiO2(110) takes place
over a wide temperature range, involving various and changing
reaction intermediates/products. This points to a complex
multistep mechanism, which is presumably influenced also
by the structure of the adsorption site (kink site, different step
sites, terrace position). To gain further insight into the decom-
position behaviour, further input from experiment and theory

is required, such as high resolution STM data recorded at even
lower temperatures or quantum chemical calculations. So far,
the decomposition of the [BMP]+ cation under reductive electro-
chemical conditions was investigated in DFT-based calculations,52

and the reductive electrochemical decomposition of the [TFSA]�

anion in [PMP][TFSA] (PMP = n-propyl-n-methyl-pyrrolidinium)
was explored by ab initio calculations.53 Furthermore, the thermal
decomposition of [BMIM][TFSA] (b = butyl) was mapped out via
DFT based calculations.54 Finally, the thermal decomposition
of bulk [BMP][TFSA] was characterized by thermal gravimetric
analysis, coupled with mass spectrometry detection of the reac-
tion products (TGA-MS).55 The most likely pathways calculated
for the decomposition of [TFSA]� are shown in the upper part of
Fig. 4a. For the electrochemical decomposition (left side), one
of the S–N bonds breaks in the first step, induced by the uptake
of one electron at negative electrode potential. The resulting
SO2CF3

� and NSO2CF3
� species further react to SO2

(�), NSO2
(�)

and CF3
� by breaking the S–C bonds, and they may further

decompose to sulfide, oxide, fluoride and carbide anions.53

For the thermal decomposition (right side), DFT calculations
were performed for isolated molecules, where no electron-
transfer from the outside is possible. The energetically most
favourable decomposition pathway under these conditions
proceeds via the release of sulfur dioxide.54 Considering the
very different environment in these calculations, one has to
be careful when transferring those results to the present
experimental findings. Nevertheless, the calculations pro-
vide valuable information on the possible decomposition
products on the TiO2(110) surface. Both decomposition path-
ways (see Fig. 4a) have in common that they break the same
bonds in the molecule, therefore they are most likely also the

Fig. 4 Possible decomposition mechanisms of (a) the [TFSA]� anion and (b) the [BMP]+ cation according to calculations of ref. 52–54 and thermal
decomposition products found on the TiO2(110) surface according to our XPS measurements.
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ones which will be broken upon decomposition of [BMP][TFSA]
on TiO2(110).

DFT calculations on the decomposition of a [BMP]+ cation
(under reductive electrochemical conditions) revealed three
possible reaction pathways R1–R3, which are shown in Fig. 4b.52

R1 is the energetically most favoured one, followed by R2 and R3.
The TGA-MS measurements (see above) showed that thermal
decomposition of [BMP][TFSA] occurs at above 673 K with MS
signals at 41, 56, 85 and 69 amu in the gas phase above the
solvent, which were attributed to C3H5

+�, C3H6N+�, and C5H11N+�

fragments from the cation and CF3
+� from the anion. These

results agree with the calculations insofar as in both cases CF3

species are formed. On the other hand, SO2 was proposed as a
decomposition product based on the calculations, but was not
detected in the TGA-MS measurements. This discrepancy may
arise from a too low volatility of these species, such that they are
not vaporized and remain in the liquid (possibly as SO3

�). The
C5H11N+ fragment fits to molecule ‘‘a’’ formed by reaction path-
way R1 in Fig. 4b. The fragment C3H5

+� most likely belongs to a
butyl-species like molecule ‘‘b’’, which is also formed in pathway
R1. The butyl species is cracked in the ionization zone of the
mass spectrometer (among other reactions) into a C3 and a C1
fragment, where the C1 fragment is uncharged and therefore
not detected. This decomposition pattern was concluded from
comparing the mass spectrum of n-butane, where amu 41 and
42 signals are among the most intense signals.56 Comparing
the DFT calculations for electrochemical decomposition with
the TGA-MS measurements, it is likely that the decomposition
of bulk [BMP][TFSA] proceeds along the reaction pathway R1.
Coming back to [BMP][TFSA] on TiO2(110), thermal decompo-
sition does not stop at the stage described in the three reaction
mechanisms. Based on our XPS results, the methyl-pyrrolidinium
species is presumably decomposed by breaking the N–C bonds,
forming butyl and CH3 species. The nitrogen (ad)atoms react
with the rutile surface forming TiNx, which is detected in the

XP spectra. If butane is formed, this is likely to desorb at lower
temperatures than detected here, since for other surfaces
desorption temperatures of o200 K were reported.57–59 There-
fore we assume that the adsorbed reaction products detected by
XPS are fragments of the butyl species formed in the decom-
position process of [BMP]+. The adsorbed reaction products
should solely contain C (and H) atoms based on the XPS results.
A more detailed assignment is not possible, since a BE of around
285 eV is typical for a wide variety of CHx containing species, and
even graphite shows a peak at around 284.7 eV.60,61 On the other
hand, the [TFSA]�ad intermediates are further decomposed: for
SO2 it is known from the literature that it forms sulfite (SO3

2�)
and sulfate like species by attachment of SO2 to the bridge-
bonded oxygen species of the TiO2(110) surface in a temperature
range between 135 K and 450 K.62,63 For TiO2(110) with a high
density of surface defects (e.g., after sputtering) or with a high
step density (e.g. TiO2(441)), SO2 was reported to react to Sad even
at room temperature.63–65 Our observation of Sad formation at
temperatures 4500 K, but no formation of SOx, can be explained
the following way. The SO2 generated by the decomposition of
[TFSA]� forms adsorbed sulfite and sulfate species. At the high
temperatures these may instantaneously react to Sad, or the
decomposition of the [TFSA]� creates a high density of defects
on the TiO2(110) surface, which catalyse the reaction SO4

2�- Sad.
If adsorbed CF3 and NSO2 species are formed in the decomposi-
tion process of [TFSA]�, these are also decomposed forming Fad,
TiNx and SO2, where the latter again reacts to Sad, which are
detected in the XPS measurements. The remaining carbon
may finally further react to CO or CO2, which both desorb
instantaneously.18

2.2 Interaction of Li with TiO2(110)

First we present results of XPS measurements on the inter-
action of Li with TiO2(110). Detailed spectra of the Li1s, Ti2p and
O1s regions are shown in Fig. 5a. The spectra were recorded after

Fig. 5 (a) XP detail spectra of the Li1s, Ti2p and O1s region of clean TiO2 (topmost spectra) and upon increasing evaporation of Li onto this surface at
80 K. (b) XP spectra after slowly heating up the sample overnight to 300 K.
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stepwise deposition of Li on a clean TiO2(110) surface (topmost
spectra) at 80 K. The bottom spectra show the highest Li dose
(corresponding coverage B9.0 ML Li). In the Li1s region a peak
emerges at 57.2 eV after the first Li dose (0.5 ML). Upon
increasing the amount of deposited Li, this peak grows in
intensity and shifts lower BEs, to 56.4 eV at 9.0 ML. Generally,
the intensity of the Li1s peak is very low due to the very small
atomic sensitivity factor of this peak. Interestingly, the peak posi-
tions are at significantly higher BE than for bulk Li (54.8 eV66) or for
Li adsorbed on Cu(111) (55.1 eV28) and even higher than reported
for intercalated Li in anatase22 or LTO.67 Therefore we assume that
Li has reacted with the surface and exists as a Li+ species, either as a
LixO species at the surface or intercalated into the substrate, rather
than being atomically adsorbed on the surface.

This assumption is supported by the corresponding Ti2p
and O1s spectra, where new peaks are formed upon deposition
of Li. After the first Li dose (0.5 ML), an additional new doublet
evolves in the Ti2p region at 2.0 eV lower BE than the doublet of
the initial Ti2p state of TiO2(110). In the O1s region also a new
peak (‘‘OLixO’’) appears, which is shifted by 1.5 eV to higher BE
relative to the TiO2(110) peak. The new OLixO peak shifts to
higher BE with increasing Li deposition, by 1.1 eV at 9.0 ML.
This is very similar to the results obtained for Li intercalation in
anatase at RT, where electrochemical insertion of Li also caused
an additional Ti2p peak at lower BE relative to the original TiO2

peak.22,24 Note that in our measurement these additional peaks
appear already with weak intensities in the spectra of the clean
rutile sample. We explain this by small amounts of Ti3+ species
in the crystal due to the reductive pre-treatment (Ti2p state) and
to residual contaminations from previous experiments with Li
on the same crystal. Nevertheless, the evolution of these peaks
clearly demonstrates that the atomic Li reacts with the surface
upon interaction with Li even at 80 K. The additional doublet in
the Ti2p region is attributed to the formation of Ti3+ species,
which are formed by the transfer of one electron from Li0 to a
Ti4+ species in the rutile crystal. Since there is also a second peak
in the O1s region evolving at lower BE relative to the original
TiO2 peak, we expect that the resulting Li+ atoms are positioned
next to O2�-atoms in the crystal which therefore have a different
electronic surrounding. Another important question is whether
this reaction takes place solely on the surface or if intercalation
into the near surface region or bulk rutile crystal occurs as well.
For this purpose we concentrate on the changes of the peak
intensities. In the spectra recorded on pure TiO2(110) the
Ti2p : O1s peak intensity ratio (corrected by the sensitivity
factors) is 0.54 � 0.02, which is slightly higher than the
expected ratio of 1 : 2. We tentatively explain this by the presence
of oxygen vacancies and Ti3+ species. Upon addition of Li this
ratio is decreased to 0.32, because the intensity of both O1s
peaks together increases to 123% while the total intensities of
the Ti2p peaks fades to 69% compared to the pure rutile signals
(see below). The intensity ratio between the Ti4+ and Ti3+ peaks is
very close to 2 : 3. The high fraction of reduced Ti3+ species
implies that these are not only in the surface layer, but also in
deeper layers, meaning that diffusion of Li into the subsurface
regions is possible under these conditions and leads to the

formation of Ti3+ and Li+ in these regions. The ratio of 2 : 3
would fit to the stoichiometry of a Li loaded LTO spinel
Li7Ti5O12. In LTO the ratio between Ti and O atoms is smaller
than in rutile TiO2, therefore part of the lower relative intensity
of the Ti2p peaks, relative to that of the O1s signals, can be
explained by the change in stoichiometry from Ti : O of 1 : 2
(or 0.5) in rutile to 5 : 12 (or 0.417) in LTO. The measured Ti : O
ratio of 0.32, however, is even lower, in agreement with the
existence of a Li oxide (LixO) cover layer on top of the LTO-like
layer. In that case the peak at higher BE in the O1s region must
originate from two different species: the LixO formed on top of
the substrate and oxygen species in the subsurface region
which are neighboured to intercalated Li+. Based on the higher
Li1s BE (bulk Li2O: Li1s: 53.8 eV; O1s: 528.5 eV68,69), the LixO
layer must be electronically different from bulk Li2O.

The calculation of the thickness of the LixO overlayer is not
simple since the decay of the Ti2p peak intensity originates
from both the LixO cover layer and the change in stoichiometry
of the TiO2(110) substrate in the near surface region. The same
combination of effects is responsible also for the higher inten-
sity of the O1s signal (123%) compared to the XPS signal of the
Li free sample, and for the evolution of the Li1s peak, which
originates both from the Li in the LixO surface layer and from
the Li in the LTO like layer. For an estimate of the LixO layer
thickness we assume that the Ti2p signals are generated by a
LTO layer and calculate the O1s signal which corresponds to
this Ti2p signal to achieve the stoichiometry between Ti and
O in LTO. Subtraction of this value from the more intense
measured O1s signals results in the oxygen fraction which
originates from the LixO layer. Details of the calculation can
be found in the ESI.† For deposition of 9 ML Li this calculation
results in a thickness of the LixO cover layer of ca. 0.1–0.2 nm,
which is r1 ML of LixO.

The thickness can also be calculated from the damping of
the O1sLTO or of the Ti2p signals,70 where the latter is again
assumed to fully result from a stoichiometric LTO layer (details
on the calculation are found in the ESI†). Both estimates give a
result for the thickness of the LixO layer which is in the same
range as it was found in the first calculation. The assumption
that a fully stoichiometric LTO substrate is used for the calcula-
tion appears plausible for the sample with 9 ML Li deposited and
an detection angle of 801, since in this case the layer with LTO
like stoichiometry is expected to be clearly thicker than the
detection depth (details on the calculation of the LTO layer
thickness are given in the ESI†).

The small thickness of the LixO layer is presumably the
reason why the peaks are shifted to higher BE compared to bulk
Li2O because of the interaction to the rutile crystal underneath.
Furthermore, it may also be that for these low coverages no
homogeneous, closed layer of LixO is formed but instead
oxygen and Li+ are enriched on/in the first surface layer. The
mobility of the Tin+ ions in rutile seems to be high enough that
diffusion is possible from the bulk TiO2(110) in the near surface
region and to the surface even at 80 K. The Li:O stoichiometry
in this LixO film cannot be quantified precisely because of
the low intensity of the Li1s peak, leading to problems in the
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background subtraction, and since the Li1s peaks of the Li
species at the surface and those intercalated in the near surface
region appear at the same BE.

To elucidate how thick the LTO layer between the LixO layer
and the bulk rutile is we also conducted the same XPS measure-
ments as shown in Fig. 5a with a detection angle of 01 with
respect to the surface normal (the spectra are shown in the ESI†).
Here the mean escape depth is with ca. 2.9 nm higher than for
801 with 0.5 nm. For these signals the Ti4+ peak nearly has double
the intensity compared to the Ti3+ peak at the highest investi-
gated Li loading. Therefore we assume that now a mixture of the
LixO layer, followed by Li7Ti5O12 and presumably a layer with a
decreasing Li concentration on top of unchanged bulk rutile is
probed. Since we cannot derive information on the type of the
concentration gradient of Li+ and Ti3+ from our XPS measure-
ments, because we are always sampling the average of the
uppermost atomic layers (and a deep profiling with sputtering
is also not possible since this would alter the surface), we cannot
determine the thickness of the LTO-like layer except for the fact
that for 9 ML Li deposition it is thicker than the sampling depth
of the measurement at 801. Nevertheless, for a rough estimate we
calculated the thickness assuming a layer geometry of LixO on
top of LTO on top of TiO2(110) with no concentration gradients in
between. Under these conditions the LTO layer thickness is
calculated to be 2.0 � 0.1 nm. Upon slow warm up of the sample
to 300 K overnight the stoichiometry changes. Spectra recorded at
the 801 emission angle after annealing are shown in Fig. 5b.
The overall damping of the Ti2p peaks stays the same, indicating
that the LixO layer is still present, but the intensity ratio of the
Ti4+ : Ti3+ peak changed to B5 : 1 (2.7), indicative of a distinct
migration of Ti3+ species deeper into the bulk. For measurements
conducted at the 01 emission angle the relative intensities
changed marginally from (Ti4+ + Ti3+):O = 0.42, Ti4+:O = 0.33
and Ti3+:O = 0.08 at 80 K to (Ti4+ + Ti3+):O = 0.43, Ti4+:O = 0.36
and Ti3+:O = 0.06 at RT. This means that in the uppermost
1–2 nm, which are probed at the 801 emission angle, the composi-
tion changes strongly, while the average stoichiometry in the
uppermost B5 nm stays about the same. The higher temperature
enhances the diffusion into the bulk and the Li+ and Ti3+ species
agglomerated in the first 1–2 nm at 80 K move deeper into the
material at higher temperature. The Li7Ti5O12 layer in the surface
region therefore was kinetically stabilized by the low temperatures
and upon heating the gradient of Li+ and Ti3+ interstitials is
reduced. Nevertheless, since the signal at 01 detection angle
changes very little, the Li ions seem to remain in the layer
probed here, in the topmost 5 nm.

To summarize our XPS results on Li deposition on TiO2(110),
we found that even at 80 K part of the deposited Li intercalates,
while the remaining part forms a thin adlayer of LixO like species.
Because of diffusion limitations, the Li species stay in the near
surface region and form a layer with a LTO-like stoichiometry, as
evidenced by the concentration of Ti3+ species. At higher tem-
perature (300 K), diffusion becomes faster and the Li+ and Ti3+

species are probed not mainly in the first 2 nm, resulting in a
lower signal intensity of these species at the 801 detection angle
in XPS. Since the signal intensities did not change significantly

for detection at 01, the Li+ and Ti3+ species are still in the
uppermost ca. 5 nm which are probed in this geometry.

Comparing the present XPS results on Li interaction with
rutile TiO2(110) with previous related findings for Li electro-
deposition, but also for Li deposition in UHV on TiO2, both for
anatase and for rutile, leads to the following picture: investi-
gating the insertion of Li into thin films of anatase with XPS
(synchrotron radiation as the X-ray source) at room tempera-
ture, Henningsson et al.22,23 found a new peak in the Ti2p
region growing simultaneously with the successive deposition
of Li, which appeared at 1.6 eV lower BE compared to the
original Ti2p peak related to Ti4+ species in the substrate. For
high amounts of Li (45 ML) a third peak emerged at even lower
BE. These two peaks were attributed to the formation of Ti3+ and
Ti2+ species in the substrate upon Li insertion into the material.
In the Li1s region they observed peaks at 56.5 eV and 55.5 eV
with the peak at higher BE forming at coverages up to 2.8 ML.
The peak at lower BE appears at coverages 40.64 ML and
dominates the spectrum above 2.8 ML. The authors explained
these results by the formation of two phases in anatase, with a
Li rich Li0.4TiO2 phase and a Li poor Lio0.07TiO2 phase. This is
in agreement with findings for the electrochemical insertion of
Li into anatase.26 Södergren et al.24 combined electrochemical
Li insertion with XPS measurements and found that the for-
mation of the Ti2p peak related to Ti3+ is reversible when
cycling the sample potential, which shows that the original
anatase structure is recovered upon deintercalation of Li.
Comparison with the studies mentioned before indicates that
electrochemical Li insertion and Li insertion upon evaporating
Li in UHV on anatase proceed in a comparable process. Li
deposition on anatase TiO2 allows rapid Li intercalation at room
temperature, also under the conditions applied in the present
study (Li evaporation in UHV).

On rutile TiO2, intercalation of Li is more difficult. For bulk
materials it was thought for a long time that at RT Li intercala-
tion is not possible at all. Zachau-Christiansen et al. reported
that the electrochemical Li insertion into rutile was inhibited at
25 1C, only for reaction at 120 1C two Li containing phases with
stoichiometries of Li0.13–0.15TiO2 and Li0.5TiO2 were observed,26

comparable to observations for anatase (see above). More
recent studies, however, indicated that intercalation is feasible
also at RT, e.g., by reducing the size of the rutile particles, e.g.,
to needles with diameters of 5–20 nm.25 This was explained by a
slow diffusion of Li at 25 1C, especially perpendicular to the
c channels in the crystal. (The c channels run along the [001]
direction in the (110) lattice plane, therefore intercalation into
a TiO2(110) terminated crystal has to proceed along the slow
diffusion direction.)

These results are in good agreement with our findings when
keeping in mind that the earlier studies on rutile mentioned
above were conducted determining the bulk composition of the
TiO2 materials rather than surface sensitive techniques. Using
surface sensitive measurements we could demonstrate that
Li intercalation starts already at much lower temperatures.
Under those conditions it is limited, however, to the near
surface regions because of the slow diffusion of the Li species.
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Our results agree also with the findings by Krischok et al.,20

who used MIES (metastable impact electron spectroscopy) and
UPS (HeI) to study exactly the Li interaction with rutile TiO2(110)
at temperatures between 130 K and 620 K, where in particular
MIES is even more surface sensitive than XPS (although it does
not allow to quantify how much and how deep the Li is inserted).
They reported that at 130 K Li adsorbs ionically up to 0.3 ML and
Ti3+ is formed in parallel. At higher coverages the ionic character
of the adsorbed Li atoms is smaller (e.g. at 0.7 ML Li0.4+). Above
160 K, the Li2s signal in the very surface sensitive MIES spectra
disappeared almost completely, which they explained by
(almost complete) Li insertion into the bulk. This agrees at
least qualitatively with our findings, when using comparable
Li coverages of 1.4 ML.

In addition to XPS we performed STM measurements of the
surface after evaporating Li at 80 K. Representative STM images
are shown in Fig. 6. The first image, recorded after 1.5 ML Li
deposition, provides an overview of the surface morphology after
deposition, while the smaller scale image in Fig. 6b resolves also
details of the surface structure. The steps and terraces of the
substrate seem to be unchanged after Li deposition. On the
surface we find a number of protrusions which are (nearly)
uniformly spread across the surface. At some places also the
original TiO2(110) surface with its 1 � 1 structure is visible in
Fig. 6b (two regions are marked by red circles). The round
protrusions may correspond to LixO species, which according
to our XPS data are formed upon Li deposition on top of the
substrate. Another possibility would be that they result from
the change of the substrate itself, reflecting the formation of a
LTO like species. The STM images do not indicate any change
in appearance between 80 K and RT. Comparing our results
with the STM data reported by Tatsumi et al. for room tem-
perature adsorption of Li on TiO2(110), our STM images corre-
spond to those shown in their work for higher deposition times
(600 s in Fig. 2b in ref. 21). Note that the latter authors assigned
the new structures observed in their STM images to Li adatoms,
which seems to be in contrast to our findings and to those of
other authors.20 We rather expect that these structures reflect
the initial stage of Li insertion and formation of LixO. Since the

protrusions detected are mostly situated on the rows of 5-fold
coordinated Ti4+ species,21 one may speculate that they are
generated by Ti3+ species formed by the reaction with an
impinging Li atom or by an adsorption complex of Li+ on Ti3+.

Furthermore we may compare our STM images with AFM
images of single crystalline LTO(111) surfaces reported by Kitta
et al.,71 who performed AFM measurements on surfaces which
were electrochemically charged by Li insertion. They observed a
surface roughening, and their AFM images at the initial stage of
the Li insertion are very similar to our STM images. This seems
to indicate that the initial Li insertion in TiO2(110) occurring
upon Li deposition under UHV conditions closely resembles
the initial stage of electrochemical Li insertion into LTO.

2.3 [BMP][TFSA] + Li on rutile TiO2(110)

This section focuses on the interaction of coadsorbed [BMP][TFSA]
and Li with each other and with the TiO2(110) substrate. First
we discuss the effect of Li deposition on a TiO2(110) surface
which was pre-covered with 0.7 ML of [BMP][TFSA]. XP core level
spectra recorded after Li deposition at 80 K are shown in Fig. 7.
From top to bottom spectra recorded on the clean TiO2(110) sub-
strate (a), after deposition (80 K) of 0.7 ML of [BMP][TFSA] (b), and
after stepwise deposition of Li (c–h) are presented. In the Ti2p
region deposition of [BMP][TFSA] causes a damping of the bulk
TiO2 (Ti4+ and Ti3+) peaks. With increasing Li uptake (c–h) the
intensity of the Ti4+ decreases further, and that of the Ti3+

signals increases, comparable to the findings for Li deposition
on pure TiO2(110), without [BMP][TFSA]. Obviously, also under
these conditions Li reacts with the TiO2(110) substrate and
intercalates into the substrate. This is confirmed by an addi-
tional peak in the O1s spectral range (OLixO), which appears at a
BE of 532.3 eV between the two peaks OTFSA and OTi2O and shifts
gradually to 532.7 eV with increasing Li deposition. This peak is at
the same BE as the additional peak for Li deposition/intercalation
on/in TiO2(110) in the absence of a [BMP][TFSA] adlayer, and
therefore attributed to the same species (O species with changed
electrochemical surrounding due to the neighbouring Li+ species).
The intensity of the O1s rutile peak stays (nearly) constant during
Li deposition, while that of the OTFSA peak strongly fades to

Fig. 6 Large (a) and small scale (b) STM images of a TiO2(110) surface after Li deposition at 80 K. At some places (e.g., marked by red circles) parts of the
TiO2(110) structure are still visible (a: T = 108 K, UT = 1.1 V, IT = 21 pA; b: T = 102 K, UT = 1.1 V, IT = 21 pA).
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37% of its starting value and shifts by 1.1 eV to higher BE. The
intensity decay of the [TFSA]� related peaks implies that the
deposited Li atoms not only react with and intercalate into
the TiO2, but also partly react with the adsorbed [BMP][TFSA],
even at low temperature. Therefore the OLixO peak could at least
partly result from decomposition products of the IL anion.
Possible reaction products would be SOx or SOx containing
species, since according to the literature SO3

2� adsorbed on
TiO2(110) has roughly the same BE, between ca. 532 and 533 eV
(for related S peaks see below).64 When comparing, e.g., the peak
intensities of Ti2pTi4+, Ti2pTi3+ and O1sLixO signals in this measure-
ment, using the highest Li deposition of 6 ML, with those
obtained for a similar Li uptake on a pure TiO2(110) substrate,
the intensity ratios of Ti4+ : O1sLixO (0.27) and Ti3+ : O1sLixO (0.16)
are much lower for TiO2(110) + IL + Li than for TiO2(110) + Li
(0.53, 0.5). Since the intercalation into the TiO2(110) surface
region should result in (roughly) the same stoichiometry for the
same Li dose/same temperature, the O1sLixO peak is too intense
relative to the Ti2p peaks to only originate from Li intercalation.
Therefore we expect this peak to include also contributions
from [BMP][TFSA] decomposition products of the SOx type. For
the highest amount of Li deposition (6 ML) the two species
should contribute about equally. The formation of a SOx species
is supported also by a new peak in the S2p regime. Here an

additional peak doublet (marked as Sd1 in Fig. 7) increases with
Li deposition at BEs of 167.5 (S2p3/2) and 168.7 eV (S2p1/2),
which shift to 169.1 and 170.4 eV, respectively, with increasing
Li deposition. This fits well to SO3

2� or SO4
2� species adsorbed

on TiO2(110)64,72–74 and Li2SO3.75 Nevertheless, considering
also the peaks in the other regions (see also discussion below),
this peak also must include contributions from F3C–O2S–N�Li+

species. In addition to the Sd1 peak, two new peak doublets
develop with higher Li amounts at lower BEs of 166.0 and
162.8 eV (position of the S2p3/2 peak of each doublet). The latter
one is at 1.5 eV higher BE than the peak obtained upon thermal
decomposition of a pure [BMP][TFSA] adlayer on TiO2(110),
which was attributed to the formation of Sad. Accordingly, this
may be of similar origin in the present case, but with a slightly
higher BE due to a different chemical surrounding. It is also
possible, however, that a LixS species is formed, whose S2p3/2

signal is expected to appear in the same range of BEs (162.0 eV).28

The origin of the other S2p3/2 peak at 166.0 eV is not fully clear.
Its BE is too low for a SO3

2� or SO4
2� species,64,73,74 but it could

be due to a F3C–O2S�Li+ like species following the reaction
scheme for [BMP][TFSA] decomposition in Fig. 4a. The original
STFSA peak has lost almost 85% of its initial intensity after the
highest Li deposition. This is much more than the loss of the
OTFSA peak, which was about 63%. Therefore also the OTFSA

Fig. 7 XP detail spectra of (a) a clean TiO2(110) surface, (b) covered with 0.7 ML [BMP][TFSA] and (c–h) after increasing amounts of Li post-deposited step
by step onto [BMP][TFSA]|rutile(110); the sample was always at 80 K.
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peak must contain contributions from decomposition products
with similar BE. Possible candidates would be F3C–O2S–N�Li+

and F3C–O2S�Li+. The same is true for the N1s region, where
the two peaks originating from intact [BMP][TFSA], Ncation and
Nanion, lose about 2/3 of their initial intensity during Li evapora-
tion and shift by 1.9 and 1 eV to higher BE, respectively. Due to
the large shift of the Ncation peak this peak is expected to also
contain contributions from CxHyNz species, which appear at
similar BE’s. Finally, another N1s peak appears at BE 398.7 eV,
2 eV higher than the additional peak observed upon thermal
decomposition of [BMP][TFSA] on TiO2(110), which we had
tentatively attributed to TiNx. Therefore the new signal at
398.7 eV must be due to another reaction product. Signals at
this BE were attributed to Li3N species in a postmortem XPS
analysis of Li-ion batteries,75 or to reaction products arising from
the interaction of [OMIM][TFSA] with Li on a polycrystalline
Cu foil27 and [BMP][TFSA] with Li on Cu(111).28

In the F1s region the original FTFSA peak at 689.5 eV
decreases to 50% of its initial intensity and shifts by 1.1 eV to
higher BE during Li deposition, while at the same time a new
peak grows in at 685 eV, which shifts by 1.2 eV to higher BE with
increasing Li coverage. This peak is attributed to adsorbed F�

species, similar to the assignment made for thermal decomposi-
tion of [BMP][TFSA] on TiO2(110), and to the formation of LiF.75

Finally, in the C1s region, no new peaks are formed in
addition to the initial [BMP][TFSA] peaks, but the Canion peak
decreases to B1/3 of its initial intensity and shifts by 1.1 eV to
higher BE upon Li deposition, whereas the Chetero peak loses
only 20% in intensity together with a shift by 1.8 eV to higher
BE. The Calkyl peak even grows to 146% of its initial intensity,
together with a shift by 1.8 eV to higher BE. Based on these data,
the FTFSA and Canion peaks are expected to contain contributions
from F3C–O2S–N�Li+ like reaction products. For the C1scation

peaks, possible reaction products include various CxHyNz and
CxHy species, which cannot be identified in more detail.

Comparing the decomposition products of the [TFSA]�

anion and their formation found here by XPS with the decom-
position mechanism predicted for reductive electrochemical
decomposition of [TFSA]� by Howlett et al.53 (also summarized
on the left hand side in Fig. 4a), it is found that they are in
principle identical. This can plausibly be rationalized by assuming
that the impinging Li atoms readily donate their valence electron
to form Li+, which is comparable to the reductive electrochemical
conditions employed by Howlett et al.53

For comparison we also deposited Li on a TiO2(110) surface
covered by a multilayer film of [BMP][TFSA] (4.7 ML). The
spectra are included in Fig. S2, ESI.†. In this case, no Ti3+

species are formed, and therefore Li intercalation can be
excluded. Instead, Li only reacts with the [BMP][TFSA] film.
The decomposition products are identical with those observed
for the reaction with [BMP][TFSA] at submonolayer coverage. In
particular the peak which was related to OLixO before is formed
as well. In this case, however, it does not stem from LixO, but
from decomposition products of the [TFSA]� anion such as
F3C–O2S–N�Li+ and Li2SO3–4 (see above). This also supports our
above conclusion that this peak originates not only from oxygen

species in the TiO2(110) crystal, which are modified by neigh-
bored intercalated Li, but also from these [TFSA]� decomposi-
tion products. This measurement furthermore demonstrates
that the Li induced decomposition of the [BMP][TFSA] adlayer
is not catalysed and not even modified by the TiO2(110) surface.
The presence of the substrate mainly affects the decomposition
reaction by removing part of the Li via the competing Li inter-
calation process.

2.4 Thermal stability of a [BMP][TFSA] + Li adlayer on
TiO2(110)

The thermal stability of mixed [BMP][TFSA] + Li adlayers on
TiO2(110) was investigated by RT deposition of Li (2 ML) on a
TiO2(110) surface covered by a submonolayer film of the IL
(deposition also at RT) and subsequent stepwise heating of the
mixed adlayer covered sample. XP spectra recorded after the
respective preparation and heating steps are shown in Fig. 8. As
illustrated by the formation of Ti3+ species, Li reacts with and
intercalates into the TiO2(110) substrate also upon deposition
at 300 K. Furthermore, it also reacts with the IL, and the
decomposition products are largely identical with those formed
upon interaction at 80 K. Only the Sd2 peak in the S2p regime,
which was tentatively related to an adsorbed F3C–O2S�Li+

species, does not appear in the present measurement. Most
likely, this species is not stable at this temperature and directly
decomposes to SO4

2�, SO3
2� or LiSO3 (Sd1).

Heating the sample to higher temperatures the decomposi-
tion of the adlayer continues (Fig. 8). In the O1s region the peak
related to the intact adsorbed [TFSA]� species rapidly loses in
intensity between 300 K and 370 K and has completely vanished
at 420 K. The same is true for the STFSA signal. Hence, upon
annealing to 420 K the intact [TFSA]� is completely decomposed.
Therefore the other (anion related) peaks remaining at this
temperature must arise from decomposition products. This
includes the Canion peak (slightly shifted to a lower BE of
293 eV), the Nanion signal (shifted to a BE of 400 eV), as well
as the Sd1, OLixO and FTFSA signals. As discussed for Li deposi-
tion on predeposited [BMP][TFSA] thin layers at 80 K, the latter
peaks contain contributions also from a [TFSA]� decomposition
product, most likely adsorbed F3C–O2S–N�Li+. The Sd1 signal is
additionally attributed to Li2SO3–4 and OLixO to LixO. The
remaining Ncation peak presumably originates from adsorbed
CxHyNz species, following the proposal by Kroon et al. (see
Fig. 4b).52 The peak at BE 161.4 eV (marked as Sd3 in Fig. 8)
arises due to formation of Li2S. Interestingly, when looking at
the Ti2p region, the Ti3+ signal is fading and reaches a minimum
at 420 K. It seems that the decomposition reaction of the IL
adlayer is induced by reaction with Ti3+ species that were inter-
calated in the near surface region (first few nm) of the TiO2(110)
substrate and start segregating to the surface. Apparently,
this goes along with a re-oxidation of the Ti3+ species to Ti4+.
Therefore, at this temperature the OLixO peak is no longer
(co-)generated by O atoms in the TiO2(110) crystal, but solely
due to the decomposition products of the IL. In the Li1s region,
there is a small change of the BE from 56.4 eV at 340 and 370 K
to 56.1 eV at 420 K. For higher temperatures the Li1s peak shifts
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back to 56.4 eV and the Ti3+ species forms again. This occurs in
parallel to the further decomposition of the adlayer, which is
indicated by a strong decrease of the Ncation peak between 370 K
and 470 K. We explain these changes to a decomposition of the
CxHyNz species related to this peak to H-containing carbonaceous
species. At 520 K, also the peaks related to F3C–O2S–N�Li+ have
further decreased in intensity, and they completely vanished
after annealing to 570 K. At this point also most of the adsorbed
carbonaceous species have decomposed and desorbed. The
only remaining species are LiF (=Fd), Li2S (=Sd3), LixN (=peak
at 399 eV) and TiNx (=peak at 397.1 eV). The remaining OLixO

peak is due to the interaction of bulk O atoms with intercalated
Li+ (and presumably LixO on the surface).

In a second experiment we tested the stability and decom-
position of a mixed [BMP][TFSA] + Li adlayer after the reversed
deposition order. In this case Li was deposited on TiO2(110) at
300 K, followed by post-deposition of [BMP][TFSA]. The amount
of Li is higher in this case than in the above experiment to
achieve saturation of the first substrate layers by intercalated Li.
Subsequently, a comparable submonolayer amount of [BMP][TFSA]
was evaporated on the Li modified TiO2(110) substrate. XP spectra
recorded after IL deposition and subsequent heating steps are
shown in Fig. 9. Already after IL deposition at 300 K decomposition
products are visible in the spectra (topmost spectra), in contrast to

deposition on pure TiO2(110). Apparently, the surface species
formed during the preceding Li intercalation process, Ti3+

species and possibly also surface near Li+ species, partly react
with the [BMP][TFSA]. Here it should be noted that Ti3+ surface
species were reported to be more reactive than Ti4+ species
already mentioned previously.63 Therefore, in the Ti2p regime the
Ti3+ peak intensity decreases relative to the Ti4+ peak (see also our
above discussion). Overall, the new peaks formed upon [BMP][TFSA]
decomposition are largely identical to those obtained for the
reaction of post-deposited Li with a pre-deposited [BMP][TFSA]
adlayer. The total amount of decomposition products, however,
is smaller in the present case. In particular the decomposition
peaks in the S2p region are less intense, and the Nanion peak
does not show a strong decay. The amount of LiF (=Fd) and LixN
(=NLixN) species is comparable. These differences may be due to
the lower availability of the Ti3+ species due to diffusion limita-
tions, as compared to direct deposition of Li on predeposited
[BMP][TFSA] layers.

Upon sequential heating of the sample (lower spectra in
Fig. 9), the OTFSA peak as well as the STFSA signal vanished at
370–420 K, as it was also the case for Li|IL|TiO2(110). In the
same temperature range, Ti3+ again has a minimum in intensity.
The peaks remaining after this heating step, the Canion (BE 293.3 eV),
Nanion (BE 400.5 eV), Sd1 (BE 168.7 eV), OLixO (BE 532.8 eV) and

Fig. 8 XP detail spectra of 0.7 ML [BMP][TFSA] on TiO2(110) at 300 K (topmost spectra), after post-deposition of 2 ML Li at 300 K and upon stepwise
heating to 570 K.
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FTFSA (BE 689.5 eV) peaks, are again related to the formation of
F3C–O2S–N�Li+. They also vanished upon heating to 520 K,
indicating the further decomposition of this product. The [BMP]+

cations are presumably also completely decomposed at 420 K and
the remaining Calkyl, Chetero and Ncation peaks are due to remaining
CxHyNz species, which decompose until 520 K. Above this tempera-
ture the surface mainly contains adsorbed LiF and Li2S (or/and Sad)
species, and a small amount of remaining carbonaceous species
are visible. Finally, a peak remaining in the N1s region with a BE of
397 eV, which at T 4 520 K is shifted by 1 eV to lower BE compared
to NLixN, is again attributed to TiNx species. For annealing to
higher temperatures, e.g. to 630 K, we would expect this species
to disappear as well, similar to our findings for annealing of a
pure [BMP][TFSA] adlayer on TiO2(110).

Overall, the thermal decomposition of [BMP][TFSA] in inter-
action with codeposited Li does not seem to depend on the
sequence of evaporation, whether Li is evaporated first followed
by [BMP][TFSA] deposition or the other way around.

3 Summary and conclusion

Employing XPS and STM measurements for chemical and
structural characterization, we have investigated the interaction

of [BMP][TFSA] with a well-defined TiO2(110) surface, and the
influence of Li thereon. For comparison, the interaction of
Li with the bare TiO2(110) substrate was investigated as well.
The results of the present study in combination with previous
results lead us to the following conclusions:

(1) In the temperature range between 80 K and 380 K,
[BMP][TFSA] adsorbs as intact ion pairs on the substrate, with
both anion and cation in direct contact with the surface. At
80 K, the [BMP][TFSA] ion pairs are adsorbed in lines along the
TiO2(110) (1 � 1) [001] direction and uniformly cover the
surface. The adsorbed species are highly mobile, molecular
resolution STM imaging of the IL was only possible at this
temperature and for a coverage of around 1 ML, while for other
conditions only frizzy features could be resolved.

(2) Above 380 K, the adsorbed IL starts to decompose in a
complex multistep mechanism. Sad, Fad, TiNx and also adsorbed
CxHyN species are detected by XPS, which at T 4 530 K further
decompose to carbonaceous species. The reaction products
fit to earlier proposals for the [BMP][TFSA] decomposition
based on quantum chemical calculations.52–54 According to
this mechanism the CxHyNz species are presumably [BMP]+

species with one of the C–N bonds broken, while the carbon
containing species remaining at higher temperatures are
butyl and methyl fragments, which can further decompose.

Fig. 9 XP detail spectra of 0.7 ML [BMP][TFSA] post-deposited on a TiO2(110) surface pre-covered by 4.5 ML Li at 300 K (topmost spectra) and upon
stepwise heating to 570 K.
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The decomposition of the intact [BMP][TFSA] is completed after
heating to 560 K.

(3) Li reacts already at 80 K with the TiO2(110) substrate, by
intercalation into the near surface region of the TiO2(110) crystal,
which leads to the formation of Li+ and Ti3+ species, and, at
higher coverages, by the formation of a LixO cover layer. Inter-
calation results in a stoichiometry which is very close to that of Li
loaded LTO (Li7Ti5O12). Upon heating to room temperature, the
Ti3+ and Li+ species move deeper into the TiO2(110) bulk, but for
the amounts investigated here (up to 9 ML equivalents of Li) they
remain in the near surface region (in the topmost 5 nm), as
evidenced by XPS measurements at the normal detection angle
of the crystal.

(4) Deposition of Li at 80 K onto a TiO2(110) substrate pre-
covered by a [BMP][TFSA] submonolayer film results in two
competing reactions: reactive interaction of the Li atoms with
the [BMP][TFSA] adlayer and intercalation into the TiO2(110)
substrate forming intercalated Li+ and Ti3+ species. Reactive
interaction between the IL adsorbate and Li results in decom-
position products which are rather similar to those obtained for
thermal decomposition of [BMP][TFSA] on TiO2(110), such
as Li2S/Sad or LiF/Fad, but also additional peaks are found in
XPS. Based on the XP binding energies, F3C–O2S–N�Li+ and
F3C–O2S�Li+ species are formed as well as intermediate pro-
ducts such as SOx, in agreement with the theoretical proposals
mentioned above. For Li deposition with pre-deposited multi-
layer [BMP][TFSA] films, the reaction with the IL is more efficient
than diffusion of Li to the TiO2(110) surface, and reactive
interaction with the TiO2(110) surface (intercalation) is there-
fore inhibited.

(5) For temperatures up to ca. 340 K, the adlayer composition
changes only little. Mainly the Sd2 peak vanishes, indicating
that F3C–O2S�Li+ is further decomposed. At higher tempera-
tures further decomposition takes place: the remaining intact
[BMP][TFSA] as well as the intermediate decomposition products
F3C–O2S–N�Li+, SOx and CxHyNz species react with the Ti3+ and
Li+ species in the substrate, forming similar reaction products as
obtained for the thermal decomposition of [BMP][TFSA] on
TiO2(110), such as Fad/LiF, Sad/Li2S and TiNx/LixN and some
residual carbonaceous compounds. The decomposition of
[BMP][TFSA] upon reactive interaction with TiO2(110) and Li is
complete at a temperature of 420 K, the one of F3C–O2S–N�Li+ at
520–570 K. The Ti3+ species consumed in the decomposition
process are reformed above 420 K. When evaporating [BMP][TFSA]
on a TiO2(110) surface pre-covered with Li, the IL decomposes
partly already at 300 K. Since this was not the case on pure
TiO2(110), this higher reactivity is mainly attributed to the Ti3+

species intercalated in the near surface region. Upon heating to
higher temperatures the decomposition process of [BMP][TFSA]
is similar to that on samples where Li is deposited on TiO2(110)
pre-covered with [BMP][TFSA].

Overall, this study gained detailed insight on a molecular
level on the reactive interaction of [BMP][TFSA] with a TiO2(110)
substrate and on the effect of Li on this interaction. These
insights will be highly valuable and provide a solid basis for sub-
sequent studies on the interaction between IL based electrolytes

and TiO2 electrodes and on the initial stages of the formation of
the solid-electrolyte interphase (SEI) between these compounds
in lithium ion battery applications.

4 Experimental

The measurements were performed in a commercial UHV
system (SPECS GmbH) with a base pressure of o 2 � 10�10 mbar.
It is equipped with a combined Aarhus-type STM/AFM system
(SPECS; Aarhus SPM 150 with Colibri Sensor), a non-
monochromatic X-ray source (SPECS XR50, Al-Ka and Mg-Ka)
and a hemispherical analyzer (SPECS, DLSEGD-Phoibos-HAS3500)
for XPS measurements, and standard facilities for surface pre-
paration. STM as well as XPS measurements can be carried out
with the sample between 90–400 K by cooling with LN2 and
resistive heating; for XPS measurements the sample can also be
heated to temperatures up to 1000 K by electron bombardment
(from the backside of the sample). All STM images were
acquired in constant current mode with tunnelling currents
between 20 and 200 pA and tunnelling voltages of 0.1–2 V. For
XPS measurements we used an Al Ka X-ray source (1486.6 eV),
operated at a power of 150 W (U = 12 kV, I = 12.5 mA). The
spectra were recorded at a pass energy of 100 eV at detection
angles of 01 and 801 relative to the surface normal. At 801 the
surface sensitivity of the measurement is significantly higher
than at normal emission (01 to the surface normal). The spectra
shown in the figures are all taken at an electron emission angle
of 801 if not stated otherwise. Peak fitting was performed with
CasaXPS as well as Igor Pro 6. For background subtraction a
Shirley background (if necessary convoluted with a parabolic
background) was used, the peaks were fitted using a Pseudo-
Voigt type peak shape, which is a convolution of a Gaussian and
Lorentzian function. For the background subtraction of the Li
peaks it was additionally necessary to subtract the signal of the
empty TiO2 surface before performing the Shirley background
subtraction due to the small intensity of the Li1s peak.

Rutile TiO2(110) crystals were purchased from MaTeck
GmbH with one side polished with an orientation accuracy
of o0.11 and a surface roughness o0.03 mm. The initial pre-
paration of the rutile TiO2 crystals follows procedures reported
in the literature:76 the crystals were cleaned in an ultrasonic
bath in 2� 5 min acetone, 5 min in caroic acid and 2� 5 min in
ultrapure water (in between the steps the crystals were rinsed
with ultrapure water). Afterwards the crystals were calcined at
1173 K under air atmosphere and cooled down at 5 K min�1.
This procedure produces clean and fully oxidized colorless or
slightly yellow rutile crystals. These crystals are transferred into
the UHV chamber and heated in UHV to 1023 K for 5 h which
partly reduces the sample (formation of Ti3+ species and oxygen
vacancies, details can be found elsewhere18,46). Upon reduction,
the color of the rutile crystal changes to blue. To achieve a
properly prepared smooth (110) surface several cycles of Ar+ ion
sputtering (0.5 kV, 45 min) and heating to 973 K for 30 min were
carried out. The surface structure and cleanness were checked
by STM and XPS (see e.g. Fig. 2a, b and 5) The surfaces show the
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typical (1� 1) reconstruction reported by Diebold et al.17,18 with
protruding rows running in the [001] direction. Bright round
protrusions situated in between the bright rows are attributed to
missing bridge-bonded oxygens on the surface. Terraces range
over 4100 nm. The XP spectra also show a contamination free
substrate.

The ionic liquid [BMP][TFSA] was purchased from Merck in
the highest available quality (ultrapure). It was filled in a glass
crucible, which prior to use was baked at 870 K in UHV to
remove vaporizable impurities from the glass. The crucible with
the IL was positioned in a triple Knudsen effusion evaporator
(ventiotec, OVD-3) and attached to the UHV chamber. The IL
was degassed for several weeks under UHV conditions at room
temperature and subsequently for at least 24 hours at 350 K
which removes all vaporizable contaminations (such as water)
from the IL. Karl-Fischer titration of the IL after room temperature
degassing revealed water contents of well below 25 ppm, the water
content after 350 K degassing should be considerably lower.
Furthermore, the cleanness of the IL vapor was checked using a
quadrupole mass spectrometer (QMS; Pfeiffer HiQuadQMG700),
which was mounted with its ionization area into the IL beam;
also the evaporation rate was calibrated against the evaporator
temperature using the QMS. An evaporation temperature of
453 K and 5 min evaporation time results in a coverage of 1 ML.
The [BMP][TFSA] adlayers were found to slowly decompose in the
X-ray beam during XPS measurements, as it is already known
from previous experiments applying non-monochromatized
X-ray radiation.77 We quantified the beam damage occurring
on our samples by measuring the decay of all peaks in the XP
spectra assigned to [BMP][TFSA] over several hours. A decom-
position rate of ca. 0.002 min�1 of the total intensities of the
peaks for both the anion as well as the cation was found for a
[BMP][TFSA] adlayer with a coverage of 0.7 ML at room tempera-
ture and with the X-ray source operated at 150 W. Decomposition
products due to beam damage could not be detected in the
spectra, which is clearly different to the decomposition due to
addition of Li or the thermal decomposition of the adlayers
described in Sections 2.1 and 2.3. We assume that the reaction
products formed during exposure to X-ray radiation are desorbed
right after formation. The decomposition mechanism under
X-ray radiation is therefore completely different from the one
induced thermally and/or Li incorporation. To minimize the
effects of the beam damage in our measurements, the time for
irradiation per sample was kept as short as possible, switching
off the X-ray source between the XPS measurements. Further-
more, in the annealing experiments the heating was switched off
before recording the XP spectra, these were therefore recorded at
temperatures considerably lower than the respective annealing
temperatures. In the evaluation of the XPS data the loss of
intensity due to beam damage is taken into account, using the
decomposition rate determined before.

Li was evaporated from a Li metal dispenser (SAES Getters)
incorporated into a homemade electrical heating stage. The
dispenser was operated at 7.1 A. The sample was placed in line-of-
sight in front of the dispenser, the evaporation time was con-
trolled with a shutter in between the sample and the dispenser.

For calibration of the Li evaporation rate a Cu(111) crystal was
used, which was cooled to 80 K. Under these conditions Li
adsorbs atomically on the surface, it does not react with the
substrate and only very slowly with residual contaminations
adsorbing from the UHV gas phase.28 The coverage was evaluated
by the damping of the Cu2p3/2 peak. For our setup a deposition
rate of 0.049 � 0.009 ML min�1 was calculated. The cleanness of
the deposited Li adlayers both on Cu(111) and on TiO2(110) was
checked by XPS and partly by STM.
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F. Endres, Phys. Chem. Chem. Phys., 2014, 16(47), 25969–25977.

28 F. Buchner, M. Bozorgchenani, B. Uhl, H. Farkhondeh,
J. Bansmann and R. J. Behm, J. Phys. Chem. C, 2015,
119(29), 16649–16659.

29 U. Diebold and T. E. Madey, Surf. Sci. Spectra, 1996, 4(3),
227–231.

30 T. Cremer, M. Killian, J. M. Gottfried, N. Paape, P. Wasserscheid,
F. Maier and H. P. Steinrück, ChemPhysChem, 2008, 9(15),
2185–2190.

31 T. Cremer, M. Stark, A. Deyko, H. P. Steinrück and F. Maier,
Langmuir, 2011, 27, 3662–3671.

32 T. Cremer, L. Wibmer, S. K. Calderon, A. Deyko, F. Maier and
H. P. Steinrück, Phys. Chem. Chem. Phys., 2012, 14(15), 5153–5163.

33 U. Diebold, J. Lehman, T. Mahmoud, M. Kuhn, G. Leonardelli,
W. Hebenstreit, M. Schmid and P. Varga, Surf. Sci., 1998,
411(1), 137–153.

34 S. Fischer, A. W. Munz, K. D. Schierbaum and W. Göpel,
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