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1 Introduction

Ionic liquids (ILs) are salts which are molten at room temperature and composed of or-

ganic cations and organic or inorganic anions [1]. The most prominent interest in ionic

liquids as solvents in electrochemistry comes from their wide electrochemical windows

(potential range of ideal electrode polarizability), which provide possibilities for investi-

gating electrode processes which would be impossible in aqueous electrolytes (hydrogen,

oxygen evolution) [2–4].

Paul Walden discovered the liquid salt ethylammonium nitrate in 1914 [5]; the first ex-

periments with ionic liquids based on AlCl3 were made during the 1950s: ILs of two com-

ponents such as AlCl3 and alkylpyridinium or alkylimidazolium were used as electrolytes

for electrodeposition of metals [6]. These „first generation“ ILs have the big disadvantage

of being hygroscopic, liberating HCl upon exposure to moisture. Thus these liquids were

considered to be difficult to work with; hence being of little practical importance. On the

other hand, these ILs possess remarkable broad electrochemical windows, allowing the de-

position of less noble metals, e.g. aluminium. Therefore, great efforts were devoted during

the 1980s to search for ionic liquids with increased electrochemical windows and enhanced

stability against air and water. In the early 1990s John Wilkes’ group could synthesize

air- and water-stable ionic liquids containing the [BF4]– and the [PF6]– anions [7]. The

electrochemical window of these liquids turned out to be as wide as 4 V.

Despite their great potential for new electrochemical processes, the electrochemical in-

terface between a metal electrode and an IL, that is, the double layer structure, is far from

being well understood. This might be partly attributed to the fact that electrochemical

studies have rarely been done on truly clean and structurally well-defined surfaces; this

– together with the often questionable purity of ILs – accounts for the widely differing

quality of the reports and conclusions. As for double layer studies in aqueous solutions,

where single crystal surfaces with well-defined structures as well as ultrapure water and

chemicals laid the basis for a detailed understanding of the interfacial region, well prepared

surfaces and clean ILs are still key issues in this emerging field [8].

This thesis attempts to explore key points of the double layer structure on well-defined

single crystalline gold electrode surfaces in contact with those ionic liquids which are
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1 Introduction

available in high purity. Emphasis is laid on high-resolution and molecular-level characte-

rization of the electric double layer. The main tool for determining double layer properties

is the capacitance measurement through impedance spectroscopy. In-situ STM measure-

ments were performed in order to characterize structural changes within the interfacial

region.

An overview of fundamental aspects of this work is given in part I (chapters 2-4),

followed by the discussion of experimental details in part II (chapters 5-8).

• Essential studies of the electrochemical interface between Au(111) and 1-butyl-3-

methyl-imidazolium hexafluoro-phosphate (BMIPF6) are discussed in chapter 9.

Interfacial parameters such as double layer capacitance and the potential of zero

total charge (pztc), could be determined. In-situ STM measurements reveal marked

structural differences positive and negative of the pztc.

• Since ILs have practically no vapour pressure at room temperature, purification of

the liquids after synthesis is still a serious issue. In chapter 10 a purification method

for commercially available BMIPF6 is presented.

• The electrochemical interface between a Au(100) single electrode surface and BMIPF6

is discussed in chapter 11. Impedance spectra could be well fitted using an appropria-

te equivalent circuit. In the negative potential region an ordered adlayer of [BMI]+

cations has been observed by STM.

• Influence of the anion on double layer properties is discussed in chapter 12. The

interfacial properties of BMITf2N have been compared with those of BMIPF6 on

Au(100) and Au(111) surfaces.

• Changing the aromatic imidazolium cation against a non-aromatic guanidinium ca-

tion has consequences on interfacial properties, e.g. the double layer capacitance

(chapter 13). The interaction of a hexaalkyl-substituted guanidinium ionic liquid

(N,N-dibutyl-N’,N’-diethyl-N”,N”-dimethylguanidinium-bis(trifluoromethylsulfonyl)

imide) with single crystalline gold surfaces (here Au(100) and Au(111)) has been

investigated.

• Chapter 14 finally reviews initial stages of metal deposition from ionic liquids.

The deposition of palladium onto Au(111) and Au(100) single crystal surfaces from

BMIPF6 was investigated. Morphological differences of the deposited layers could

be observed compared to deposition in aqueous electrolytes.
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2 The Electrified Interface

2.1 The Electric Double Layer

The electrode is an electronic conductor – typically a metal – in contact with an ionic

conductor — commonly an aqueous electrolyte solution. In the case of the present studies

the electrolyte is an ionic liquid. At the junction a specific interfacial region is formed,

the so-called double layer. The interfacial region differs in properties such as chemical and

electric potentials from the adjacent phases. There exist many theories on the properties

of the double layers, but none of them is adequate for all situations, since the double

layer structure and properties depend on the chemical nature and physical properties of

both the electrode and the electrolyte, not to mention general physico-chemical conditions

such as temperature. In general, the interfacial region’s structure is characterized by the

interfacial excesses of the chemical species therein. Measurement of excesses is difficult,

however, measurement of the sum of the excesses of ionic species is possible through the

measurement of the electronic charge of the metal, qM. Unfortunately, charge cannot be

determined directly, only its changes as currents i = dqM/dt or as differential capacitances

C = dqM/dE, that is as time (t) or potential (E) derivatives. This is why the differential

capacitance plays a central role in double layer studies.

The first model to characterize the electrical properties of the double layer was proposed

by Helmholtz as a simple parallel-plate condenser [9, 10]. One plate is the metal surface

carrying an excess charge Q, which attracts an equivalent amount of counter ions to the

interface. The double layer capacitance is defined as:

Cdl =
dQ

dE
(2.1)

Helmholtz’s model became the core of all double layer models. For aqueous systems, it

was proven appropriate to consider the electrolyte side comprising inner and outer layers:

The inner layer contains adsorbed ions and solvent species being in direct contact with

the electrode; these are bound to the surface mostly by chemical forces. In contrast, the

charges of the outer layer – typically solvated ions – are not in direct contact with the

electrode and are bound to the surface with elelectrostatic forces only. Hence a certain

1



2 The Electrified Interface

amount of counter-charge is necessary for charge compensation. As a result the specific

adsorption of ions causes a different potential profile compared to a purely electrostatic

interaction between solvated ions and the metal surface (Fig. 2.1a).
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Figure 2.1: (a) Potential distribution across the electrochemical interface for purely electrostatic

interactions (nonspecific adsorption) (solid line) and for specific adsorption, causing an „over-

shoot“ of the potential (dashed line). ϕ denotes the potential of the outer Helmholtz plane

(OHP), of the metal and of the electrolyte, respectively [11]. (b) Double layer capacitance in

ionic liquids as a function of the electrode potential u for different values of the lattice-saturation

parameter γ. C is the differential capacitance, C0 is the so-called „Debye“ capacitance [12]).

This model of the double layer has proven good for electrolytes of aqueous salt solu-

tions; however, for ionic liquids – being in the focus of this study – it needs revisions.

The strong interaction between the highly concentrated ionic species in ionic liquids leads

to an interface which cannot be adequately described by classical models for traditional

aqueous electrolytes. Additionally, the adsorption of solvent ions at the electrode/ionic

liquid interface makes the interfacial structure much more complex than in aqueous so-

lutions. New theoretical models based on molecular dynamic simulations were developed

by Kornyshev [12]. Bell-shaped and camel-shaped potential dependencies of the differen-

tial capacitance, exhibiting a maximum and a local minimum close to the potential of

zero charge (see next section), is predicted in these models (Fig. 2.1b). The shape of the

capacitance curves depends on the so-called γ factor, which denotes the degree of lattice

saturation of ions. Later, Oldham predicted also a capacitance curve associated with a

maximum at the potential of zero charge [13]. Although significant progress in theore-

tical calculations and computer simulations were achieved, we are still far away from a

comprehensive understanding of the electric double layer in ionic liquids.

2



2.2 Potential of Zero Charge

2.2 Potential of Zero Charge

One fundamental property of the electrode is its charge. It can be calculated by integrating

capacitance with respect to potential; however, for integration the potential of zero charge

(pzc) must be known [14]. The pzc affects the interfacial structure, that is adsorption of

ions and molecules, as well as photoemission and electron transfer.

The pzc describes the condition when the electrode carries no excess charge and the

charge density of the surface is zero. According to the double layer model established by

Helmholtz, the pzc corresponds to the potential where the plate condenser is uncharged.

One expects anions in front of the electrode surface at potentials positive of the pzc

whereas at potentials negative of the pzc the cations are accumulated at the surface.

Neutral (organic) molecules adsorb preferentially at the potential of zero charge in aqueous

electrolytes.

In general, the pzc can be determined through the measurement of charge needed

while creating (e.g. by immersing the electrode in the electrolyte [15]) or annihilating the

interface. Since such measurements involve all charges at the interface, irrespectively of

how they are bound to the surface, the zero point of this charge scale is often referred to as

potential of zero total charge (pztc). In contrast, there exists a special case when the double

layer charge on the electrolyte side is composed of „free“ charges which are bound to the

surface by electrostatic forces only. For this case theories predict specific C(E) functions

whose characteristic point mark the pzc. This is the case for the semiconductor/metal

or semiconductor/electrolyte junctions for which the pzc (the flatband potential) can

be extrapolated from the 1/C2 vs. E plot. Another example is the case of metals in

dilute electrolyte solutions for which the referring Gouy-Chapman theory [16] predicts a

characteristic minimum on the C(E) plot. For these latter cases one often uses the term

potential of zero free charge (pzfc) for distinguishing the two pzcs.

In the absence of specific adsorption the difference in pzfc of two metals can be reaso-

nably compared with the difference in metal/vacuum work functions [17, 18]. In the case

of ionic liquids, the relevant pzc is the pztc, mainly because the appearance of chemical

interactions between the ions and the electrode surface cannot be excluded. The work

function depends on the crystallographic orientation of the surface. The more open the

surface the higher the smoothing effect of the electron density distribution on the sur-

face. The kinetic energy of the electrons is reduced, resulting in an electrostatic surface

potential. This leads to a decrease of the work function of the different low index surfaces

according to the following row: (111) > (100) > (110).

3



2 The Electrified Interface

2.3 Surface Reconstruction

Surface reconstruction is a phenomenon by which atoms at the surface of a single crystal

assume a different structure than that after bulk truncation in order to minimize the

overall surface energy. If a reconstructed phase is energetically more favourable a rear-

rangement of atoms can occur. Local bond breaking and change of the surface symmetry

results in an activation barrier for the reconstruction [19]. A more densely packed struc-

ture is formed with an increase of electron density between the surface atom cores. The

low-index surfaces of gold, for instance, all reconstruct in order to minimize the surface

energy. Au(111) reconstructs into a (
√

3 × 22) structure consisting of double-rows where

zones of (fcc) and (hcp) stacking alternate (Fig. 2.2a and b). Thereby the surface atoms

are 4% more densely packed in [110] direction compared to the unreconstructed (1 × 1)

phase. The distance of the double-rows is 4.4 nm with a vertical modulation of 0.15 Å [20].

Au(100) reconstructs into a hexagonal close-packed surface (Fig. 2.2c and d). The (hex)-

reconstruction shows a striped pattern with a lateral period of 1.45 nm and a vertical

corrugation of 0.5 Å [20].

The same reconstruction phenomena for gold surfaces in aqueous electrolytes were also

observed in UHV. The unreconstucted gold surfaces are metastable under UHV conditions,

that is, an activation barrier inhibits reconstruction of the uncharged surfaces at room

temperature. In aqueous electrolytes, however, if one applies a negative potential (with

respect to the pzc) to the unreconstructed gold surface, the reconstructed surface phase

is re-formed [22]. This potential-induced reconstruction has been observed for all three

low-index gold faces in aqueous electrolytes [23]. Since specific adsorption of anions lifts

the reconstuction, it is necessary to immerse the reconstructed electrode under potential

control, clearly negative of the pzc. Lifting of the reconstructed gold surfaces leads to an

expel of gold atoms due to a lower packing density of the (1 × 1) structure. The atoms

coalesce and form gold islands monoatomic in height. A question of general concern is

whether such potential-induced surface reconstruction still prevails in ionic liquids.

4



2.3 Surface Reconstruction

fcc hcp fcc

fcc fcchcp

a b

c d

16 nm x 16 nm

10 nm x 10 nm

Figure 2.2: (a) Model of the Au(111) reconstruction with (
√

3 × 22) unit cell, (b) high reso-

lution STM image of a reconstructed Au(111) surface in 0.1 M H2SO4 at -0.2 V vs. saturated

calomel electrode (SCE). (c) Model of the Au(100) (hex)-reconstruction; small spheres repre-

sent first layer atoms, big spheres the underlying bulk atoms. (d) High resolution STM image

of a reconstructed Au(100) surface in 0.1 M H2SO4 at -0.2 V vs. saturated calomel electrode

(SCE) [21].
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3 Ionic Liquids in Electrochemistry

For industrial applications of electrochemical processes, e.g. electroplating, aqueous elec-

trolytes play a decisive role. The advantages are obvious: High conductivities, good solu-

bilities for metal salts, low viscosities, nonflammability and low costs. Thus the question

arises, why should other, non-aqueous electrolytes be used in practical electrochemistry?

A big disadvantage of aqueous electrolytes is the limited potential window of about 1.3

V; hydrogen evolution often hampers the deposition of less noble metals at negative po-

tentials. An alternative to aqueous electrolytes are the so-called molten salts. Due to their

big lattice energy, however, these compounds exhibit high melting points, mostly around

1000 ◦C. The high energy costs involved and the fact that only few materials as substrates

and structural materials are available set limits to possible applications.

A decrease of the melting point by lowering the Coulomb interaction of the ions can be

achieved using appropriate organic ions with sterically hindered substituents. This results

in molten salts which are liquid even at room temperature. The so-called room tempera-

ture molten salts or ionic liquids are by definition substances which have melting points

below 100 ◦C [24, 25]. The increased electrochemical stability of ionic liquids compared

to aqueous electrolytes allows the deposition of reactive and less noble metals like lithi-

um or magnesium which are higly demanded for battery research and production. Other

examples are refractory metals like titanium or tantalum used for corrosion protection.

Historically, the first ionic liquids fulfilling the above definition were chloroaluminate

melts, based on mixtures of AlCl3 with different organic salts like N-butyl-pyridinium

chloride or 1,3-dialkylimidazolium salts [26, 27]. Depending on the mixing ratio potential

windows up to 4 V could be realized. The big disadvantage of this system is an extreme

hygroscopic behaviour which necessitates handling under inert-gas atmosphere. To avoid

these difficulties the synthesis of air- and water-stable ionic liquids began in the early

1990s. These kinds of ILs are composed of organic cations such as 1,3-dialkylimidazolium

cation and perfluorinated anions, e.g. [BF4]– or [PF6]– [7, 28, 29]. However, experiments

revealed a more or less rapid water uptake of the ILs under ambient conditions resul-

ting in an hydrolysis of the anions causing the release of HF [30, 31]. For electroche-

mical studies these liquids still have to be handled under inert-gas conditions. There-

6



3.1 Synthesis

fore, in the latest generation of ionic liquids, ions resistant towards moisture like the

bis(trifluoromethylsulfonyl)imide and others are employed [28, 32]. A summary of diffe-

rent cations and anions is given in Fig. 3.1. Despite the still elevated production costs

ionic liquids feature as „green electrolytes“ an alternative to toxic and highly volatile

organic electrolytes. Because of nearly unlimited combinations of cations with anions ILs

can be tailored for specific applications. The BASIL process is an example how the yield

in the production of alkoxyphenylphosphine could be increased significantly by the use

of ILs [33]. Furthermore, due to their extremely low vapour pressure ionic liquids can be

used at temperatures above 100 ◦C, where conductivity and viscosity is decreased.
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+
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+
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-

N
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N,N-dibutyl-N’,N’-diethyl-N’’,N’’-
dimethylguanidinium

[Bu Et Me Guan]2 2 2

+

Figure 3.1: Structures of cations and anions with systematic name and abbreviation.

3.1 Synthesis

The synthesis of air- and water-stable ionic liquids on imidazolium-basis is performed in

two steps according to the methathesis reaction established by Wilkes et al. [7]: Firstly the

organic base is alkylated with an appropriate haloalkane. This so-called quaternization

reaction is followed by the anion exchange: The halide ion from the alkylation reaction

is exchanged against a perfluorinated anion, thereby an inorganic salt precipitates (Fig.

3.2). Thus it is possible to introduce different types of anions such as [BF4]–, [PF6]– or

7



3 Ionic Liquids in Electrochemistry

[Tf2N]–. Subsequently the halide residuum can be removed by extraction into an organic

phase and repeated washing with water.
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R = Me, Et, Pr, etc.

X  = Cl, Br, etc.
M = Li, Na, etc.
A = BF , PF , Tf N, etc.

1

2

4 6 2

(1)

(2)

Figure 3.2: Synthesis of imidazolium-based ionic liquids: (1) Alkylation of the organic base,

(2) anion exchange.

The electrochemical behaviour of ionic liquids based on hexaalkyl-substituted guanidi-

nium cations have also been studied in this work (chapter 13). A short introduction to

the synthesis of guanidinium-based ILs should be given here [35]:

A possible synthesis starts with tetraalkylurea 1 (Fig. 3.3). The reaction with phosgene,

phosphoryl chloride or oxalyl chloride leads to chloroformamidinium chlorides 2. The

following reaction with a primary amine yields pentaalkylguanidinium 3, which can be

alkylated with various alkyl halides to hexaalkylguanidinium 4. Variation of the anion is

possible with a subsequent anion exchange [34].

3.2 Physicochemical Properties

Ionic liquids differ in many ways from aqueous electrolytes. Properties like melting point,

viscosity, polarity etc. can be controlled by means of selective syntheses. In particular, the

electrochemical properties like potential windows, conductivities etc. are of great interest.

Despite the vast number of publications the amount of physicochemical data of hitherto

synthesized ionic liquids is still low. The following paragraph gives an overview about the

essential physicochemical properties (Table 3.1).

Since ionic liquids are organic compounds, their melting points are mainly influenced

by van der Waals interactions, hydrogen bonding as well as π–π interactions. Not only the

8
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Figure 3.3: Synthesis of guanidinium-based ionic liquids.

size of the ion itself, but also the delocalisation of charge contributes to a decrease of the

melting point and to weaken electrostatic interactions between ions. Therefore ILs with

aromatic cations generally have a lower melting point than those with aliphatic cations.

The length of the alkyl chains also influences the melting point: The longer the alkyl

chain of the cation the lower the melting point [36]. Moreover, keeping the same cation

the melting point decreases in the same way the size of the anion grows.

Ionic liquids can be utilized also at high temperatures (up to 400 ◦C). However, thorough

investigations show that the thermal disintegration is highly dependent on the water

content and the impurities [37]. Usually imidazolium-based ILs, for instance, have a higher

thermal stability than ammonium-based Ils. Ionic liquids with halide anions show low

thermal stabilities.

Many ILs exhibit vapour pressures at room temperature as low as 10-10 mbar. Depending

on the liquid the vapour pressure can reach 10-3 mbar at 200 ◦C. The low vapour pressures

permit experiments in ultra-high vacuum [38, 39]. It was believed for a long time that

ILs do not have any vapour pressure, since even in UHV no apparent distillation rates

could be achieved. Therefore the impossibility of purifying ILs via distillation was an

accepted opinion. Though, Seddon et al. had reported the successful distillation of several

ionic liquids at 300 ◦C under high vacuum, whereas it is still not clear which species

predominates in the gas phase [40, 41].

The viscosities of ionic liquids are typically 10 to 100 times larger than that of water

[2]. The reasons are mainly due to strong electrostatic interactions as well as hydrogen

bonding. Generally ILs composed of big ions show lower viscosities. With keeping the same
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3 Ionic Liquids in Electrochemistry

cation, for instance, varying the anion leads to an increase of the viscosity according to

following row: [Tf2N]– < [BF4]– < [PF6]–. Viscosity of ionic liquids is strongly dependent

on temperature.

The solubility of metal salts in ionic liquids is smaller than in aqueous electrolytes. The

ions coordinate weakly, thus the solvation energy is not sufficient enough to break the ionic

bonds in the metal salt. Measuring relative permittivities in ILs yielded values between

10-15 [42]. Experiments concerning solubilities of various metal salts such as LiCl or HgCl2
showed that the solubility for ILs containing the [BF4]– anion is better than for the [PF6]–

ions. Only small solubilities of 10-4 wt% could be determined [43]. In order to increase the

solubility ILs with functional groups (task-specific ILs) are synthesized. Another approach

is an enhancement of the interaction between IL and metal salt using complexing agents,

e.g. crown ethers. By means of these agents the metal salt is transferred from an aqueous

phase into the IL phase [44].

Of particular interest to electrochemisty is the stability range of the electrolyte, the

so-called potential window which is normally determined by means of cyclic voltammetry.

Typically current densities of 1 mAcm-2 can be achieved in ionic liquids at the anodic

and cathodic limit of the potential window applying a sweep rate of 50 mV/s [45]. It is

assumed that the potential limits are caused by the oxidative and reductive decompositi-

on of the anion and cation, respectively. Imidazolium-based Ils feature potential windows

of about 4 V. Piperidinium-based ILs are more stable against oxidation and reduction

having potential windows of 5 V and more. The range of the potential window depends

on the electrode material, sweep rates, temperature, impurities, etc. [46]. Especially im-

purities such as water or halides narrow the potential window significantly. Commonly

silver and platinum wires are used as pseudo-reference electrodes. The development of

stable reference electrodes on an IL-basis is still at the beginning. Katayama et al. reports

the successful application of an Ag/Ag+(IL) reference electrode [47].

In accord with their high viscosity, conductivities of ionic liquids are rather low. Several

imidazolium-based ILs can reach values up to 10 mS/cm. Piperidinium-based ILs show

smaller conductivities of 0.1-5 mS/cm [46]. For comparison, a 1 molar aqueous sulphuric

acid electrolyte has a conductivity of 366 mS/cm [48].

Strong electrostatic interactions between the ions and concomitantly an increased vis-

cosity is associated with hindered diffusion. At room temperature the self-diffusion co-

efficient of water is 10-9 m2s-1 [49]. In contrast, the diffusion coefficients of the ions in

imidazolium-based ILs are around 10-11 m2s-1 [50]. Usually cations have larger diffusion

coefficients than anions.
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ρ (g/cm3) c (mol/dm3) T m (◦C) η (cP) D+/D- (10-11m2s-1) σ (mS/cm) PW(V)

BMIPF6 1.36 (20 ◦C) [51] 4.8 [51] 10 [51] 312 (20 ◦C) [51] 0.89/0.71 (30 ◦C) [52] 1.4 (20 ◦C) [51] 3.2 (Pt) [53]

BMIBF4 1.17 (20 ◦C) [51] 5.2 [51] -81 [55] 233 (20 ◦C) [51] 1.8/1.8 (30 ◦C) [52] 1.73 (20 ◦C) [51] 4.2 (GC) [54]

BMITf2N 1.43 (19 ◦C) [28] 3.4 [28] -4 [51] 52 (20 ◦C) [28] 3.4/2.6 (30 ◦C) [52] 3.9 (20 ◦C) [28] 4.6 (Pt) [56]

BuMePyTf2N 1.41 (20 ◦C) [64] 3.3 [64] -10.8 [65] 85 (25 ◦C) [64] 2.51/1.97 (32 ◦C) [66] 2.2 (25 ◦C) [64] 5.5 (GC) [57]

MePrPpTf2N 1.32 [58] ? 8.7 [59] 117 (25 ◦C) [60] ? 1.51 (25 ◦C) [60] 5.6 (GC) [61]

BuPyrBF4 1.22 (25 ◦C) [62] 5.5 [62] 15 [61] ? 0.91/1.0 (25 ◦C) [63] 1.9 (25 ◦C) [62] 3.4 (Pt) [61]

BuMe3NTf2N 1.41 (20 ◦C) [64] 3.7 [64] 7 [64] 116 (25 ◦C) [64] 1.7/1.4 (30 ◦C) [52] 1.4 (25 ◦C) [64] 4 (Gr) [64]

Table 3.1: Physicochemical properties of ionic liquids. ρ: Density, c: Concentration, Tm: Melting point, η: Viscosity, σ: Conductivity, D+ and

D- denotes the diffusion coefficient of the cation and the anion, PW: Potential window (working electrodes in parentheses, GC: Glassy carbon

electrode, Gr: Graphite).
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3 Ionic Liquids in Electrochemistry

3.3 Electrodeposition of Metals

The outstanding electrochemical property of ionic liquids is the broad potential window.

Thus, it is possible to deposit less noble metals which cannot be deposited from aqueous

electrolytes. Due to the high viscosity, diffusion coefficients are lower compared to aqueous

electrolytes resulting in a slow deposition process. However, ILs can be used in a wide

temperature range and kinetic barriers can be overcome. Hence a better control of the

metal deposition is possible. The solvation of metal ions differs strongly from aqueous

electrolytes. Owing to weakly coordinating anions for example [BF4]– or [PF6]– the metal

ions do not longer exhibit solvation shells, they rather exist in a „naked“ state. On the

other hand the formation of solvation shells on transition metals, e.g. manganese, cobalt

or zinc, with strongly coordinating anions such as [Tf2N]– have been observed [67].

The first experiments for metal deposition were successfully performed in chloroalumi-

nate melts. From these melts, mainly aluminium as well as less noble metals like copper

could be deposited [68]. The cathodic limit of the potential window, however, is determi-

ned by the reduction potential of aluminium. Therefore, deposition of less noble metals

than aluminium is difficult due to an undesired codeposition and alloy formation with

Al [69]. A major disadvantage of chloroaluminate melts is their corrosiveness and sen-

sitivity against moisture which necessitates handling under inert-gas atmosphere. The

synthesis of air- and water-stable ionic liquids with broad potential windows opened up

new possibilities for the deposition of highly reactive metals, for instance Mg or Li.

Mg and Li are important metals for battery applications. Although studies for Mg

deposition from aprotic solvents already exist, investigations in ionic liquids are still at

the beginning [70,71]. Experiments clearly showed that the cathodic limit of the potential

window in imidazolium-based ILs is not sufficient enough for the deposition of magnesium.

Instead, electrolytes with an extended cathodic stability range, e.g. pyrrolidinium-based

ILs, have to be used [72].

Titanium and tantalum deposited as thin films are highly demanded for corrosion pro-

tection. Endres et al. demonstrated the feasibility of tantalum deposition at elevated

temperatures: A fine grained, porous Ta coating could be obtained from TaF5 solutions.

More uniform tantalum coatings were received adding LiF [73,74]. The first experiments

in titanium deposition proved to be particularly difficult. Instead of elemental titanium

non-stoichiometric titanium halide compounds were detected on the substrate [75]. Em-

ployment of adequate Ti-precursors like Ti(Tf2N)4 or Ti-alcoholates in association with

ionic liquids with broad potential windows could facilitate the titanium deposition. It

is well known that all refractory metals tend to form subvalent, non-stoichiometric me-
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3.3 Electrodeposition of Metals

tal halide compounds [76]. For this reason the metal deposition from appropriate halide

precursors might be difficult.

Good mechanical properties, low electric resistance as well as a high corrosion resistance

make copper an important material for nanoelectronics. The deposition of copper from

aqueous electrolytes has been thoroughly studied [77,78]. A dense, microcrystalline copper

deposit without using additives could be obtained from BMITf2N [79].

Due to its high catalytic activities for many chemical reactions Pd is not only interesting

for basic research. Experiments exploring the Pd deposition in aqueous electrolytes have

already been performed [80, 81]. However, little is known about Pd deposition from ionic

liquids. Sun et al. demonstrated the deposition of Pd/Ag- and Pd/Au-alloys from chloride

containing ionic liquids [82, 83].

The morphologies of the deposits of ferromagnetic elements like iron or cobalt are closely

related with their magnetic properties. An ordered growth can be observed in case of iron

deposition from BMIBF4. The growth is explained with a local influence of magnetostatic

interactions during the deposition process [84]. Nano-structuring of surfaces via controlled

deposition of Fe-clusters was realized by means of the scanning tunneling microscope [85].

The cobalt deposition on Au(111) begins with the formation of clusters monoatomic in

height, finally developing into islands [86].

Semiconductors such as silicon and germanium, which are important for optoelectronic

applications, could also be successfully deposited from ionic liquids. A two-dimensional

growth of germanium islands onto Au(111) was observed in case of deposition from

BMIPF6 [87]. Deposition of silicon from BuMePyTf2N also showed an island growth

[88, 89]. Subject of current research is the creation of functionalized, nano-structured wi-

res made up of germanium and silicon [90, 91].
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4 Methods

4 Methods

4.1 Cyclic Voltammetry

Cyclic voltammetry (CV) is a commonly employed technique in electrochemistry where

the current response of an electrochemical system is recorded while imposing a periodic,

triangular potential wave. This method is often used to survey the reactivity of new

materials and compounds. A CV measurement yields a plot of the current density versus

potential. Because of the constant sweep rate the potential axis is also an energy axis,

therefore CV is sometimes named electrochemical spectroscopy [92, 93]. The resulting

CV curve gives an overview of electrochemical processes taking place within the selected

potential range. Electron transfer reactions as well as adsorption processes can be related

with current peaks in the CV. Determination of thermodynamic parameters like redox

potentials and of kinetic parameters, e.g. the rate coefficients of electrode reactions is

possible. Integration of the current peaks yields charge densities which may be indicative

for the amount of electrochemically active species present at the interface as well as for

surface coverages.

For electrochemical interface studies normally three-electrode cells are employed with

working, reference and counter electrodes (WE, RE and CE, respectively); the electrode

potential, that is, the voltage between WE and RE is controlled by the operational ampli-

fier (OPA), which constitutes the most important part of a potentiostat (Fig. 4.1a). The

potentiostat’s operation principle is based on that the potential of the two inputs (+ and

–) of the OPA must always be practically the same, consequently the electrode potential

is the negative of the program voltage U . Voltammetry is a collective term for methods

in which the potential as a function of time, E(t) is set (and re-measured) and current-

time function, I(t), is measured (or, for the so-called galvanostatic techniques, I(t) is set

and E(t) is measured). For CV, the program voltage comprises linearly changing sections

between limits, as illustrated in Fig. 4.1b. Depending on the system and on the purpose

of study, sweep rates between 10-4 to 103 V/s are used; in the present work 50 mV/s was

mostly applied.

To illustrate the CV plot features, a measurement on a typical Au single crystal ionic
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Figure 4.1: (a) Three-electrode system: WE = working electrode, RE = reference electrode,

CE = counter electrode, OPA = operational amplifier, U = program voltage. Current is usually

measured at the WE (not shown). (b) Triangular potential-time behaviour between the potential

limits E1 and E2, sweep rate is defined as ν = |(dE/dt)|.

liquid system is shown in Fig. 4.2. In the CV one observes so-called faradaic currents

(cathodic current at -2 V and anodic hump at -0.4 V) as well as charging currents or

non-faradaic currents (double layer region between -0.7 V and -2 V). Faradaic currents

can be related with a charge transfer accross the interface whereas charging currents are

due to the double layer charging. From an electrical point of view the circuit element

associated to faradaic currents is a nonlinear resistor while non-faradaic currents are

associated with capacitors (see section Electrochemical Impedance Spectroscopy). The

large cathodic currents occuring at -2 V can be attributed to a reductive decomposition

of the ionic liquid. The anodic hump at -0.4 V marks the reoxidation of the reduced

species.

4.2 Electrochemical Impedance Spectroscopy

Electrochemical impedance spectroscopy (EIS) is another method used in order to cha-

racterize electrode processes and complex interfaces. It can be used for the determination

of kinetic parameters (e.g. charge transfer across the interface, mass transport) as well as

interfacial parameters (double layer capacitances) [94,95]. A prerequisite, however, for the

determination of parameters is an established model. Therefore, studying new systems,

e.g. ionic liquids, interpretations have to be done very carefully. In general, EIS experi-
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Figure 4.2: CV of Au(100) in BMIPF6, ν = 50 mV/s.

ments are carried out in such a way that the interface is perturbed from its steady state

by means of a small additional voltage or current.

Consider an electrical system in steady state, e.g. an electrode whose potential is sinu-

soidally perturbed with frequency f , that is,

E(t) = Edc + E0 sin(ωt) (4.1)

where the angular frequency is ω = 2πf . Accordingly, the current will also change si-

nusoidally, however, there will be a phase difference, ϕ, between potential and current

perturbations (Fig. 4.3a):

I(t) = Idc + I0 sin(ωt + ϕ) (4.2)

Assume that the system is linear, that is, the perturbation amplitudes E0 and I0 are

proportional to each other (in the electrochemical practice this condition is ensured by

applying small (E0 < 5 mV) perturbation amplitudes). Then the system’s dynamic be-

haviour can be represented by the E0/I0 amplitude ratio and ϕ phase shift pair (both of

which depend on ω). Such a number-pair can be regarded as a complex number and thus

the complex quantity Z (impedance) is defined as

Z(ω) =
E0

I0
eiϕ = Zabs eiϕ (4.3)
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where Zabs is the absolute value or magnitude of the impedance and ϕ is its phase angle.

Z can be resolved into two components, the impedance component in phase with the cell

voltage (Zreal) and the impedance component at 90◦ to it (Z imag), which is called the

imaginary part of the impedance (Fig. 4.3b). The reciprocal of the impedance, Y = 1/Z,
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Figure 4.3: (a) Sinusoidal voltage stimulus and current response, (b) impedance on the complex

plane.

is named admittance. Since Z is a frequency function, the impedance measurement me-

thod can be regarded as a spectroscopy, hence it is often referred to as electrochemical

impedance spectroscopy, EIS. The usual frequency range of the method is 1mHz < f <

1 MHz. The impedance spectra – and its descendants, e.g. the C(ω) = 1/(iωZ(ω)) com-

plex capacitance spectra – are usually plotted in two formats: First – as being complex

numbers, functions – they can be plotted on the complex plane. These plots are called

by mathematicians Argand-diagrams, however, in the context of electricity, their name is

Nyquist plot. For a resistive-capacitive system, which is quite typical in electrochemistry,

-ImZ(ω) is plotted vs. ReZ(ω), as exemplified in Fig. 4.4a. Second, it is a frequent prac-

tice to plot log(Z(ω)) =log(Zabs(ω) · exp(iϕ(ω))) =log(Zabs(ω)) + iϕ(ω) as a function of

log(f), in the form as shown in Fig. 4.4b. This is the so-called Bode plot which has the

advantage over the Nyquist plot that also the frequency information is included.

The impedance function of the electrochemical system is usually visualized as – and

interpreted in terms of – equivalent circuits, which are electrical networks of the same

or similar impedance functions as that of the system under study. Equivalent circuits

consist of resistors, capacitors and other elements. The most common elements are the
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Figure 4.4: (a) Nyquist plot of a resistor in parallel to a capacitance, (b) corresponding Bode

plot.

resistance of a bulk phase, the double layer capacitance, the charge transfer resistance,

the diffusional (Warburg) impedance, the adsorption impedance and the constant phase

element (CPE). Their roles are as follows:

• The bulk resistance – often named as serial or solution resistance – represents the

resistance of the electrolyte between the working electrode outside and the reference

electrode. It holds information of little (if any) value in interfacial studies, thus its

value is usually discarded.

• Charge transfer resistance is (inversely) related to the rate of charge transfer across

the interface; thus its value is the main result of EIS measurements of studies on

electrode kinetics, e.g. of characterizing corrosion (metal dissolution). In our studies

plays no role.

• Double layer capacitance is related to the ions bound electrostatically to the elec-

trode surface – it is the quantity which is interpreted by the double layer models.

• Diffusional impedance: It appears typically when a species involved in an interfacial

process (charge transfer or adsorption) is a minor component of the electrolyte

and moves to and from the surface by diffusion rather than migration. For planar

electrodes, its form is Z(ω) =const./
√

iω. Impedance elements with such a reciprocal

square-root frequency dependence are often called as Warburg-impedances, even
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4.2 Electrochemical Impedance Spectroscopy

if they have nothing to do with diffusion. Its effect may be pronounced at low

frequencies.

• Adsorption impedance: The adsorption of an electrolyte species may appear as a

serial combination of a capacitance, a resistance and a diffusion impedance; as a

thumb’s rule, the resistance appears when the adsorption is slow; the last term

appears when the adsorbate concentration is low.

• Constant phase element (CPE) is an empirical impedance element defined by its

impedance as ZCPE(ω) = Q/(iω)n where Q and n are the CPE coefficient and ex-

ponent, respectively. Note that for n = 0, 1/2, and 1 the CPE becomes a resistor,

Warburg impedance, and capacitance, respectively (Fig. 4.5a). The most frequent

reason for the appearance of a CPE in the equivalent circuit rather than of an „or-

dinary element“ like a capacitance is that some process is not uniform along the

interface, e.g. due to some surface inhomogeneities [96, 97]. For example inhomoge-

neous reaction rates on the surface might occur on polycrystalline metal surfaces or

carbon electrodes with a distribution of active sites (variations in activation energies)

on the surface [98]. Different thickness or composition of an electrode coating as well

as non-uniform current distributions can also be approximated using CPEs [99–101].

One of the most frequent equivalent circuit to be found in the electrochemistry literature

is the Randles-circuit (Fig. 4.5b, inset), which applies if there is a charge transfer (faradaic)

process across the interface; the interfacial reaction is represented by the Rct-W (charge

transfer resistance – Warburg impedance) branch. A corresponding impedance spectrum

is shown in Fig. 4.5b.

In those cases, when no faradaic process proceeds on the surface, but some species is

adsorbed on the surface, then the interfacial reaction branch is an adsorption impedance

(Fig. 4.6a inset); the low frequency part of the impedance on the complex plane plot

tends to be vertical at low frequencies (Fig. 4.6b). In these cases it is instructive to

transform the Z(ω) spectra to interfacial capacitance spectra by calculating the C(ω) =

1/(iω(Z(ω) − Rs)) complex function. Classical adsorption theories [102–104] predict a

capacitance spectrum C(ω) of the form

C(ω) = Cdl +
Cad

1 + σadCad

√
iω + RadCadiω

(4.4)

where σad is the coefficient of diffusional (Warburg) impedance. Rad and σad represent the

kinetics of the adsorption. Because of its physical meaning C(ω) is termed the „interfacial

capacitance“ and, being a complex quantity, can be plotted in complex representation
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Figure 4.5: (a) The impedance of a resistor R, a capacitor C, a Warburg element W , and a

CPE. (b) Impedance spectrum of the Randles-circuit (shown in the inset). Note that the high

and low frequency limits correspond to Rs and to the W element, respectively.

(C-Nyquist plot, see Fig. 4.6a). In case of adsorption processes the arcs in the spectra

become obvious in the C-Nyquist representation, rather than in an ordinary Z-Nyquist

plot (compare Fig. 4.6b), with Cdl and Cad easy to determine. Throughout this work the

measured spectra are presented graphically by calculating and plotting the C(ω) complex

function.

The result of the impedance measurement is the Z(ω) spectrum. In most of the ca-

ses spectrum evaluation is done in two steps: First the parameters of an appropriate

equivalent circuit is determined by curve fitting; the quantities of physico-chemical signi-

ficance are calculated from those (e.g. rate coefficients from resistances) afterwards [105].

Curve fitting is done by minimizing the
∑

i(Zi,m − Zi,c)2/w2
i sum, where the m and c

sub-scripts refer to the measured and calculated impedance data and wi is the weight fac-

tor of the ith data point. Since the relative accuracy of the data points is approximately

constant along the spectrum, usually wi = Zi,c is chosen („modulus weighting“) hence the
∑

i(Zi,m −Zi,c)2/Z2
i,c =

∑
i(1−Zi,m/Zi,c)2 sum is minimized, employing some minimization

algorithm. A frequent practice is to fit the high frequency part of the spectra only, for

the determination of Rs. This way the interfacial and the electrolyte bulk parts of the

spectra can be separated, and the interfacial capacitance function can be calculated and

displayed e.g. on the complex plane.

The steady state of the system is an essential condition of impedance measurements.
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Figure 4.6: (a) Equivalent circuit and C-Nyquist plot in case of adsorption, (b) corresponding

Z-Nyquist plot.

After setting or changing potential one has to wait until the system settles; the impedance

measurement can be started only then. However, after the measurement, the steady state

condition can be – and in fact was regularly – checked using the Kramers-Kronig trans-

formation [106] by which the distortions in the low frequency part can be identified.

Impedance measurement programs are nowadays standard accessories of potentiostats

and are routinely used for the characterization of many and diverse electrochemical sys-

tems. However, this is a method which is to be used for a well-known system only, for the

precise determination of parameters (rate constants, capacitances, etc). Accordingly, the

measurements discussed in the next chapters are aimed at the determination of interfacial

capacitances of the Au/ionic liquid interfaces.

4.3 Scanning Tunneling Microscopy

In 1982 the scanning tunneling microscope (STM) was developed by G. Binnig and H.

Rohrer as a technique for imaging surfaces on an atomic level [107–109]. Unlike other

surface analytical methods (e.g. low energy electron diffraction, LEED), the STM is able

to image surface structures in real space. Among other imaging techniques like the atomic

force microscope (AFM) or the magnetic force microscope (MFM) the STM belongs to the

so-called scanning probe microscopes (SPM) [110]. In 1986, only five years after the first

successful operation of a STM, Binnig and Rohrer received the Nobel Prize in physics [111].
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The conceptual simplicity of the STM is stunning: By means of a metallic tip the surface
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Figure 4.7: Schematic diagram showing the principle of STM [112].

topography of a conducting or semiconducting material is scanned revealing its surface

structure with atomic resolution. The STM tip is kept at a certain distance to the surface

without mechanical contact (Fig. 4.7); positioning of the tip in all three spatial directions

can be accomplished by means of piezoelectric ceramics. As the STM tip approaches

the surface the wave functions of tip and sample overlap. Electrons are able to pass the

barrier which results in a tunneling current. Electrons penetrating a barrier is a well known

phenomena in quantum mechanics and can be understood via quantum tunneling [113].

Applying a potential difference between tip and sample the resulting tunneling current,

It depends exponentially on the sample-tip distance [114, 115]:

It ∝ Ut e−A
√

Φts (4.5)

where A is a constant, depending on the work funktions of tip and sample, Ut the tunneling

voltage, Φt the tunneling barrier and s the tip-sample distance, respectively. Hence small

changes in tip distance results in large variations of the tunneling current. For example,

distance variations of 1 Ångström with a supposed tunneling barrier of 2-4 eV leads to

variations in the tunneling current of one order of magnitude [116]. The tunneling current

is directly associated with the electronic properties of the surface. Thus the STM image

represents contours of constant local density of states (LDOS) at the Fermi level [117,118].

Fig. 4.8 shows a schematic energy diagram of the tunnel junction between a metal surface
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and a metallic tip. Electrons tunnel from occupied states of the tip into empty states of

the sample. Typical values for the tunneling barrier Φt are 3-4 eV for tunneling in UHV

and 1-2 eV for tunneling in aqueous electrolytes [119,120]. In case of metals the positions

of the nuclei coincide with the topography. Differences, however, can be expected in case

of semiconductors or modified surfaces (e.g. ion adsorption). The resulting variations in

the LDOS make interpretations difficult.

Evac,tip

Evac,sample

tip

sample

EF,tip

EF,sample

tip

sample

eUt

s

Figure 4.8: Tunnel contact between two metals. Evac is the vacuum level, EF the Fermi level

and Φ the work function of tip and sample, respectively. S denotes the tip-sample distance.

The STM is constructed to operate in two different modes (Fig. 4.9). The most com-

monly used mode of operation is the constant current mode: Piezoelectric drivers force the

tip to be always at a certain distance to the sample surface; thus the tunneling current

flowing between these two electrodes remains constant. A topographical image can be

obtained recording the voltage applied to the piezoelectric driver. The constant current

mode is used for atomically rough surfaces, e.g. stepped surfaces. A disadvantage of this

mode is the finite response time of the feedback loop, resulting in relatively low scan

speeds. In order to increase the scan speed considerably, the constant height mode has

been introduced [121]. In this mode, the tip is rapidly scanned over the sample surface at

constant height while the feedback loop is switched off completely. The variations in the

tunneling current, which are recorded as a function of location, contain the topographic

information. The constant height mode is primarily employed to atomically flat surfaces.

In its early days, STM experiments were only used in UHV but further development

allowed applications in the gas phase as well as in the electrolyte [122,123]. From then on

the STM was also used for the study of reactions at the electrode/electrolyte interface; and

it has become an invaluable tool for electrochemistry. An in-situ application of the STM
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Figure 4.9: (a) Constant current mode, (b) constant height mode.

in electrolytes, though, requires some modifications. For potential control at the working

electrode (sample) a reference as well as a counter electrode is necessary. The STM tip

constitutes a fourth electrode since it is also immersed into the electrolyte. Independent

potential control of the sample and of the tunneling tip against the reference electrode is

achieved with bipotentiostatic circuits: The potential difference of tip and sample defines

the tunneling voltage: U t= U tip−U sample. The electrochemical reactions which occur at the

complete surface of the tip cause faradaic currents superimposed the tunneling current.

For this reason an insulation of the tip is necessary in which only the very end of the tip

remains uncovered [124]. By means of the insulation it is possible to reduce the faradaic

current from 1 µA to about 50 pA. Moreover, the proximity of tip and sample causes an

overlap of the double layers interacting with each other. This results in inhomogeneous

field distributions underneath the tip generating shifts in the potential. Furthermore, mass

transport below the tip is hindered which influences the observed reaction kinetics making

experiments with high overpotentials necessary [125].
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5 Electrochemical Cells

Two types of electrochemical cells were employed. One type was used for in-situ STM

measurements and cyclic voltammetry. Since it is an open cell, it was also used for de-

termining the potential of zero total charge. A closed cell comprising a heating unit was

used for impedance measurements.

5.1 STM Cell

The electrochemical cell was made of polytrifluoroethylene (Kel-F), which is a chemically

inert and temperature-resistant material (Fig. 5.1). Before each measurement the cell as

well as the O-rings (Kalrez) were thoroughly cleaned from remaining ionic liquid with

aceton (Merck, p.A.). Assembling of the cell was performed according to the following

basis

crystal

O-ring
cell

electrodes

basiselectrodes

bottom view topview

assembled cell

Figure 5.1: Electrochemical cell used for cyclic voltammetry, in-situ STM and immersion ex-

periments.
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5 Electrochemical Cells

procedure: First of all the freshly prepared single crystal was placed onto the metallic

basis plate. Afterwards the cell with the O-ring was fixed on top of the crystal by means

of four screws and carefully checked for leaks. A platinum wire and a Ag/AgCl wire (Ø 0.5

mm) which served as counter and reference electrodes were mounted on the cell and fixed

with Kel-F screws. The reference electrode was prepared by oxidizing a silver wire inside

a 0.1 M aqueous HCl solution for approx. 3 minutes. 10 V were applied while graphite

served as counter electrode. After assembling the cell the ionic liquid was filled into by

means of an Eppendorf pipette inside a glove box (Plas Labs Inc.), flushed with nitrogen.

For CV measurements typically 80 µL of the ionic liquid was injected. The electrochemical

cell was put inside a plastic box which was flushed continuously with nitrogen during the

CV measurements. Since it is an open cell, it was also used for in-situ STM studies and for

immersion experiments. The CVs were recorded with a Zahner IM 6 from Zahner Elektrik

controlled by the Thales Z 1.20 USB software and a Heka potentiostat-galvanostat PG

310 USB controlled by the Heka Potmaster software.

5.2 Impedance Cell

The impedance cell, also used for cyclic voltammetry, was a cylindrical cell of 0.3 cm3

volume. The ends consisted of the Au(111) working and the gold sheet counter electro-

des; the reference electrode, a straight wire, was placed halfway between the working and

counter electrodes, parallel to them, across the cell (Fig. 5.2). This construction ensured

the strictly homogeneous current density distribution along the working electrode surface

which is an important condition for having reliable high-frequency impedance data with

highly resistive electrolytes. A heating unit attached to the cell was continuously adjust-

able from room temperature up to 120 ◦C. All impedance experiments were performed

under nitrogen atmosphere. The CV and the impedance measurements were recorded

using a Zahner IM 6 from Zahner Elektrik controlled by the Thales Z 1.20 USB softwa-

re and a home-made set-up based on an SR830 lock-in amplifier, a potentiostat and an

AD/DA board with dedicated software for data acquisition and instrument control [126].

This set-up enabled impedance measurements between 100 kHz and 1 Hz. Accuracy of

the impedance measurement has been tested by dummy cells having impedance spectra

very similar to the studied electrodes.
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heating unit

counter electrode

working electrode

reference electrode

Kel-F spacer
O-ring

assembled cell

top cover

heating unit

O-rings spacer

CE
RE

cell without top cover

Kel-F spacer O-ring

RE

heating unit
WE

Figure 5.2: Cell used for electrochemical impedance spectroscopy.
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6 In-situ STM Experiments

6.1 Experimental Setup

All STM experiments were performed wit a TMX 2010 from TopoMetrix. Control of the

measurements was achieved by means of a personal computer connected to the STM base

via the electronic controll unit (ECU). For the electrochemical measurements a bipoten-

tiostat was used in order to control the potentials of tip and sample independently. Data

analysis was carried out with the software Thermo Microscopes TopoMetrix SPMLab NT

Ver.5.0. The scanner was a 1 µm tube scanner with a lateral scan range of 3 µm and a

maximum Z-range of 1 µm. In all experiments the scanner was operated in the constant-

current mode with 1 nA tip current. For vibration isolation the STM was mounted onto a

heavy granite plate suspended from four steel springs [127–129]. The STM images in this

work are all shown in grey scale. Thereby topographically higher areas are brighter than

lower areas.

The STM cells were made of polytrifluoroethylene (Kel-F) which is a chemically inert

and temperature-resistant material (Fig. 5.1). Assembling occured in the same way as for

the electrochemical cell (see above). For STM measurements typically 80 µL of the ionic

liquid were injected. During measurements the STM was flushed with nitrogen.

6.2 Tip Preparation

The quality of STM images is mainly influenced by the tip. Ideal STM tips have small

tip radii, a good conductivity and mechanical stability. For electrochemical measurements

the potential range in which the tip can be operated is an important criterion. In this

work Pt80Ir20 tips were used which are known to have a fairly broad stability range in

aqueous electrolytes (ESCE= -0.2 V to 0.8 V in 0.1 M H2SO4). The Pt80Ir20 wire had a

diameter of 0.25 mm. Preparation of STM tips occured in two steps: The etching and the

insulation which are both described more detailed in the next two passages.

Small tip radii can be achieved by an electrochemical etching [130,131]. For tip etching

the experimental setup is shown in Fig. 6.1. The Pt80Ir20 wire was hold by means of an

30



6.2 Tip Preparation

alligator clip

Pt Ir wire80 20

lamella

etching
solution

collector

Figure 6.1: Experimental setup for tip etching [21].

alligator clip in the center of a platinum wire loop (Ø 10 mm). A lamella was formed inside

the loop by dipping it into an etching solution (3.5 M aqueous NaCN solution). Applying

an alternating current of 4.5 V electrochemical oxidation of the Pt80Ir20 wire occured

within the contact region of the lamella. The lamella has to be renewed every two minutes

in order to maintain a uniform etching and due to an enrichment of the platinum-cyanide

complex within the electrolyte solution. After about 15 minutes the wire was etched and

the tip was carefully collected with tweezers. Subsequently the tip was thoroughly rinsed

with Milli Q-water in order to remove remaining cyanide solution. Before using them the

tips were checked for possible damage with a light-optical microscope.

To avoid faradaic currents during measurements the tip was insulated by means of an

electrophoretic paint from BASF (ZQ84-3225). The STM tips were dipped to circa 5 mm

into the electrophoretic paint for approximately 3 minutes. Thereby a voltage (80 V, DC)

was applied, a Pt sheet served as counter electrode. Afterwards the tip was placed into

an oven for 10 minutes in order to polymerize the paint at 200 ◦C. By this procedure the

paint shrank and broke up at the very end of the tip. During measurements a tunneling

current was able to flow with leakage currents below 0.1 nA.
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7 Electrode and Electrolyte

Preparation

7.1 Annealing of Single Crystals

For all experiments Au(111) and Au(100) single crystals (MaTecK GmbH, Jülich, Germa-

ny) with a diameter of 12 mm and a height of 2 mm were used. Before each measurement

the single crystals were placed onto a ceramic plate and flame annealed in an hydrogen

flame for about 5 minutes [132, 133]. To avoid a melting the crystals had to be annealed

with caution until a dark red glow was visible indicating a temperature just below the

melting point of gold (1065 ◦C). In order to prevent a premature melting of the crystals

the ceramic plate was shifted several times underneath the hydrogen flame. The flame an-

nealing removed impurities on the surfaces and induced the (
√

3×22) gold reconstruction

on Au(111) and the (hex)-reconstruction on Au(100). After the annealing the crystals

were allowed to cool down to room temperature in a nitrogen flow. Applying this proce-

dure crystals with a very good surface quality were obtained. The surfaces showed wide

terraces up to 500 nm.

Inductive heating was used in order to prepare single crystals under inert gas atmosphe-

re. The gold crystals were annealed for 5 min with the inductive heating under nitrogen

atmosphere according to the procedure described in literature [132, 134,135].

7.2 Electropolishing

After each measurement the gold crystals were electropolished to make sure that all

adsorbed species on the surface were removed. This procedure was particularly necessary

after metal deposition to avoid surface alloying. Firstly, oxidation of the gold occured

by dipping the crystal into an aqueous 0.1 M H2SO4 solution and applying a direct

current of 10 V for about 5-10 s. Thereby, the gold crystal was connected to the anode

whereas the counter electrode consisted of graphite. Subsequently, the reddish brown gold
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7.3 Ionic Liquid Purification

oxide was removed by dipping the crystal into an aqueous 0.1 M HCl solution for about 5

minutes. Finally the crystal was thoroughly rinsed with Milli-Q water to remove remaining

electrolyte solution. After electropolishing the crystals were stored overnight in an oven

at 960 ◦C.

7.3 Ionic Liquid Purification

Commercial ionic liquids were purchased in the highest available (high purity) quality

(water ≤ 100 ppm, halides ≤ 100 ppm) from Merck KGaA. Before use, the ionic liquid

was vacuum-dried for 24 h at elevated temperatures (typically 80 ◦C) by means of a

vacuum pump (Vacuubrand, 2×10-4 mbar) with a liquid nitrogen cooling trap. Afterwards

molecular sieve was added to the liquid in order to remove impurities from the synthesis

as well as residual water. The molecular sieve, bead-type and without moisture indicator,

was also purchased from Merck KGaA. The commonly available pore size of 0.3 nm (order

nr. 1.05704.0250) was used. The molecular sieve was boiled in ultra pure water for 3 h in

order to clean it from fine grained dust; water exchange was carried out every 30 minutes.

Subsequently the molecular sieve was dried in an oven at 200 ◦C for 7 days before use.

After adding it to the ionic liquid (typically 15 beads to 1 ml, IL), vacuum was applied

for 24 h at 80 ◦C. Afterwards the liquid together with the molecular sieve was kept under

nitrogen atmosphere at room temperature. Before using the liquid, vacuum was again

applied for 24 h at 80 ◦C, to the stock solution. Detailed studies concerning purification

of ILs are given in chapter 10.

7.4 Reference Electrodes in Ionic Liquids

Most of the conventional reference electrodes used in aqueous solutions cannot be di-

rectly used in ionic liquids and there is no universal rule either about using reference

electrodes. Pt and Ag wires are commonly used metal quasi-reference electrodes in ionic

liquids. In the absence of redox couples in the solution, the potential of such a type of

quasi-reference electrode is determined by the interfacial potential between metal and

electrolyte, which may be easily affected by the changes of the composition of electrolyte.

In practice, however, the metal quasi-reference electrode is found to be stable enough in

a given experiment in the neat ionic liquid under inert gas protection, but may vary from

experiment to experiment by up to a couple of hundred millivolts.
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8 Materials and Chemicals

The water used for the experiments (tip preparation, electropolishing) was high purity

water which was additionally purified with a water purification system (Sartorius arium

611). The specific resistance was 18.2 MΩcm and the amount of organic impurities (total

organic carbon) was below 3 ppm. Only chemicals with the highest purity available were

used in this work.

Formula Company Purity

PdCl2 Sigma-Aldrich 99.999%

NaCN Fluka puriss. p.a., >97%

H2SO4 Merck KGaA, Darmstadt, Germany 96% suprapur

HCl Merck KGaA, Darmstadt, Germany 30% suprapur

Table 8.1: Chemicals for electrolyte solutions

Molecular Formula Company Purity

H2 MTI IndustrieGase AG, Neu-Ulm, Germany 5.0

N2 MTI IndustrieGase AG, Neu-Ulm, Germany 5.0

Ar MTI IndustrieGase AG, Neu-Ulm, Germany 5.0

Table 8.2: Gases
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Ionic Liquid Company Purity

BMIPF6 Merck KGaA, Darmstadt, Germany high purity (water ≤ 100 ppm, halides ≤ 100 ppm)

BMITf2N Merck KGaA, Darmstadt, Germany high purity (water ≤ 100 ppm, halides ≤ 100 ppm)

Table 8.3: Commercially available ionic liquids

Material Company Usage

Kel-F Heute & Comp, Radevormwald cell material

Kalrez DuPont Dow Elastomeres, USA O-rings

Gold single crystals, purity: 99.999% MaTecK GmbH, Jülich, Germany working electrodes

Pt80Ir20, purity: 99.99% MaTecK GmbH, Jülich, Germany STM tips

Platinum wire, purity: 99.995% Götze, Berlin counter and reference electrodes

Silver wire, purity: 99.99% MaTecK GmbH, Jülich, Germany reference electrodes

Gold sheet, purity: 99.9% MaTecK GmbH, Jülich, Germany counter electrodes

Electrophoretic paint ZQ84-3225 BASF AG, Ludwigshafen STM tip coating

Molecular sieve, bead type, pore size: 0.3 nm Merck KGaA, Darmstadt, Germany ionic liquid purification

Table 8.4: Materials
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9 Au(111) in BMIPF6

1In many instances of ILs cyclic voltammograms (CV) on various electrodes are presented

that show a flat, „double layer“-type behaviour over a range of 4 V and more. These

were recorded at a rather insensitive current scale with the aim of demonstrating the

broad potential range without faradaic reactions. Employing conditions normally used for

studies in aqueous solutions, the CVs of ILs are anything but flat. This is demonstrated

in Fig. 9.1: Fig. 9.1a shows a 10 mV/s CV for Au(111) in BMIPF6 at a usual, insensitive

current scale, and also the middle part with higher resolution. This middle part of about

1.5 V represents a potential window within which the current seems to be non-faradaic in

nature, hence might be considered as double layer charging/adsorption region. This part

of the voltammogram is reproducible (at least for an hour or so) provided the potential

was kept within this range: If these limits are passed, irreproducible additional humps

appear in the CVs (Fig. 9.1b). Accordingly, the impedance studies were done within the

above limits. Peak P (Fig. 9.1a) is a well-defined feature of the voltammogram; taking

into account that this peak shifts with scan rate, even at values as low as 2 mV/s (cf.

inset of Fig. 9.1b), voltammograms measured with different reference (or quasi-reference)

electrodes could be compared based on P’s location, EP, at identical scan rates, e.g. at 50

mV/s. With this scan rate, EP,50= -0.3V vs. Ag/AgCl.

Impedance spectra in the full -0.9 to +0.7 V range can be well modelled by the equi-

valent circuit shown as inset of Fig. 9.2a. At the high frequency end of the spectrum the

dominant elements are the series resistance, Rs and the capacitance, Chf , whereas at lower

frequencies the contribution of the constant phase element (CPE) is dominant. This latter

element is defined by its admittance as Y CPE(ω) = Q(iω)n where Q and 0 < n < 1 are the

CPE coefficient and CPE exponent, respectively. The spectra, plotted in the capacitance

representation, are shown in Fig. 9.2b, whereas the potential dependence of Chf and the

CPE parameters are shown in Fig. 9.3 (the series resistance, trivially having no potential

dependence, corresponds to the literature value of BMIPF6 conductivity (0.13 S/m [136],

0.146 S/m [55]). On one hand, the capacitance Chf shows little if any potential dependence

1 Reprinted from „The interface between Au(111) and an ionic liquid“, M. Gnahm, T. Pajkossy, D. M.

Kolb, Electrochim. Acta 55 6212–6217, Copyright (2010), with permission from Elsevier.
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9 Au(111) in BMIPF6

a b

Figure 9.1: (a) CV of Au(111) in BMIPF6 recorded at 10 mV/s with two current scales. The

„flat“ CV within the ±2 V polarization range of the BMIPF6 appears structured when the

≈ ±1 V region is measured at higher current sensitivity. (b) CVs at 50 mV/s scan rate for

various potential limits. Arrows indicate the irreproducible additional humps when the positive

limit exceeds +1 V. Inset: Scan rate dependence of the potential of peak P, EP.

(Fig. 9.3, crosses), its value is about 6-7 µF/cm2; on the other hand, the CPE coefficient

exhibits a peak around -0.3 V; whereas the CPE exponent shows some – although rather

scattered – potential dependence.

A quantity of fundamental importance certainly is the potential of zero charge, pzc,

for Au(111) in contact with the IL. Its determination is by no means trivial, as the com-

mon approach for determining pzc’s (pzfc, potential of zero free charge, to be precise)

in aqueous solutions, i.e., the search for a Gouy-Chapman minimum in the capacitance,

is not applicable to room temperature melts. In addition, as the above impedance mea-

surements reveal, there is no potential-dependent capacitance present; thus the related

theories [12,13] have no relevance here. The so-called immersion technique was chosen to

get an idea about the pztc, the potential of zero total charge. By this method, a freshly

prepared electrode is quickly immersed into the solution at a pre-set potential and the

charge flow for establishing the double layer is measured [137]. The pztc is then spotted

by the sign change of the charging current. In the present case the Au(111) crystal after

flame annealing was mounted in the Kel-F cell, connected to an operating potentiostat;

then the IL was injected with the help of an Eppendorf pipette to quickly cover the

whole electrode surface, making sure that the liquid first established contact with the

40
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Figure 9.2: (a) Impedance spectrum, Z(ω), measured at E = -0.2 V vs. Ag/AgCl. Solid lines

are the fitted spectrum, calculated by the equivalent circuit of the inset. For the meaning of its

elements, see text. (b) Impedance spectra at potentials (vs. Ag/AgCl) indicated, in capacitance

representation, i.e. by plotting C(ω) = 1/iω(Z(ω) − Rs), where Rs is the series resistance

determined by fitting. On the capacitance plots the 100 Hz, 10 Hz, and 1 Hz points are indicated

by crosses; solid lines are the fitted curves using the equivalent circuit of (a) inset. The spectra

are shifted along the ordinate for visibility reasons.

reference and counter electrodes before hitting the working electrode. The wetting proce-

dure required roughly 5 s, the current transient being recorded over several minutes. The

charge is obtained by integration (Fig. 9.4a). Note that in contrast to measurements in

aqueous solutions when the current decays exponentially to zero, here the transients are

power-law-like rather than exponential with time and consequently, the charge, i.e. the

integrated current depends on the duration of the experiment. Charges calculated with

100 s integration time are seen as function of immersion potential in Fig. 9.4b. The zero-

crossing is around -0.1 V vs. Ag/AgCl; the slope of the tilted line is around 130 µF/cm2;

which is in a reasonably good agreement with the figure obtained if a CPE charging is

considered2.

Now the question arises, whether the complicated CV can be attributed solely to the

IL, or does the Au surface property also change with potential. In-situ STM images

suggest the latter to be the case. The freshly prepared Au(111) – i.e. with a reconstructed

2 If the charging of a CPE by voltage u is started at time zero, its charge, q, varies in time as q(t) =

uQt1-n/Γ(2 − n) where Γ is the gamma-function. Taking the CPE values at its peak (see Fig. 9.3),

that is, Q = 25 µFs0.7-1 and n = 0.7, we obtain q/u = 25 µF × 1000.3/Γ(1.3) = 111 µF .
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Figure 9.3: The fitted equivalent circuit parameters, as function of potential. Chf (+), Q (×),

and n (◦) data obtained from fitting of the spectra of Fig. 9.2. Note that Chf and Q are of

different dimensions.

surface due to flame annealing [138] – was usually immersed at +0.2 V vs. Ag/AgCl, the

corresponding STM image being given in Fig. 9.5a. No sign of the gold surface property is

seen such as monoatomic high steps or islands (the blurred image of a surface littered by

holes suggests a layered structure of the IL). Stepping the potential to values considerably

negative (-0.5 V, Fig. 9.5b) makes the holes to disappear and monoatomic high islands

appear, very much like those islands caused by lifting of the reconstruction. The overall

impression of the STM image is greatly enhanced in clarity. In addition, the structure

change between -0.5 and +0.2 V vs. Ag/AgCl is instantaneous (at least on the time-scale

of the STMs line scan, Fig. 9.5b) and reversible.

At more negative potentials high resolution STM images could be obtained showing a

worm-like structure (Fig. 9.6a) [139]. This structure is probably caused by an adsorption

of the [BMI]+ cations. The STM image suggests a stacking of numerous layers which can
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Figure 9.4: (a) Integrated immersion transients at potentials indicated and (b) the charge

calculated for 100 s as function of potential.

be explained by π–π interactions between the aromatic ring systems of the imidazolium

cation. Recent AFM investigations also demonstrated multilayer formation in front of the

electrode surface [140,141]. A smaller scan range reveals the fine structure with a random

arrangement of molecules (bright spots), which do not follow the hexagonal symmetry of

the underlying substrate (Fig. 9.6b). The structure reflects a certain mismatch between

surface and adsorbed molecules. Obviously the Au(111) substrate is unsuitable for the

formation of an ordered adlayer, in contradiction to Au(100) in BMIPF6 (see below). De-

creasing the potential to values beyond the stability range of the ionic liquid the worm-like

structure disappears and a smooth surface can be seen covered with holes of 0.3 nm ±
0.05 nm depth (Fig. 9.6c). The disappearance of the ad-structure might be interpreted

with a reductive desorption of the cations at negative potentials. The well-known her-

ringbone reconstruction rows are faintly visible between the holes (Fig. 9.6d). It seems

that a reconstructed Au(111) surface is lying underneath the adsorbed layers, although

its formation is still debatable. The worm-like structure also disappears returning to more

positive potentials (Fig. 9.7a). The dissolution occurs due to electrostatic forces repelling

the cations from the electrode surface upon anodic excursion. This process is rather slow

compared to the reductive desorption. The image becomes blurred after about 30 minutes

(Fig. 9.7b).
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9 Au(111) in BMIPF6

9.1 Discussion

The main findings in the potential range of -0.9 V to +0.7 V vs. Ag/AgCl, that is, -0.6

V to +1 V vs. EP,50 are as follows:

• The impedance spectra can be well-modelled by an equivalent circuit where the

elements due to the interface are the parallely connected Chf and a CPE.

• Chf and the CPE exponent show little if any potential dependence, the CPE coef-

ficient shows a marked peak at E ≈ EP,50 + 0.1 V.

• Immersion experiments show that the pztc is also somewhere at E ≈ EP,50 + 0.2 V.

• STM images show structure changes to occur around EP,50.

It is very difficult to compare these results with the ones of the literature. Two theoreti-

cal [12,13] and four experimental [143–146] articles were found dealing with double layer

capacitance – impedance – pztc issues which are relevant for electrodes in ILs. However,

the theoretical papers derive capacitance–potential curves without the mentioning of the

dynamics of the double layer rearrangements expressed by the existence of the CPE. The

subject of the experimental articles differ from the present study in three respects:

(a) Apart from Hg used in studies of Refs. [143, 145,147] – having a well-defined clean

surface, the electrode materials (carbon [143], glassy carbon [143,147], gold [143] and

platinum [147]) are polycrystalline. On the basis of aqueous electrochemistry expe-

rience, interfacial studies with single crystals of well-defined surfaces yield better-

defined results than polycrystalline ones.

(b) The high frequency end of the impedance spectra is always very sensitive to cell

geometry. If the solution resistance is smaller for the electrode edge than for the

middle, then the high-frequency behaviour, for example, of a capacitive electrode is

not that of a series RC, but an ill-defined mixture of the middle part’s RC and of

the edges’ RC. As a rule of thumb, the AC-Wagner number [148] can be applied for

calculating the critical frequency: The lρεω ≪ 1 condition (where the symbols stand

for the size of the electrode, specific resistivity of the electrolyte, specific capacitance

of the surface and angular frequency, in sequence) should hold if the edge effects

are negligibly small. For the typical case of an disk electrode of radius 10-1 cm, with

ε = 10−5 F/cm2, ρ = 103 Ωcm, ω = 103 s-1; that is, above 100 Hz the impedance

spectra are distorted. For a detailed analysis of this situation, see [149]. This is why
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9.1 Discussion

the cell was constructed with a strictly homogeneous current density distribution;

and it is suspected that for this reason the Chf element is missing in the equivalent

circuits of the above articles.

(c) In principle, calculating capacitances from CPEs is impossible, because the two

quantities have different dimensions. Still, this is a widely used practice on the ex-

pense of introducing an arbitrary factor of the capacitance (for ways of doing the

dimension-adjustment see section 2.1 of Ref. [146]). However, due to the ill-defined

nature of the capacitance measured at a single frequency – or calculated from impe-

dance spectra based on CPE-containing models – any comparison is questionable,

perhaps even the locations of the extrema.

The measurements are interpreted as follows: First, the three potentials – the potential

of peak P, of the CPE coefficient maximum, and of the zero-crossing of the immersion

charge – are the same; the apparent differences being due to different „effective scan

rates“. The close potential values for P and the Q(E) maximum is not surprising: If the

impedance response of a system is that of a capacitance or a CPE with a peaky potential

dependence, then the CV will also contain a peak. The main question is, where is the

CPE peak coming from. This peak is rationalized due to the complete reorientation of

the double layer: This is the potential, where the innermost ion layer changes its polarity.

Negative and positive to the peak the [BMI]+ cations and the [PF6]- anions dominate the

Helmholtz-layer, respectively; concommitantly the pztc is at the peak.

Secondly, the CPE plays the role of the double layer capacitance, however, the rearran-

gement of the double layer is much slower than in the case of aqueous electrolytes. This

is again not surprising: The IL is not a simple molecular liquid; charges are linked to each

other, complete domains are reorganized for any electric field change. Sluggish processes

manifest themselves also in high viscosity and low ionic mobilities.

Third, Chf is 6–7 µF/cm2, independent of the potential, on both sides of the pztc. This

is rather surprising, and from theorizing this finding is refrained. All what can be said is

that the average location of the anions and cations do not differ much at the two sides of

the pztc.

Fourth, the STM images negative and positive of EP,50 are vastly different. Only at

negative potentials the gold surface seems to be imaged, as the monoatomic high gold

islands are clearly visible, which are characteristic of unreconstructed Au(111). At positive

potentials the electrode surface appears to be covered by a thick layer of IL, leading to a

blurred image, often found with organic surfaces.
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9 Au(111) in BMIPF6

Figure 9.5: STM images (230 nm × 230 nm) of the Au(111) surface recorded at +0.2 V (a)

and -0.5 V (c). In image (b) the potential was stepped from +0.2 V to -0.5 V. (d) Height profile

along the line in image (c).
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9.1 Discussion

200 nm x 200 nm    E = -1.35 VAg/AgCl

200 nm x 200 nm    E = -2.85 VAg/AgCl

25 nm x 25 nm        E = -1.35 VAg/AgCl

-1.35 V

-2.85 V

200 nm x 200 nm

a b

c d

Figure 9.6: STM images of Au(111) in BMIPF6 at negative electrode potentials [142].
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9 Au(111) in BMIPF6

200 nm x 200 nm 200 nm x 200 nm    E = -0.05 VAg/AgCl

-1.75 V

-0.05 V

a b

Figure 9.7: Au(111) in BMIPF6: (a) The potential was stepped from -1.75 V to -0.05 V, (b)

was recorded 30 minutes later [142].
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10 Purification of Ionic Liquids

1Ionic liquids (ILs) or room temperature molten salts are increasingly used in electro-

chemistry, mainly because of their wide stability window of typically 3–4 V [2, 45, 139,

150–152]. This makes them very attractive for electrodeposition studies, particularly with

unnoble and reactive metals. Although modern ILs like 1-butyl-3-methylimidazolium he-

xafluorophosphate (BMIPF6) are essentially air- and water-stable and hence, relatively

easy to handle, purification of commercial products is still required for fundamental inves-

tigations. ILs, for example, can absorb a considerable amount of water which results in a

change of the physical properties of the liquid such as diffusion coefficients therein [153].

Furthermore there is evidence of the formation of HF, a corrosive and toxic gas, if [PF6]--

based ionic liquids get in contact with water [31]. One can also find inorganic impurities,

mainly Li+ and K+, from synthesis. Some of the commercially available ILs which should

be colourless like BMIPF6, show a light yellowish discoloration. Since distillation of ILs is

difficult due to their low vapour pressure [40] , established purification methods comprise

charcoal and alumina/silica columns [154, 155]. Sweeny and Peters reported on the use

of molecular sieves for IL purification, obviously with great success [156]. A dominant

feature in their voltammogram, which they ascribed to water, was completely removed.

In this chapter a treatment is described, which helps to substantially reduce the level

of impurities, the most dominant one being water. It is demonstrated that the use of a

molecular sieve with the right pore size can remove undesirable species.

In many studies of ionic liquids, cyclic voltammograms pretend a double layer region

over a range of 4 V and more. However, these curves were usually shown in a rather in-

sensitive current scale, whereas high resolution CVs with a current scale in the µA range

clearly reveal the presence of faradaic reactions (chapter 9). Fig. 10.1 shows two cyclic

voltammograms for Au(111) in contact with BMIPF6, which demonstrate the effect of

cleaning with the proper molecular sieve: The dashed curve represents a CV for BMIPF6

as purchased from Merck KGaA in high-purity quality, the liquid being vacuum-dried

over night at 80 ◦C to remove residual water. A marked increase in the negative current

1 Reprinted from „The purification of an ionic liquid“, Markus Gnahm, Dieter M. Kolb, J. Electroanal.

Chem. 651 250-252, Copyright (2011), with permission from Elsevier.
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10 Purification of Ionic Liquids

Figure 10.1: Cyclic voltammograms recorded at 50 mV/s for Au(111) in contact with BMIPF6.

Dashed curve: With vacuum-dried ionic liquid from Merck. Bold curve: After having added

molecular sieve with 0.3 nm pore size during preparation of the IL. All potentials with respect

to the Ag/AgCl pseudo-reference electrode.

density at around -1.0 V is observed, which is attributed to the reduction of impurities

in the ionic liquid, and it is assumed that it’s either residual water or lithium originating

from the synthesis of the IL. Imidazolium-based ionic liquids of this type are normal-

ly synthesised by a methathesis reaction: The alkylation of the methylimidazolium base

with 1-chlorobutane is followed by an anion exchange with lithium-hexafluorophosphate

to form lithium chloride [7, 45, 157]. Endres et al. also reported lithium impurities and

the difficulties of removing them [158]. Residual water cannot be excluded in the liquid

as source, although the BMIPF6 was dried under vacuum over night at elevated tempe-

ratures. The anodic current at the positive limit of the potential scan could be due to

halide impurities, presumably chloride. It was found that after adding molecular sieves

of a certain pore size the faradaic currents on both sides of the potential window had

disappeared almost completely. It should be mentioned that in this case the gold crystal

was annealed by means of an induction coil under nitrogen atmosphere rather than by

flame annealing. This preparation technique in addition helps to obtain reproducible CVs,
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e.g. by removing small cathodic currents negative of -0.75 V which are assigned to trace

amounts of water adsorbed on the gold surface. Interestingly the cathodic peak at -0.25

V is not markedly affected by such treatments, like a molecular sieve. This is further

evidence that this peak is related to a specific interaction between the gold substrate and

the ionic liquid rather than caused by impurities. The observation of this peak is reported

in chapter 9 and attributed to a rearrangement of the IL side of the double layer, as it

occurs close to the potential of zero charge.

Figure 10.2: Cyclic voltammograms for Au(111) in BMIPF6, showing the effect of molecular

sieves of different pore sizes. Scan rate: 50 mV/s. Potentials are given with respect to a Ag/AgCl

pseudo-reference electrode. (a) Ionic liquid as purchased from Merck KGaA in highest available

quality (high purity), and dried over night under vacuum at 80 ◦C. No molecular sieves. (b)

Adding molecular sieve with 0.3 nm pore size. Curves (c) and (d) are with molecular sieve of

0.4 nm and 0.5 nm pore size, respectively.

In the search for optimum purification conditions, molecular sieves of different pore sizes

were tested (Fig. 10.2). Curve (a) represents the CV for BMIPF6 without molecular sieve.

The IL was only vacuum-dried over night at 80 ◦C to remove residual water. Features
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10 Purification of Ionic Liquids

at -0.2 V and the onset of a reduction process at -1.1 V are observed. After adding a

molecular sieve with 0.3 nm pore size most of these features have disappeared (curve b),

with the cathodic peak at -0.2 V still existing (see also Fig. 10.1). The corresponding

anodic peak has flattened out. A small cathodic peak at -0.75 V is now much better

visible as compared to curve (a). Curve (b) displays a rather flat double layer region,

especially at the negative part, with a capacitance of about 30 µFcm-2 calculated from

the CV. Addition of molecular sieve with 0.4 nm pore size (c) causes dramatic effects.

Large faradaic currents are seen, which point towards a severe contamination by the

molecular sieve. Furthermore a strong yellow discoloration of the BMIPF6 is observed

after adding 0.4 nm molecular sieve, which does not occur with the 0.3 nm sieve. Curve

(d) demonstrates the impact of adding a molecular sieve of 0.5 nm pore size. In contrast

to the 0.4 nm molecular sieve, the liquid has not changed colour. Nevertheless it is obvious

from inspection of curve (d), that the 0.5 nm molecular sieve also introduces impurities

and hence, is not recommended for use.

Finally, the time dependence of a CV for the 0.3 nm sieve was studied in order to have

some ideas about purification rates (Fig. 10.3). Curve (a) represents the BMIPF6 without

molecular sieve. The liquid was only dried over night by means of a vacuum pump at 80
◦C (see Fig. 10.1). Adding a molecular sieve with 0.3 nm pore size leads within 2 h to

a clear variation of the CV. Most conspicuous the prominent reduction current at -1.5

V decreases in size (curve b). After 4 h most of the reduction current has disappeared

while the peak at -0.25 V still looks dubious (curve c). After 72 h with molecular sieve

the reduction at -1.5 V has completely gone, and only the IL-characteristic peaks are left.
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Figure 10.3: Cyclic voltammograms recorded at 50 mV/s for Au(111) in BMIPF6 containing

molecular sieve of 0.3 nm pore size showing the time-evolution of the purification process. Curve

(a) was obtained without adding molecular sieve to the ionic liquid. It was only dried over night

under vacuum (2 × 10-4 mbar) at 80 ◦C. (b) recorded 2 h and (c) 4 h after adding molecular

sieve. Curve (d) was recorded after 3 days. Potentials are given with respect to a Ag/AgCl

pseudo-reference electrode.
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11 Au(100) in BMIPF6

11 Au(100) in BMIPF6

11.1 Cyclic Voltammetry

1Fig. 11.1 shows the CV of a Au(100) electrode in contact with BMIPF6. Significant

cathodic and anodic faradic currents occur beyond -1.5 V and +0.8 V, respectively, so

unless otherwise noted (see the section on STM studies) these potentials were chosen

as limits in order to avoid the faradaic process that occurs out of this potential range;

within these limits continuous cycling yields reproducible CVs even after 24 h (thin curve).

The high resolution CV reveals a fine structure with noticeable cathodic peaks, the most

prominent one, P1, appearing at -250 mV with a flat shoulder at around -500 mV. A

second cathodic peak, P2, is seen at -800 mV, a third one – P3, often hardly discernible

– at +0.6 V. All peaks have flat anodic counterparts at about the same potential. It was

found that the surface quality of the gold crystal has a marked influence on the visibility

of the anodic peaks. In this case the (newly acquired) gold crystal was annealed in an oven

at 960 ◦C for several months prior to the measurement. Furthermore, the purification of

the IL by the molecular sieve adds also significantly to the visibility of the peak structure

by background suppression of the CV. A smooth double layer charging region is seen

negative of the peak at -800 mV until around -1.8 V decomposition of the ionic liquid

starts.

The CV for Au(100) is very similar to that for Au(111) with the two most pronounced

cathodic peaks at -0.25 and -0.8 V for Au(100) occurring at almost identical values for

Au(111) (see Fig. 10.1). However, the average double layer charging current appears to be

significantly lower, by a factor of two, in the case of Au(100) as compared to Au(111). The

characteristic peaks in the CV obviously are determined by the IL properties rather than

by the substrate’s crystallographic surface orientation. As will be demonstrated below by

in-situ STM, the peak potentials indeed coincide with structure changes of the IL near

the electrode surface.

Passing the -1.8 V negative potential limit causes irreversible changes: The large catho-

1Reproduced by permission of the PCCP Owner Societies, www.rsc.org/pccp.
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11.2 Determination of the pztc

Figure 11.1: CVs of ν = 50 mVs-1 scanrate for the Au(100)/BMIPF6 system. Thick and thin

curves are the CVs just after filling the cell and 24 hours afterwards, respectively. The inset shows

the onset of the cation’s reduction („cation breakdown“) at around -2 V. The DC-capacitance,

calculated as j/ν, is in the order of magnitude of 20–30 µFcm-2; at peak P1 ∼ 50 µFcm-2.

Pronounced cathodic humps occur at -250 mV and -750 mV, respectively.

dic current signals the reduction of the [BMI]+ cation (see inset of Fig. 11.1). A plausible

mechanism suggests the generation of radicals that react with each other to form di-

mers [159]. In a subsequent positive potential scan a large anodic current peak, P4, at -0.4

V indicates the reoxidation of the reduced species. In addition, the peak structure due to

double layer charging has been destroyed.

Attention to two regions is focused: One is the region at and around the peak P1 (-0.6 to

+0.5 V), since – as it is shown in the next section – the potential of zero total charge, pztc

is close to P1. The second region is negative to P2, where the in-situ STM measurements

reveal ordered adsorption of the cations.

11.2 Determination of the pztc

Currently only a few studies deal with the potential of zero charge (pzc) in ionic li-

quids [143–146,160,161]. Very often polycrystalline metal surfaces are used instead of sin-

gle crystal surfaces which makes comparison difficult. Since the classical Gouy–Chapman
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11 Au(100) in BMIPF6

theory is not applicable in the case of ionic liquids, where Gouy–Chapman-minima are

used to identify pzc’s, the immersion technique was chosen to determine the potential

of zero total charge (pztc) for Au(100) in BMIPF6. By this method a freshly prepared,

bare electrode is immersed into the ionic liquid at a pre-set potential and the current-

density necessary for charging of the electric double layer is recorded [137]. These current

transients are integrated yielding a charge density which is plotted versus the applied (im-

mersion) potential. In this case, the flame annealed Au(100) crystal was mounted on the

Kel-F cell and a certain potential was applied. Subsequently the IL was injected by means

of an Eppendorf pipette to quickly cover the whole electrode surface, assuring that the

electrolyte first established contact with reference and counter electrodes before hitting

the working electrode. Although the wetting procedure required only approximately 5 s,

settling of the current is much slower, thus the transients were recorded over several minu-

tes. The integrated current transients are shown in Fig. 11.2a. Unlike for measurements in

aqueous solutions the charge-density curves do not converge which means that the current

transients are power-law like rather than exponential. Consequently the charge depends

on the duration of the experiment.
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Figure 11.2: (a) Integrated immersion transients at potentials indicated for Au(100) in BMIPF6

and (b) the charge calculated for 100 s as a function of potential. The zero crossing is around

-250 mV.

In Fig. 11.2b charges for 100 s integration time are plotted versus the immersion poten-

tial. The straight line marks the zero-crossing, which is around -250 mV vs. Ag/AgCl, its

slope corresponds to a value in the order of 100 µFcm-2. The potential of the zero-crossing
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11.3 Impedance Studies

coincides with the cathodic peak in the CV of Fig. 11.1. It is presumed that this poten-

tial marks the rearrangement of the ionic liquid, when anions change with cations as the

potential is decreased. Compared to Au(111) in BMIPF6 the zero-crossing is shifted by

about 150 mV towards more negative potentials (see Fig. 9.4). This is in good agreement

with the pzc’s of the different surface orientations of gold in aqueous electrolytes [162].

Obviously the values for the pztc for Au(111) and Au(100) in BMIPF6 show the same

behaviour as the work functions of the different metal surfaces in UHV. Hence it is con-

cluded that the pztc equals the pzc which would suggest that there is either no specific

adsorption of the ions on the surface, or their adsorption affects the pztc for Au(100)

similarly to that for Au(111).

11.3 Impedance Studies

As peak P1 is in the vicinity of the pztc, its origin is most probably the anion/cation

replacement at the surface. The reverse (anodic) process is much more slow, since the

anodic counterpart of P1 is a wave rather than a peak. Impedance spectroscopy provides

a method for separating the „how much“ and „how fast“ aspects of charge accumulation.

The -0.6 V to +0.5 V potential range (bordered by peaks P2 and P3) represents a po-

tential window within which the current seems to be non-faradaic in nature, hence might

be considered as a double layer charging/adsorption region. This part of the voltammo-

gram is reproducible for many hours provided the potential was kept within this range.

Accordingly, the impedance studies were done within the above limits.

Impedance spectra, Z(ω), have been measured as a function of potential, and according

to their capacitive nature, it is expedient to plot them in capacitance representation (Fig.

11.3), i.e., as C(ω) = 1/iω(Z(ω) − Rs) where Rs is the series resistance determined by

fitting. For each potential the capacitance spectra are of two-arc structure.

As it has been demonstrated recently [163], these two-arc spectra can be very well fitted

(typically χ2 ≤ 10-5) by the impedance function of the equivalent circuit shown in Fig.

11.4. The fitted capacitance values, as a function of potential, are shown in Fig. 11.5. The

high-frequency capacitance shows little if any potential dependence in the 1 V range of

the measurement. In contrast, the C1 and C2 capacitances show a step and a peak at

around 0 V, respectively. The peak of the C2 capacitance is of the same origin as the P1

peak of the CV of Fig. 11.1 at -250 mV — the location difference can be understood if

one takes into account that the impedance spectrum series have been measured with an

apparent scanrate of 0.02 mVs-1, i.e., 3.5 orders of magnitude slower than the 50 mVs-1
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11 Au(100) in BMIPF6

Figure 11.3: Complex plane plot of the capacitance spectra at potentials indicated. The 10 Hz,

1 Hz, and 0.1 Hz points are marked by crosses; solid lines are the fitted curves according to the

equivalent circuit in Fig. 11.4. The spectra are shifted along the ordinate for visibility reasons;

the spectrum of +0.1 V is plotted also in a magnified form.

CVs of Fig. 11.1. As for the similar system, the Au(111) in BMIPF6, one found that this

peak shifts approx. -0.06 V decade-1 with the scanrate (see inset of Fig. 9.1b). With this

correction, the location in the CV and the C2 peak potential can be safely regarded as

identical.

To identify the origin of the equivalent circuit elements the impedance measurements

– as a function of potential – have been repeated at various T temperatures, from room

temperature up to 120 ◦C. Typical spectra are shown in Fig. 11.6. In general, spectra

of two-arc shape can be measured up till 50–60 ◦C (lowest curve); the equivalent circuit

in Fig. 11.4 is fully applicable. With further increasing the temperature, the capacitance

spectra bend up, as if there was an additional parallel resistance. At high temperatures

(e.g. 110 ◦C, uppermost curve in Fig. 11.6) the two arcs merge, and after cooling down

the system the original room-temperature spectrum is no longer recovered; that is, some

irreversible changes have happened. For the spectra of T > 60 ◦C the equivalent circuit

in Fig. 11.4 is not applicable at all; however, Rs and – with a lower accuracy – Chf

can still be determined by fitting the high frequency part of the spectra. As seen in

Fig. 11.7, capacitances show little temperature dependence, allowing the interpretation
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11.4 Synopsis of the CV, pztc and Impedance Measurements

Figure 11.4: Equivalent circuit used for fitting the spectra. The W elements are defined via

their impedance as ZW (ω) = σ/
√

iω.

that the capacitances characterize the double layer width, which is roughly temperature

independent. In contrast, Rs, R2 and W2 depend strongly on temperature indicating that

these are kinetics-related elements. The slope of the log(Rs) vs. 1/T curve is related to

the activation energy – in the order of 30 kJmol-1 – for ion transport in the bulk; the

somewhat steeper log(R2) vs. 1/T line implies a 1.5× larger activation energy for the

corresponding interfacial process.

11.4 Synopsis of the CV, pztc and Impedance

Measurements

The CV peak P1 and the peak of C2 are of identical origin of charging. Since the pztc is in

the vicinity of P1, the charging can be attributed to the anion–cation replacement. In this

case the R–W–C branches of the empirical equivalent circuit in Fig. 11.4 can be identified

as adsorption impedances — one for the cation and the other for the anion adsorption.

The situation is rather similar to the case of Rh(111)/0.1 M HCl [164] where the H+/Cl-

adsorbate replacement peak can be characterized also by the equivalent circuit in Fig. 11.4.

As it was demonstrated, the two branches could be assigned to the two ions by analyzing

the concentration dependence of the spectra. In the present case, the concentrations of

the IL constituents cannot be altered; however, an assignment of the branches to ions can

be done by the following line of thoughts:

The overall capacitance (Chf + C1 + C2) is much larger at +0.5 V (where [PF6]–

anions are adsorbed) than at -0.6 V (where the [BMI]+ cations are adsorbed). Since C2

is the dominant term of the (Chf + C1 + C2) sum (cf. Fig. 11.5), the R2–W2–C2 branch

apparently belongs to the adsorption of the [PF6]– anions. This branch is responsible for

the low frequency loop of the capacitance spectra, thus adsorption/desorption of [PF6]–
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11 Au(100) in BMIPF6

Figure 11.5: The fitted equivalent circuit parameters, as a function of potential. Chf (+), C1

(×), and C2 (◦) data obtained from fitting of the spectra.

is much slower than that of [BMI]+.

The interpretation of the W elements — along with the finding that their temperature-

dependence is similar to that of the bulk conductivity of the IL (cf. Fig. 11.7), remains

at present unsettled.

The Chf capacitance – which corresponds to fast charging, because of its electrostatic

nature – shows little if any potential dependence, at least in the potential range close to

the pztc. Thus the related theories [12,13] – predicting peaks in the range of 10–20 µFcm-2

at the pzc – are at variance with the present results.

11.5 In-situ STM Studies

In-situ STM measurements were performed in order to characterize the surface morpholo-

gy of Au(100) in BMIPF6 at various potentials. After flame annealing the freshly prepared

Au(100) crystal was immersed at +0.1 V vs. Ag/AgCl, i.e., positive of the pztc. Fig. 11.8a

shows a flat, completely unstructured gold surface with one monoatomic high gold island.

At +0.1 V [PF6]– anions should be accumulated at the metal surface. However, in our STM

experiments we could not observe any ordered layer of anions. This finding is contrasted

by experiments with the [BF4]– anion where an ordered adlayer at positive potentials was
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11.5 In-situ STM Studies

Figure 11.6: Complex plane plot of the capacitance spectra for -0.2 V at temperatures indica-

ted. The 10 Hz, 1 Hz, 0.1 Hz and 0.01 Hz points are marked by crosses. The spectra are shifted

along the ordinate for visibility reasons.

reported [165]. In other cases though, STM images of a Au(111) surface in contact with

BMIPF6 suggest a Moiré-like pattern of the [PF6]– anion with a 2D phase transition to

an ordered ad-structure upon cathodic excursion [152]. Decreasing the potential to values

negative of the potential of zero charge causes a clear change of the surface structure.

At -800 mV small holes appear in the surface which have an average depth of 0.65 nm

± 0.05 nm (Fig. 11.8b). These holes could be the result of a reorganization of molecules

within the IL layer in front of the electrode surface, as a consequence of the enhanced

electrostatic interaction between the gold and the [BMI]+ cations. Another explanation is

the onset of a cation-induced etching process and a concomitant dissolution of gold atoms

which would lead to holes. On Au(100) as well as on Au(111) in BMIBF4 the observation

of holes on the surface was reported at negative potentials and interpreted by such an et-

ching process of the substrate [139,165]. At potentials negative of the small cathodic peak

at -800 mV (see Fig. 11.1) an ordered adlayer became visible in STM. This is shown in

Fig. 11.8c. Stripes are clearly seen, which are arranged in a rectangular pattern, reflecting

the fourfold symmetry of the Au(100) substrate. One can still see holes on the surface

and furthermore a layered structure. This layering corroborates the AFM observations by

Atkin et al. of several ionic-liquid layers in front of the electrode [140,166]. A closer look
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11 Au(100) in BMIPF6

Figure 11.7: The fitted quantities q (Rs, capacitances, W2, and R2) normalized to their value of

20◦C, q20, as a function of temperature (in Arrhenius representation). The R1 and W1 parameters

are not plotted due to their large errors.

on the stripes reveals their double-row structure (Fig. 11.9) which confirms the results of

the Mao group in every detail [165]. According to Ref. [165] the outer bright spots are

composed of the imidazolium ring system whereas the less intense inner spots display the

butyl chains. We could observe a face-to-face configuration of the butyl chains (Fig. 11.9

inset). The width of each strip is 2.1 nm ± 0.2 nm. It is assumed that the [BMI]+ cations

are laying flat on the surface, stabilized by π–π interactions between the aromatic ring

systems. The latter favours the layered assembly. On polycrystalline platinum in contact

with imidazolium-based ILs sum-frequency-generation spectroscopy (SFG) demonstrates

that at negative potentials the imidazolium ring tends to lie flat on the surface [151,167].

Van der Waals forces between the butyl chains cause additional stabilization of the rows.

Decreasing the potential to -2.1 V generates a complete disappearance of the cation row-

structure (Fig. 11.8d). At this potential the ionic liquid decomposes (cation breakdown)

indicated by strong cathodic currents in the CV. On the STM image one can observe

the Au(100) (hex)-reconstruction rows which are a well-known phenomenon in aqueous

electrolytes [138, 168]. The image in Fig. 11.8d looks slightly distorted which could have

its origin in the on-going reduction process, the products perturbing the imaging process

of the STM. Still a debatable issue is whether the unreconstructed (1 × 1) surface or
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11.5 In-situ STM Studies

Figure 11.8: STM images of Au(100) in BMIPF6 at four different electrode potentials.
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11 Au(100) in BMIPF6

the (hex)-reconstruction is below the adsorbed cations for E > -2.0 V. X-Ray diffraction

measurements could help answering that question.

Figure 11.9: Cation row-structure, high resolution STM image is shown in the inset.
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12 The Gold Surface in BMITf2N

12.1 Cyclic Voltammetry and Impedance

Spectroscopy

In order to clarify whether or not the anion affects the interfacial properties, the properties

of BMITf2N have been tested and compared with those of BMIPF6. This is the subject

of the present section.

The CV of Au(100) is shown in Fig. 12.1a. It demonstrates the effect of cleaning with

the procedure described above using molecular sieve of 0.3 nm pore size. The black curve

represents a CV for BMITf2N as purchased from Merck KGaA in high-purity quality

(water ≤ 100 ppm, halides ≤ 100 ppm). The liquid was vacuum dried over night at 80
◦C in order to remove residual water. At about -1 V a huge increase in the negative

current density is observed which is attributed to the reduction of impurities in the ionic

liquid. The high current density of the big cathodic peak at around -1.4 V (∼ 200 µAcm-2)

indicates a stronger contamination of the IL compared to BMIPF6. After adding molecular

sieve of 0.3 nm pore size the faradaic currents on both sides of the potential window

disappear almost completely (Fig. 12.1a red curve). A small hump at -1.4 V can still be

noticed which might be due to small amounts of impurities left in the liquid. A rather

smooth double layer charging region, especially in the positive part can be seen. The

DC-capacitance, calculated as j/ν from the CV amounts to 50 µFcm-2. Additionally a

cathodic hump (P) at -0.6 V appears. The hump has a flat anodic counterpart which can

be seen more clearly in a more sensitive current scale (Fig. 12.1b). The characteristics

of the CV resemble that for Au(100) in BMIPF6 where cathodic peaks are always more

pronounced than the anodic counterparts. One assumes that the cathodic hump at -0.6 V

in Fig. 12.1b is related to a specific interaction between the gold substrate and the ionic

liquid. As in previous chapters already described it is attributed to a rearrangement of the

IL side of the double layer. Determination of the pztc could corroborate this assumption,

unfortunately reliable experimental data are still missing. P is shifted about 400 mV

towards more negative potentials compared to studies in BMIPF6. This might be explained
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Figure 12.1: Cyclic voltammogramms recorded at 50 mV/s for Au(100) in BMITf2N. (a) Black

curve: Vacuum-dried ionic liquid from Merck. Red curve: After adding molecular sieve with 0.3

nm pore size. (b) High resolution CV within the -1 V to +0.8 V scan range. All potentials with

respect to the Ag/AgCl pseudo-reference electrode.

with the size of the [Tf2N]– anion: Due to the size and the sterical hindrance of the anion

a more negative potential is needed to rearrange the ions in front of the electrode surface.

The -0.4 V to +0.6 V potential range represents a potential window within which the

current seems to be non-faradaic in nature. It might be considered as a double layer

charging/adsorption region. Impedance studies were done within the above limits. The

spectra (Z(ω)) have been measured as a function of potential and plotted in capacitance

representation (Fig. 12.2a). The spectra can be fitted using the equivalent circuit shown in

Fig. 12.2b containing constant-phase-elements (CPEs). A two-arc structure of the spectra

can be well observed in the potential range between 0.0 V and -0.3 V. However, the

double-arc structure of the spectra is not that obvious compared to Au(100) in BMIPF6.

For the entire potential range the high-frequency capacitance shows little if any potential

dependence. A value of about 4 µFcm-2 could be determined from the spectra. This is in

good accordance with high-frequency values obtained for Au(100) in BMIPF6 (chapter 11).

Apparently changing the anion has only little influence on the double layer capacitance.
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Figure 12.2: (a) Complex plane plot of the capacitance spectra at potentials indicated. Solid

lines are the fitted curves according to the equivalent circuit in (b). The spectra are shifted along

the ordinate for visibility reasons.

12.2 In-situ STM Studies

In order to characterize the surface morphology of Au(100) in BMITf2N in-situ STM

measurements were performed. Similar to Au(100) in BMIPF6 no ordered adlayer could be

observed at positive potentials. Thus it is concluded that neither [PF6]– nor [Tf2N]– forms

an ordered structure on gold which can be imaged with the STM. At negative potentials

(negative of P in Fig. 12.1b), however, an ordered adlayer becomes visible (Fig. 12.3a).

Stripes can be seen which are arranged in a rectangular pattern. The stripes have the same

dimension as in case of Au(100) in BMIPF6 and BMIBF4 [165]. Since only the anion was

changed in these experiments it can be concluded that the observed row-structure is

caused by the [BMI]+ cations. Again π–π interactions between the aromatic ring systems

are assumed which might explain the observed layering. At sufficiently negative potentials

the ionic liquid decomposes (∼ -2 V vs. Ag/AgCl) resulting in a complete disappearance of

the ad-structure. The cation gets reduced and the Au(100) (hex)-reconstruction appears

(Fig. 12.3b). From this finding one might presume that a reconstructed Au(100) surface

lies underneath at negative potentials. Another possibility is that the (hex)-reconstruction
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12 The Gold Surface in BMITf2N

is formed simultaneously with the dissolution of the row-structure. The height of some

islands coincide with the value obtained for gold islands in aqueous electrolytes, which

might support this [168]. Probably the synergetic effect of an unfavourable surface for

adsorption and the stability limit of the electrolyte at negative potentials leads to a

disappearance of the ad-structure. X-ray diffraction experiments could help answering

that question.

a b

90 nm x 90 nm        E = -2350 mVAg/AgCl50 nm x 50 nm        E = -1550 mVAg/AgCl

Figure 12.3: STM images of Au(100) in BMITf2N. Potentials as indicated in the figures (cour-

tesy C. Müller).

For Au(111) in BMITf2N the worm-like structure appears upon cathodic potential ex-

cursion (Fig. 12.4). Like for Au(111) in BMIPF6 no ad-structure could be imaged at

positive potentials. Therefore again one concludes that [Tf2N]– does not adsorb on the

Au(111) surface. The worm-like structure in Fig. 12.4 has the same appearance as for

Au(111) in BMIPF6 and BMIBF4 [139]. Since only the anion was changed in these expe-

riments it can be again concluded that the observed ad-structure is caused by the [BMI]+

cations. Obviously the Au(111) substrate is inappropriate for the [BMI]+ cations to form

a regular pattern. Again π–π interactions between the aromatic imidazolium ring systems

might be responsible for the layering. Therefore experiments with non-aromatic ionic li-

quids could help to understand the observed ad-structures. Still unclear is the question

whether a reconstructed (
√

3 × 22) or a unreconstructed (1 × 1) surface is beneath the

worm-like structure.
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100 nm x 100 nm        E = -1350 mVAg/AgCl

Figure 12.4: STM image of Au(111) in BMITf2N at negative potential (courtesy C. Müller).
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13 The Gold Surface in

Bu2Et2Me2GuanTf2N

In order to investigate the influence of the cation on interfacial properties, a guanidinium-

based ionic liquid was synthesised (M. Arkhipova, G. Maas, Institute of Organic Chemistry

I, University of Ulm) containing a non-aromatic guanidinium cation instead of an aromatic

imidazolium cation (see Figs. 3.1 and 3.3). The results have been discussed and compared

with those of BMIPF6. This is the subject of the present chapter.

New types of ionic liquids based on hexaalkyl-substituted guanidinium cations have be-

en synthesised which exhibit a good thermal stability up to 400 ◦C [35,169–171]. They are

unreactive towards bases and most nucleophilic reagents due to an excellent stabilisation

of charge in the peralkylated cation. Variations in the alkyl chains affect physicochemi-

cal properties such as melting point, viscosity, hydrophobicity, and polarity [35,170–173].

Guanidinium-based ILs can serve as reaction media for transition metal catalysed reacti-

ons, e.g. the Heck [174] and the Sharpless AD [175] reactions, as well as for the selective

oxidation of benzyl alcohols [176]. Guanidinium ILs have also been synthesised for app-

lications in lithium batteries [177, 178] and solar cells [179, 180]. Electrochemical studies

involving these new types of ILs, however, are quite rare and the metal/guanidinium IL

interface is far from being well understood [181].

N,N-dibutyl-N’,N’-diethyl-N”,N”-dimethylguanidinium-bis(trifluoromethylsulfonyl) imi-

de (Bu2Et2Me2GuanTf2N) was selected from a set of five hexaalkylguanidinium salts (Ta-

ble 13.1) because its cyclic voltammogram displayed the most favourable features. Au(111)

and Au(100) single crystal electrodes were employed throughout the experiments; howe-

ver, unless otherwise noted in connection with CV and impedance measurements, only

the experiments with Au(100) are shown, because the two crystal faces of Au yielded very

similar results.
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Ionic liquid Neg. limit [V] Pos. limit [V] PW Reproducible CV

Bu2Et2Me2GuanTfO -0.6 +0.6 1.2 yes

Bu2Et2Me2GuanTf2N -1.8 +1.0 2.8 yes

Bu2Et2Hex2GuanTf2N -1.8 +0.8 2.6 yes

Bu2Et2Me2Guan(CN)2N -1.5 +0.6 2.1 no

Bu2Hex2Me2Guan(CN)2N -1.5 +0.6 2.1 no

Table 13.1: Cyclic voltammetry behaviour of different guanidinium-based ionic liquids in con-

tact with a Au(111) surface. The potential limits refer to the Ag/AgCl pseudo-reference electrode

(PW: Potential window).

13.1 Cyclic Voltammetry and Impedance

Spectroscopy

A cyclic voltammogram at 50 mV/s scanrate recorded on Au(100) in Bu2Et2Me2GuanTf2N

is presented in Fig. 13.1. It appears to be a completely featureless, almost capacitive CV.

The average double layer charging current appears to be considerably lower compared

to Au(111) and Au(100) in BMIPF6 [163] (the DC capacitance, calculated as charging

current divided by scan rate, is about 12 µF/cm2, in contrast to the latter systems for

which this figure is about twice as large). At room temperature faradaic currents occur

below -1.8 V and above +1 V, respectively. The „potential window“ of the ionic liquid

decreases with increasing temperature (Fig. 13.1 inset). Cycling within these limits yields

reproducible CVs. We found no distinctive peaks on the CV which would indicate the

pzc as in BMIPF6. The impedance measurements have been performed as a function of

potential and of temperature in the potential range of ideal polarizability on both Au

single crystal electrodes. Capacitance spectra of the interface calculated as described in

section 4.2 are plotted in Figs. 13.2b and 13.3a to demonstrate the following points:

1. The C(ω) functions at room temperature are arc-shaped (Fig. 13.2b); the second,

low frequency arc becomes pronounced at increased temperatures only (Fig. 13.3a,

upper curve). The low frequency arc does not show any inclination towards the

real axis even at 0.01 Hz, thus an estimation of the low frequency limit value of

capacitance from the spectra is practically impossible.
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Figure 13.1: Cyclic voltammograms of Au(100) in Bu2Et2Me2GuanTf2N at a scan rate of 50

mV s-1 just after filling the cell. Inset: CVs at two temperatures, to illustrate the electrochemical

window.

2. The spectra show little if any potential dependence (Fig. 13.2b). The values of Chf

and the span of the high frequency arc (= C1), 1-2 µF/cm2, are much smaller than

those in the ionic liquid BMIPF6 (section 11.3) (3-6 µF/cm2 [163]), most probably

because the ions constituting the electrolyte are much larger than in BMIPF6, thus

the double layer is assumed to be thicker.

3. The characteristic capacitance values of the spectra, Chf , and the span of the high

frequency arc (= C1) are somewhat temperature dependent (Fig. 13.3a); the spec-

trum points are shifted clockwise along the arcs with increasing temperature. Quan-

titatively, this can be characterized by fitting the parameters of the equivalent circuit

shown in the inset of Fig. 13.3a to the spectra (note that this circuit is a special

case of the one of Fig. 13.2a, with omission of the serial Ls and Rs, and the C2 → ∞
elements). Whereas the CPE exponents and the capacitances exhibit no or little

temperature dependence, Rs and the CPE coefficients are markedly temperature

dependent quantities as it is shown in Fig. 13.3b. Disregarding the hysteresis of the

72



13.2 In-situ STM Studies

Z Rhf
sC

C

1
1

Z C2
2

Ls

0 2 4 6 8

0

2

4

6

8

-0.2 V

+0.2 V

+0.4 V

-0.6 V

-I
m

(C
/m

F
cm

-2
)

Re(C/m Fcm
-2
)

a b

Figure 13.2: (a) Equivalent circuit used for fitting the spectra. The Ls element (with Z(ω) =

iωLs) is a term having the only role for correcting the minor phase shifts at high frequency

due to stray capacitances and to instrumental imperfections; the Rs is the bulk resistance of

the electrolyte; the three-branched network models the interface. (b) Complex plane plot of the

capacitance spectra, in the 0.1 Hz-10 kHz range, at potentials indicated, measured at 22 ◦C.

The points measured at, or close to, 10k Hz (where 4 ≥ k ≥ -1 is integer) are marked by crosses.

The spectra are shifted along the ordinate for visibility reasons.

curve – which is a consequence of that the capacitance spectrum points are much

above the real axis even at very low frequencies – the slopes of the CPE exponents

vs. 1/T lines are close to that of the Rs vs. 1/T , implying that the processes respon-

sible for the CPEs have the same (or similar) activation energy as the ion transport

in the bulk. An explanation or theory for the rather unusual equivalent circuit of

the double layer, however, cannot be offered at present.

13.2 In-situ STM Studies

The Au(100) surface in Bu2Et2Me2GuanTf2N was characterized at various potentials with

the in-situ STM. The freshly prepared Au(100) crystal was immersed at -250 mV vs.

Ag/AgCl after the flame annealing; an island-covered surface (Fig. 13.4a) can be imaged

at that potential. The islands are monoatomic in height and appear round rather than rec-

tangular in shape, which points towards an increased surface mobility of the gold atoms.
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Figure 13.3: (a) Complex plane plot of the capacitance spectra, in the 10 mHz-10 kHz range for

0.0 V at the two temperatures indicated. The points measured at, or close to, 10k Hz (where 4 ≥
k ≥ -2 is integer) are marked by crosses. The spectra are shifted along the ordinate for visibility

reasons. Inset: The equivalent circuit of the interface (see text). (b) The fitted quantities q (1/Rs

(•), σ1 (×) and σ2 (+)) normalized to their value at 22 ◦C, q22, as a function of temperature (in

Arrhenius representation). Arrows illustrate the order of measurements (see also text).

No ordered ad-layer of the [Tf2N]– anions could be observed at positive potentials. The sur-

face coverage of the islands was calculated to be 23%, in good agreement with observations

in aqueous electrolytes [168,182]. Therefore we suppose that the islands originate from the

lifting of the thermally induced (hex)-reconstruction at positive potentials [22, 128]. Due

to the hexagonal arrangement of the reconstructed phase, 25% more atoms can be packed

into the surface compared to the unreconstructed (1 × 1) phase. The islands disappear by

lowering the potential to more negative values (Fig. 13.4b). Simultaneously a striped pat-

tern emerges, which indicates the formation of the potential-induced (hex)-reconstruction

rows. This behaviour resembles to the growth of the (hex)-reconstruction rows in aqueous

electrolytes [183]. In Fig. 13.4b the surface coverage of the islands decreases to 10%. A

higher resolution of the STM image reveals stripes as well as holes (Fig. 13.4c). The holes

are rectangular in shape displaying the fourfold symmetry of the unreconstructed (100)

substrate. In contrast to the cases with imidazolium-based ionic liquids no ad-structure

of the cation could be observed at negative potentials. Previous studies in BMIPF6 and

BMIBF4 demonstrate layering of ordered stripes in a rectangular pattern [165]. In the-
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Figure 13.4: In-situ STM images of Au(100) in Bu2Et2Me2GuanTf2N at different electrode

potentials [184].
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13 The Gold Surface in Bu2Et2Me2GuanTf2N

se cases π–π interactions between the aromatic imidazolium ring systems are assumed

causing the observed arrangement in layers. The lack of an ad-structure of the guani-

dinium cation at negative potentials could have two reasons: Firstly, the absence of an

aromatic π-system which is expected to interact with other cations as well as the Au(100)

surface and secondly a sterical hindrance of the guanidinium-cation due to the six al-

kyl chains which do not allow the charged core of the ion as close to the surface as the

imidazolium-cation. This can be corroborated by comparing the impedance spectra with

those obtained for the imidazolium-based BMIPF6 (section 11.3). There a value of about 5

µFcm-2 was determined, whereas a much smaller double layer capacitance of 1-2 µF/cm2

was found in the case of Bu2Et2Me2GuanTf2N. At -1450 mV the (hex)-reconstruction

rows as well as remaining gold islands are visible (Fig. 13.4d). For Au(100) in BMIPF6

the reconstruction rows appear only at very negative potentials where the decomposition

of the ionic liquid (reduction of the cation) occurs. In the case of Bu2Et2Me2GuanTf2N

the reconstruction rows can be observed at much more positive potentials (-1.45 V) well

before reduction of the IL (cf. Fig. 13.1 inset). Taking this into consideration one might

presume that a reconstructed Au(100) surface is present underneath the observed stripe

pattern caused by the imidazolium cation.

a b

100 nm x 100 nm   E = -250 mVAg/AgCl
150 nm x 150 nm   E = -950 mVAg/AgCl

Figure 13.5: (a) Au(111) in Bu2Et2Me2GuanTf2N at -250 mV, (b) herringbone reconstruction

at -950 mV [184].

The surface of Au(111) immersed in Bu2Et2Me2GuanTf2N as a function of potential

is presented in Fig. 13.5. A flat gold surface with a monoatomic high step can be seen

at -250 mV (Fig. 13.5a). The step edge displays a frizzy structure which is indicative
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for a high surface mobility of gold atoms in this ionic liquid. Contrarily to Au(100) in

Bu2Et2Me2GuanTf2N no gold islands could be noticed at -250 mV. The absence of gold

islands can be explained with a fast diffusion of gold atoms on the surface to energetically

more favourable sites such as step edges. Due to a possible potential-induced lifting of a

reconstructed surface an excess of gold islands of only 4% can be expected [21]. Therefore

the islands probably disappear within a very short time before starting the STM measu-

rements. A reconstructed Au(111) surface becomes visible after decreasing the potential

to -950 mV (Fig. 13.5b). This potential induced (
√

3 × 22) reconstruction is a well known

phenomenon in aqueous electrolytes and was also thoroughly studied with the STM in

vacuum [23,162,185–188]. The (
√

3 × 22) reconstruction, also known as the herringbone

structure, is formed by a reduction of surface energy of the uppermost layer in which the

atoms occupy fcc and hcp sites. One can clearly identify elbows caused by a rotation of the

herringbone ridges. The bending resembles the „chevron“ structure observed in UHV [188].

The „chevron“ structure could also be studied in aqueous electrolytes using a gold crystal

previously annealed at higher temperatures [22]. The bending of the reconstruction rows

illustrates a surface rich in defects playing an important roll as nucleation sites during

metal deposition [189]. Unlike observations in imidazolium-based ionic liquids, the surface

does not exhibit a worm-like structure upon cathodic excursion [88, 139]. The aromatic

ring system (π–π interactions) of the cation, which is missing in case of guanidinium-

based ILs, is probably responsible for the generation of the worm-like structure. Using a

non-aromatic pyrrolidinium-based ionic liquid, the herringbone reconstruction could also

be observed [190].
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14 Metal Deposition from Ionic

Liquids

The initial stages of Pd deposition on gold surfaces from a solution of PdCl2 in BMIPF6

is discussed in this chapter.

Palladium was chosen because of its special interest for industrial applications, its ex-

cellent wear resistance and good solderability. Moreover high catalytic activities for many

chemical reactions make Pd interesting for electrocatalysis. Pd films on various noble me-

tal surfaces like Au or Pt have been studied in aqueous electrolytes towards their catalytic

activities e.g. the oxidation of carbon monoxide or formic acid [191–195]. The initial sta-

ges of Pd deposition on various single crystal surfaces like Au(111), Au(100) as well as

Au(110) have been thoroughly investigated in aqueous electrolytes [80,81,196]. Only few

studies exist on the electrodeposition of Pd from ionic liquids. Binary IL-mixtures based

on AlCl3 were used as electrolytes in early experiments [197,198]. Recent studies are more

focused on the deposition of Pd-alloys like Pd-Au, Pd-Ag and Pd-In [82, 83, 199]. Endres

et al. reported the deposition of nanocrystalline Pd at elevated temperatures on a copper

sheet from binary ionic liquid mixtures [200].

14.1 Deposition of Pd onto Au(111) from BMIPF6

On Au(111) the pure BMIPF6 has an electrochemical window of around 3 V (see chapter

10). The anodic limit of the potential window is determined by the oxidation of the gold

substrate and/or anion oxidation whereas the cathodic limit marks the reduction of the

[BMI]+ cation. The ionic liquid was saturated with PdCl2 and CVs were recorded with a

low scan rate of 1 mV/s (Fig. 14.1). These conditions make it possible to study the Pd

deposition in detail with all peaks in the CV well resolved. Noticeable reduction peaks can

be seen, the most prominent one P2 appearing at -250 mV. This cathodic peak is correlated

with the formation of a first layer of Pd on the gold surface which could be observed with

in-situ STM (see below). Two anodic peaks can be related to peak P2. A big stripping peak

(P5) appears at around -100 mV, carrying a hardly discernible shoulder, a smaller stripping
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Figure 14.1: CV at 1 mV/s of PdCl2 in BMIPF6 on Au(111). Red line: Without PdCl2 (the

OCP is at -900 mV).
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peak is located at around +400 mV (P6). At -900 mV a second reduction process appears

(P3) which can be attributed to the formation of another Pd layer. The corresponding

anodic peak P4 is less pronounced and appears at -750 mV. Rising currents at around

-1.8 V are related to the irreversible reduction of the organic cation. The determination

of the equilibrium potential of Pd/Pd2+ in BMIPF6 turned out to be at -900 mV which

coincides with the potential of the second redox process (P3, P4). Therefore the cathodic

peak at -250 mV can be identified as an under-potential deposition (UPD) of Pd on gold.

A small cathodic peak P1 at +200 mV, which is not this obvious in all experiments, might

be due to an energetically heterogeneous surface. CV experiments in aqueous electrolytes

show that Pd nucleation starts on steps at more positive potentials than the nucleation

on flat terraces [80]. Comparing the CVs of the Pd deposition in BMIPF6 with the Pd

deposition in sulphuric acid solutions one can detect a big potential difference between the

different reduction processes: In BMIPF6 the difference in the peak potentials between the

deposition of the first (UPD) and the second Pd layer is about 700 mV, approximately ten

times larger than in aqueous electrolytes. Obviously Pd interacts much better with the

gold substrate in BMIPF6 than in aqueous electrolytes which can be understood taking

into account that ions such as [PF6]– and [BF4]– are known to coordinate very weakly

with metal ions [201]. Thus Pd2+ is not expected to have a solvation shell in BMIPF6

and can be regarded as „naked“. The charge necessary for the deposition of a monolayer

Pd is ca. 450 µCcm-2. Integrating peak P2 yields a charge which exceeds the value for

a monolayer by far. Also the charges for the anodic processes (P5, P6) are much more

than one would expect for the stripping of a Pd monolayer. Consequently another redox

process is superimposed to the Pd deposition. A partial reduction of the cation during

deposition of Pd is supposed, however, a safe explanation for the huge charge density

cannot be offered at present.

The STM sequence in Fig. 14.2 illustrates initial stages of the Pd deposition onto

Au(111) from a saturated solution of PdCl2 in BMIPF6. Fig. 14.2a shows a flat gold

surface at -150 mV with no islands. Instead nucleation of small clusters can be seen as well

as holes with a depth of 0.25 nm ± 0.05 nm. Although we suppose an unreconstructed gold

surface at this potential, the absence of gold islands can be explained with an enhanced

surface mobility of gold atoms caused by chloride. Experiments in aqueous electrolytes

demonstrate a very efficient electrochemical annealing of the gold surface in the presence

of chloride where islands disappear within a matter of seconds [202]. However in the

presence of the strongly adsorbing [PdCl4]2- complex a stabilization of the gold islands

can be observed due to a suppressed surface diffusion [80]. In the case of PdCl2 in BMIPF6

no evidence of an [PdCl4]2- ad-structure on the surface could be found. The holes point
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Figure 14.2: Sequence of 6 STM images (300 nm x 300 nm) showing the initial stages of Pd

deposition onto Au(111) from a saturated solution of PdCl2 in BMIPF6; time between each

STM image is about 5 minutes. Deposition potentials as indicated in the figures.
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towards a much bigger surface mobility of gold atoms compared to aqueous electrolytes

leading to a more open surface with an higher susceptibility for the Pd deposition. Holes on

the surface probably due to surface etching could also be observed in case of Co deposition

on Au(111) using CoCl2 dissolved in BMIBF4 [86]. Decreasing the potential to -550 mV Pd

islands monoatomic in height appear (Fig. 14.2b). In addition growth of Pd clusters takes

place preferentially at the edges of the holes which eventually disappear (Fig. 14.2c). Due

to the high viscosity of the ionic liquid, associated with slow diffusion of metal ions to the

surface, Pd islands develop in a fractal shape, finally growing together to form a monolayer

(Fig. 14.2d). Thereby the Pd layer reproduces exactly the topography of the underlying

Au(111) substrate. Little islands appear on top of the Pd islands just before completion

of the first layer. No Moiré pattern was observed, suggesting a pseuomorphic growth.

Decreasing the potential to -850 mV a second Pd layer commences to grow on the flat

surface (Fig. 14.2e). Contrary to the first layer, the second layer starts with the formation

of numerous small islands monoatomic in height. Ultimately the islands grow together

completing the second layer, whilst an unordered cluster growth indicates deposition of

further Pd (Fig. 14.2f). Throughout the Pd deposition no worm-like structure could be

observed at negative potentials [139].

Results of stripping experiments of Pd are displayed in Fig. 14.3. Dissolution of the

second Pd layer starts at the potential marked by peak P4 in Fig. 14.1. At -350 mV

stripping continues (Fig. 14.3a), followed by dissolution of the first layer at -150 mV (Fig.

14.3b, peak P5 in Fig. 14.1). At +50 mV only small Pd clusters are left over from the

first layer, scattered across the surface. Increasing the potential to +250 mV dissolution

proceeds with the formation of holes on the gold surface (Fig. 14.3d, peak P6 in Fig. 14.1).

We ascribe this process to the dissolution of Pd previously deposited into the holes (see

Fig. 14.2b). Thereby it is worth mentioning that the oxidation of the Au(111) substrate

in pure BMIPF6 is well known to occur beyond 1 V [203].

14.2 Deposition of Pd onto Au(100) from BMIPF6

Fig. 14.4 shows a current-potential curve for PdCl2 in BMIPF6 on Au(100). The voltam-

metric features are very similar to those for Pd deposition on Au(111) (P1-P6). Metal

deposition starts at -500 mV indicated by a large reduction peak (P2). Compared to

Au(111) a much bigger current density can be observed for this process which is related

to a much faster monolayer deposition (see below). The potential of the redox process

marked by peak P3 and P4 is again located at the equilibrium potential for Pd/Pd2+ on

Au(100) in BMIPF6 (approx. -1 V) and can be attributed to the deposition/dissolution of
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14.2 Deposition of Pd onto Au(100) from BMIPF6

E = -350 mVAg/AgCl

E = +50 mVAg/AgCl

E = -150 mVAg/AgCl

E = +250 mVAg/AgCl

a b

c d

Figure 14.3: Sequence of STM images (250 nm x 250 nm) demonstrating dissolution of Pd on

Au(111) in BMIPF6.
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14 Metal Deposition from Ionic Liquids

Pd on top of the first layer. Therefore process P2 can be regarded as an under-potential

deposition (UPD) of palladium. The discrepancy between cathodic and anodic charge

density is even more obvious for Au(100). The charge density for deposition of a pseu-

domorphic monolayer of Pd (370 µCcm-2) is exceeded severalfold. Thus we suppose as

in case for Au(111) another redox process superimposed to the metal deposition. Small

shoulders on the positive side of the stripping peaks P5 and P6, located at -200 mV and

+500 mV, respectively, can also be noticed. Peak P1 is smeared out and not so distinctive

as for Au(111). P1 is probably related to the nucleation of Pd at defects such as steps.

P2

P3

P6

P5

P4
P1

-2 -1 0 1
-60

-40

-20

0

20

j/
µ
A

cm
-2

E / V vs. Ag/AgCl

OCP

Figure 14.4: CV at 1 mV/s of PdCl2 in BMIPF6 on Au(100). Red line: Without PdCl2. The

OCP is at around -1 V.

Fig. 14.5 illustrates a series of 6 STM images of the Pd deposition on Au(100) from

BMIPF6. A gold surface rich in defects presumably caused by chloride can be seen in

Fig. 14.5a prior metal deposition. Obviously the high mobility of the surface atoms yields

an etched surface which is more pronounced as in case of Au(111). Due to the more

open Au(100) surface an elevated diffusion of gold atoms on the surface can be expected.

Few small gold islands might be relicts of the lifting of the Au(100) (hex)-reconstruction.

No hints for an adsorbed [PdCl4]2- complex could be found. Decreasing the potential
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14.2 Deposition of Pd onto Au(100) from BMIPF6

E = -350 mVAg/AgCl

E = -750 mVAg/AgCl E = -750 mVAg/AgCl

E = -950 mVAg/AgCl E = -1150 mVAg/AgCl

E = -550 mVAg/AgCl

a b

c d

e f

-550 mV

-750 mV

Figure 14.5: Sequence of 6 STM images (250 nm x 250 nm) showing the initial stages of Pd

deposition onto Au(100) from a saturated solution of PdCl2 in BMIPF6; time between (a) and

(b) as well as (c) and (d) is about 30 s. Time between (e) and (f) is about 3 minutes. Potentials

as indicated in the figures.
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14 Metal Deposition from Ionic Liquids

to -550 mV the surface is rapidly covered with a Pd layer (Fig. 14.5b). It appears that

Pd nucleates on step edges as well as on terraces forming small islands monoatomic in

height which finally grow together. In contradiction to Au(111), where formation of the Pd

monolayer takes minutes (typically 5 min. between each STM image in Fig. 14.2), here Pd

deposition occurs within a few seconds. The growth mechanism resembles the deposition

of the second Pd layer on island-covered Au(100) in sulphuric acid solution [81]. In Fig.

14.5c the potential was lowered to -750 mV. A rather quick growth of Pd clusters on the

surface can be observed. The deposit has a disordered appearance, eventually covering

the complete surface (Fig. 14.5d). Size growth of the clusters occurs at more negative

potentials (Fig. 14.5e) which finally leads to a spherical cluster shape (Fig. 14.5f). A

different morphology of the deposited Pd compared to aqueous electrolytes is stressed

here. Pd grows more 3-dimensional in BMIPF6 rather than growing layer-by-layer as

observed in sulphuric acid solution. No hints were found for a cation row structure at

negative potentials as recently observed for the pure BMIPF6 on Au(100) [165].

The dissolution of Pd is shown in Fig. 14.6. At -950 mV spherical clusters can be seen on

the surface (Fig. 14.6a). The clusters diminish in size during an increase of the potential

to -50 mV (Fig. 14.6b). At +50 mV lots of small islands, remainders of the first Pd layer,

as well as holes on the surface with a depth of 0.26 nm ± 0.05 nm can be noticed (Fig.

14.6c). The stripping peaks P5 and P6 in the CV (Fig. 14.4) are related to dissolution

of the Pd clusters as well as the first Pd layer. Enhancing the potential to +250 mV the

small islands disappear and the bare Au(100) surface emerges. Smoothed Au(100) terraces

appear due to an electrochemical annealing at positive potentials, caused by chloride (Fig.

14.6d).
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14.2 Deposition of Pd onto Au(100) from BMIPF6

E = -950 mVAg/AgCl

E = +50 mVAg/AgCl E = +250 mVAg/AgCl

E = -50 mVAg/AgCl

a b

c d

+50 mV

+250 mV

Figure 14.6: Sequence of STM images (250 nm x 250 nm) demonstrating dissolution of Pd on

Au(100) in BMIPF6 (scanrate: 10 mV/s).
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15 Summary

The aim of this work was a better understanding of the interface between ionic liquids and

well-defined gold surfaces on a molecular level. For this reason, methods such as cyclic vol-

tammetry, impedance spectroscopy as well as in-situ scanning tunneling microscopy have

been employed. In addition, in-situ STM studies were devoted to palladium deposition

from ionic liquids.

• The CV of a Au(111) surface in contact with BMIPF6 features a characteristic sharp

cathodic peak and an associated broad, anodic hump. This feature is attributed to

a slow rearrangement of the IL side of the double layer. The cathodic peak coincides

with the pztc, as determined by immersion experiments, that is, the potential where

the innermost layer changes from a cationic to an anionic layer with increasing po-

tential. Structural changes can be seen positive and negative of the pztc in the STM

images. A worm-like structure appears in the cathodic potential regime. Impedance

spectra of Au(111) in BMIPF6 can be fitted using an equivalent circuit given by a

capacity in parallel to a constant phase element (CPE). The high-frequency value of

the capacity – that is, the double layer capacitance – is about 6–7 µFcm-2. The CPE

coefficient peaks at a potential, which coincides with the pztc. The slow rearran-

gement processes manifest themselves as CPE playing the role of the double layer

capacitance. The CPE expresses the kinetics of the re-structuring of the interfacial

region.

• Purification of ionic liquids is an important step before using them for electroche-

mical measurements. Since ILs are liquids with very low vapour pressures, cleaning

e.g. by distillation is difficult, if not impossible, considering their thermal stability

range. In search for an alternative cleaning method the influence of molecular sieves

of different pore sizes on the cyclovoltammetric behaviour of Au(111) in BMIPF6

was tested. In order to obtain reproducible CVs with double layer behaviour, the

use of molecular sieves with a pore size of 0.3 nm is recommended. Molecular sieves

with larger pore sizes do not purify the ionic liquid adequately; on the contrary

they seem to contaminate it. Because of the high viscosity of the ionic liquid the
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purification process is slow. Therefore it is suggested to keep the molecular sieve

in contact with the liquid for at least 72 h. The distinctive cathodic peak seems

unaffected by the purification, indicating a BMIPF6-characteristic interaction with

the gold substrate. This feature may serve as a landmark for calibrating reference

electrodes.

• The electrochemical interface of Au(100) in BMIPF6 has been characterized by cyclic

voltammograms, electrochemical impedance spectroscopy and in-situ STM. Cyclic

voltammetry on a sensitive current scale clearly shows that the double layer region

of Au(100) in BMIPF6 is by no means flat but exhibits characteristic cathodic peaks

with broad anodic counterparts. By means of immersion experiments the pztc was

determined. It is located within the dominant cathodic peak in the CV. Here the

rearrangement of the double layer occurs whereupon the anions change with the

cations during cathodic excursion. The capacitance spectra in this potential region

are of two-arc shape, which can be interpreted in such a way that the two ions

constituting the IL are adsorbed on the metal surface; the adsorption/desorption

processes are slow; their activation energy is similar to that of the bulk conductivity.

The high frequency capacitance shows a much smaller dependence on electrode

potential than predicted by current theories. An ordered row-structure of the [BMI]+

cation is observed at negative potentials. The Au(100) (hex)-reconstruction appears

in the cathodic region of the cation breakdown.

• In order to investigate the influence of the anion on electrochemical properties the

[PF6]- was changed against the larger, more sterically hindered [Tf2N]- ion. Re-

producible CVs with a double layer region and a pronounced cathodic hump were

obtained. The impedance spectra can be fitted using an equivalent circuit contai-

ning CPEs. The high-frequency value of the capacity (double layer capacitance) is

comparable with values obtained for Au(100) in BMIPF6 and again independend

of the potential. With the in-situ STM the same surface structures in the catho-

dic potential range can be seen as for Au(100) and Au(111) in BMIPF6 (worm-like

structure and row-structure). These ad-structures are caused by the [BMI]+ cations.

• In the non-aromatic, guanidinium-based IL Bu2Et2Me2GuanTf2N a broad (at room

temperature 3 V wide) potential range of ideal polarizability can be observed. In this

range the double layer charging is very slow; the equivalent circuit of the interface

consists of three branches. The very low value of the high frequency capacitance is

in accord with the large size of ions of the electrolyte. In-situ STM experiments at
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negative potentials show the formation of the (hex)-reconstruction and herringbone

reconstruction on Au(100) and Au(111), respectively. Since no organized cation

interfacial layer (row-structure on Au(100) and worm-like structure on Au(111))

could be observed, it is concluded that the guanidinium cation is not able to form a

stable ad-structure on gold. The possible reason of the weakness of the guanidinium-

gold interactions might be the lack of an aromatic π-system as well as sterical

hindrance.

• Pd deposition on Au(111) and Au(100) from BMIPF6 starts with the formation of

a monolayer Pd (i.e. it is a UPD process). Nucleation of Pd islands on the terraces

could be observed for both substrates. In case of Au(111) holes cover the surface

whereas Pd islands grow in a fractal shape, for Au(100) even bigger defects are

observable prior metal deposition probably due to a chloride induced elevation of

the surface mobility of Au atoms. Neither on Au(111) nor on Au(100) hints for an

adsorbed [PdCl4]2- complex could be found. Also no worm-like structure on Au(111)

and no cation row-stucture on Au(100) has been noticed with the in-situ STM at

negative potentials. For Au(111) metal deposition proceeds with the formation of a

second Pd layer. On Au(100), however, formation of the first Pd layer is followed by

an unordered cluster growth which differentiate in morphology from Pd deposition

in sulphuric acid solutions. Pd exhibits a more 3-dimensional growth behaviour on

Au(100) compared to Pd on Au(111).

Finally, it can be concluded that unique properties such as broad electrochemical windows,

vanishing low vapor pressures, and the air- and water-stability make ILs promising elec-

trolytes for the future. Still challenging issues are the deposition of less noble metals like

lithium or magnesium which are important metals for battery research and energy storage.

Ion adsorption at the electrode/ionic liquid interface make the interfacial structure much

more complicated than in aqueous solutions. The employment of scanning probe and spec-

troscopic techniques in order to get structural information with high spatial resolution on

the molecular level is essential for a detailed understanding of the electrode/ionic liquid

interfaces. An appropriate theory which describes issues such as differential capacitance

curves and their correlation with the potential of zero charge is still missing. Thus, in

the future the combination of theoretical modeling with experimental results will lead to

adequate applications of ionic liquids in electrochemistry.
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STM scanning tunneling microscopy
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AC alternating current
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UPD under potential deposition
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D diffusion coefficient

σ conductivity
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Chf high frequency capacitance

σad diffusional Warburg coefficient
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It tunneling current

Ut tunneling voltage

Φt tunneling barrier

Φ work function

Evac vacuum level

EF Fermi level
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