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5

Introduction

1.1 Motivation
The electrooxidation of small organic molecules has attracted considerable interest due to
their potential application as fuels in direct oxidation fuel cells. An advantage of fuel cells
compared to combustion engines is that they directly convert the chemical energy of the fuel
into electrical energy and therefore are not limited by Carnot’s theorem. This leads to a higher
efficiency of the fuel cells [1]. Compared to accumulators and batteries, which are also
electrochemical energy converters, fuel cells do not contain the active masses and only
catalyze the conversion of chemical energy into electrical energy. Therefore, fuel cells can
operate as long as fuel is supplied and the fuel supply can be provided easily by replenishing
the fuel tank. In addition, since O2 form the air can act as oxidant and the reaction products
H2O and CO2 can be emitted only the fuel itself needs to be transported in contrast to
batteries.
The chemically simplest fuel for fuel cells is H2. However, under standard conditions its
volumetric energy density is very low, which causes problems for storage or transportation
and H2 needs to be pressurized or liquefied to achieve a higher energy density [1]. Small
organic molecules like short chain alcohols appear as attractive alternative, since their
volumetric energy density is much higher than that of H2. Furthermore, the existing
conventional infrastructure for storage and transportation of gasoline could be used. However,
the electrochemical oxidation of small organic molecules is much more complex compared to
H2 oxidation. Even the complete oxidation of the simplest alcohol (methanol) to CO2 involves
the transfer of 6 electrons, the scission of three C-H bonds and of one O-H bond and requires
an additional O-atom to be attached to the C-atom. Therefore, the electrooxidation of small
organic molecules proceeds via a complex reaction network, which involves several parallel
or sequential elementary reaction steps [2]. These networks include a number of adsorbates
which can either act as intermediates, spectators or catalyst poisons, and the formation of
dissolved intermediates, which can be either oxidized further or transported away, depending
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on the experimental conditions, and side products, which are essentially inert towards further
reactions. The formation of catalyst poisons during the reaction is of course a severe
drawback for practical applications as it hampers the reaction. To design catalysts, which are
more tolerant towards poisoning or which could allow avoiding the formation of poisons, one
needs to know the nature of the catalyst poisons. If partially oxidized side-products are
formed, the number of electrons gained per fuel molecule is decreased, which reduces the
efficiency of the reaction. Therefore, the formation of these side-products is also a problem
for practical applications and the complete oxidation of the small organic molecules to CO2 is
mandatory for the optimal fuel utilization. Furthermore, the side products may be hazardous
or toxic, so that their emission needs to be avoided.
Therefore, the electrooxidation of small organic molecules offers an interesting field for
electrocatalytic model studies, which are required for a detailed understanding of the
underlying mechanisms.

1.2 Influence of reaction parameters
The electrooxidation of small organic molecules is influenced by the experimental conditions
and catalyst properties such as the electrode material and structure, the applied potential, the
reactant concentration, the mass transport conditions, the pH of the electrolyte, the
temperature, etc. Therefore, it is necessary to control these conditions and the systematic
variation of certain parameters can provide additional insight into the reaction network.
Since the electrode acts as a catalyst in the electrooxidation of small organic molecules, it is
obvious that the electrode material has a large influence on the reaction. The most intensively
studied metal is Pt, which was found to show good catalytic activity, especially in acidic
solutions [3;4]. Au has also been used in numerous studies. While being rather inactive in
acidic solutions, Au is even more active than Pt in basic solutions [3;4]. Besides a large
number of pure metals, also alloys and the effect of adatoms have been studied [3-5]. The
surface orientation of single crystal electrodes also affects the catalytic activity. It was shown,
for example, that the current density in the oxidation of small organic molecules on the low
index faces of Pt is different, with Pt (110) having the highest and Pt (111) having the lowest
activity, while Pt (111) was found to be most resistive towards self-poisoning with COad [3;4].
To gain results which are more relevant for fuel cell applications, model studies using real
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carbon supported catalyst have been performed and the effect of the catalyst loading on the
activity and selectivity was studied [6;7].
Most studies have been performed at room temperature. However, fuel cells are usually
operated at elevated temperatures. Therefore, model studies at elevated temperatures are
interesting for being closer to realistic operation conditions. Furthermore, varying the
temperature offers a possibility to determine apparent activation energies. Studying the effect
of elevated temperatures is complicated due to the high volatility of many small organic
molecules. Also evaporation of the aqueous electrolyte needs to be avoided. However, for
temperatures up to 80°C, rather conventional experimental set-ups have been used, for
example in combination with in situ FTIRS [8;9] or SERS [10]. To overcome the above
mentioned problems at higher temperatures, a set-up using overpressure has been developed
and by the use of nonporous membranes even DEMS measurements have been performed,
which allowed the determination of apparent activation energies not only for the overall
reaction but, also for the formation of CO2 [11-13].
In reaction networks with several reaction steps, intermediates and (by-) products, not only
the overall reaction rate given by the Faradaic current but also the product distribution
strongly depends on the mass transport conditions. With increasing flow rate, the chance for
incomplete reaction products to be transported away without further reaction increases,
decreasing the selectivity towards complete oxidation. Similar trends (i.e., higher
contributions of incomplete reaction products) were observed for increasing reactant
concentration and decreasing catalyst loading for the oxidation of various small organic
molecules [7;14;15]. These effects were studied in detail using well-ordered, nanostructured
Pt/glassy carbon model electrodes with different Pt particle diameters and inter-particle
distances. The results were explained by a “desorption - re-adsorption – reaction” mechanism
[16-18].

1.3 Methods for studying the electrooxidation of small organic molecules
As stated above, the electrooxidation of small organic molecules proceeds via complex
reaction networks. However, in early studies the reactivity of different small organic
molecules and the influence of the electrode potential was determined just by comparing the
Faradaic currents of their electrooxidation [19-21]. Obviously, to develop a comprehensive
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understanding of complex reaction networks it is not enough to determine the overall activity
of the reaction, but it is also necessary to gain information on the composition and coverage of
adsorbates present on the electrode surface as well as on the amount and nature of the (by-)
products formed during the reaction. Furthermore, it is not clear from the outset which role
detected adsorbates and dissolved species play in the reaction network, i.e., if they act as
intermediates, spectators, catalyst poisons or (by-) products. As already mentioned, all of that
depends on the experimental conditions. Therefore, next to classical electrochemical
techniques such as cyclic voltammetry or chronoamperometry a large number of additional
techniques have been applied or even developed to study the electrocatalytic oxidation of
small organic molecules.
The progress of studies on the electrooxidation of small organic molecules is summarized in
numerous reviews [3;4;22-26].

For the qualitative and quantitative analysis of reaction products different chromatographic
techniques have been employed such as gas chromatography [27], high performance liquid
chromatography [28] or ion chromatography [29]. Via chromatography even very complex
mixtures of different (by-) products, which result from the electrooxidation of small organic
molecules containing more then one C-atom, can be analyzed thoroughly. Chromatographic
methods have mainly been used for offline product analysis due to the long analysis times in
chromatographic columns. This is sufficient for the determination of the coulorimetric
efficiency under steady-state conditions, i.e., which fraction of the charge is related to the
formation of a certain product, but for a detailed understanding of the reaction network also
the kinetics of the different product formation needs to be considered. A way to couple HPLC
with voltammetry for “online” detection was developed recently by using a small sampling tip
close to the electrode surface [30].
Another possibility to analyze (by-) products is mass spectrometry, although the analysis of
complex mixtures can be difficult due to the superposition of the fragments of different
molecules in the mass spectra. A prerequisite for online mass spectrometric detection is to
separate the vacuum system with the mass spectrometer from the liquid electrolyte, while the
transfer of the gaseous or volatile species needs to be possible. This is enabled, e.g., by the
use of porous, hydrophobic electrodes as first proposed by Bruckenstein and Gadde [31]. The
technique was improved by Wolter and Heitbaum by introducing the use of porous Teflon
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membranes and of a differentially pumped vacuum system, which drastically shortened the
time delay between product formation and detection, so that measurement of product
formation rates became possible [32]. To emphasize the ability of measuring differential
values like reaction rates they named the technique Differential Electrochemical Mass
Spectrometry (DEMS).
Due to the use of porous hydrophobic membranes at the inlet system, this technique is
restricted to the detection of volatile or gaseous products. The electrodes were first produced
directly on the membrane by either painting a metallic lacquer or by sputtering the metal. The
disadvantage of this approach is that one is restricted in the choice of the electrodes and single
crystal electrodes or supported catalysts cannot be studied. To overcome these limitations, a
thin layer DEMS cell was developed, where the massive electrodes are placed opposite to the
membrane of the inlet system, separated by a 50 to 100 µm thick electrolyte layer. The
gaseous/volatile products formed at the electrode are transported to the membrane via
diffusion [33]. A disadvantage of this cell design is that the collection efficiency of products
is drastically decreased when an electrolyte flow is applied since the products are transported
away. Therefore, a further development to enable DEMS measurements under enforced and
controlled electrolyte flow is the dual thin layer flow cell, with two separate compartments for
the electrode and for the membrane, interconnected via capillaries. That way, the products
formed at the electrode are delivered to the membrane [34]. These techniques have been
applied for studying volatile/gaseous reaction products over various electrodes ranging from
well-ordered single crystalline surfaces [33;35;36] to realistic carbon supported nanoparticle
catalysts [25]. More detailed information about DEMS is given in reviews [37-39].
DEMS can also provide indirect information about stable adsorbates which survive an
electrolyte exchange. During an adsorbate stripping experiment subsequent to the adsorption
of the respective organic molecule, the products of reductive or oxidative desorption of the
adsorbates can be analyzed. By correlating the mass spectrometric signals with the
electrochemical currents, the number of electrons per product molecule can be calculated,
which provides additional information on the nature of the adsorbates [40;41]. If COad is the
only stable adsorbate, its coverage can be determined by comparison with the signal of the
stripping after direct, gaseous CO adsorption.
To overcome the limitation to the detection of gaseous/volatile products, for the quantitative
detection of non-volatile reaction products electrospray ionization mass spectrometry (ESI-
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MS) can be applied. A method for using ESI-MS on-line has been developed recently in our
institute [42].

As mentioned above, next to the analysis of dissolved products, information on adsorbates is a
prerequisite for understanding the electrooxidation of small organic molecules. A simple
method to estimate the coverage of adsorbates on Pt is cyclic voltammetry by quantifying to
which extent the Hupd is suppressed as a result of the interaction of the organic molecules with
the Pt electrode [43;44]. Information on the adsorbate coverage has also been gained by
radioactive tracer molecules [45-48] or by the use of the electrochemical quartz crystal
microbalance [34;49;50].
Information on the structure of adsorbates was gained by in situ spectroscopic methods such
as infrared spectroscopy [4;22;23;51;52], Raman spectroscopy [10;53-56], or sum frequency
generation [57-59]. Especially the development and improvement of in situ IR spectroscopy
had a huge impact on the understanding of the electrooxidation of small organic molecules.
For instance, before the development of powerful in situ IR spectroscopic methods, there was
a debate about the nature of the poison in the electrooxidation of methanol in which adsorbed
CHO and CO were discussed as possibilities. Via in situ IR spectroscopy, COad was identified
to be the catalyst poison [3;60].
The major difficulty in performing IR spectroscopy in situ with electrochemical
measurements is the strong IR absorption of the electrolyte. There are two possibilities to
overcome this, namely the external or the internal reflection configuration. For the external
reflection configuration, where the IR beam is guided through the electrolyte and reflected at
the electrode surface, the thickness of the electrolyte layer is limited to a few microns by
pressing the electrode surface against an IR window [4;22;52]. As already indicated above,
mass transport is a crucial parameter for the electrooxidation of small organic molecules. This
applies also for in situ IR studies and thus a disadvantage of the external reflection
configuration is that the electrode is pressed against the IR window, which results in a thin
and virtually stagnant electrolyte layer. Consequently, mass transport to/from the electrode is
strongly hindered, which leads to the depletion of the reactant and to the accumulation of
intermediates and (by-) products [22]. The latter can influence the conclusions drawn on the
reaction network. To overcome these problems, flow cells for the use in the external reflection
configuration have been developed [61-64]. Another problem in the interpretation of
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measurements performed in the external reflection configuration is discriminating between
adsorbates and species dissolved in the electrolyte. To subtract the background absorption of
the electrolyte potential–difference techniques have been developed such as electrochemically
modulated infrared spectroscopy (EMIRS), where spectra are recorded at two different
potentials [65]. The technique was improved when applying Fourier transform infrared
spectroscopy (FTIRS) and methods such as subtractively normalized interfacial Fourier
transform infrared spectroscopy (SNIFTIRS) [66] or single potential alteration infra red
spectroscopy (SPAIRS) [67] have been developed, offering better signal to noise ratios and
decreased acquisition times. Another possibility to distinguish between adsorbed and
dissolved species is exploiting the surface selection rule, i.e., only the part of the IR radiation
with an electric field component normal to the metal surface interacts with adsorbates [68].
Consequently, when polarized light is used, only p-polarized photons are able to be absorbed
by adsorbates, while s-polarized photons (linearly polarized perpendicular to the plane of
incidence) are inactive. By modulation of the polarization (polarization modulation infrared
reflection absorption spectroscopy, PM-IRRAS) one can conclude on the adsorbed species
from the difference between the spectra of s- and p-polarization [23;69;70]. In turn, the
surface selection rule excludes the detection of adsorbates without a dipole moment normal to
the surface, independent on which IR spectroscopic approach is applied.
In the other principle for in situ IR spectroscopy, the internal reflection configuration, thin
metal films deposited on IR-transparent prisms (Kretschmann configuration [71]) are used as
electrodes and the IR beam is guided from the backside of the prisms to the electrode surface
where it is totally reflected (attenuated total reflection, ATR). This results in an evanescent
wave which interacts with molecules close to or adsorbed on the electrode surface [72]. A
schematic drawing is shown in Fig. 1-1.

Fig. 1-1: Schematic drawing of the internal reflection configuration
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Since the IR beam does not pass the electrolyte, the thickness of the electrolyte layer is not
restricted which enables the use of a variety of electrochemical cells. Although the thickness
of the electrolyte layer is not restricted in the internal reflection configuration, allowing free
diffusion from and to the electrode surface, also in that case enforced and controlled
electrolyte flow is mandatory for studies under well-defined mass transport conditions.
Therefore, flow cells for in situ IR measurements in the internal reflection configuration have
been developed [73;74]. The use of adequate flow cells such as thin-layer cells with a small
working volume also allows performing rapid electrolyte exchange under potential control
[73], which in turn enables studying the initial stages of the electrooxidation of small organic
molecules on a “clean” surface, i.e., free of adsorbates other than those originating from the
supporting electrolyte. This is especially useful for the in situ IR detection of weakly adsorbed
or short-lived species, which is only possible in the early stages, since they are replaced by
more strongly bound adsorbates when the reaction proceeds. Furthermore, the initial
adsorption kinetics and, by admitting the respective molecule only for a short period of time,
the decomposition of intermediates can be studied [75].
Additionally, the external reflection configuration provides higher surface sensitivity since
only the region close to the electrode surface is sensed by the evanescent wave. Both the
sensitivity and the surface sensitivity are further increased if rough metal films are used as
electrodes, because the active surface area is increased leading to a larger number of adsorbed
molecules. Furthermore, molecules adsorbed on metal island films show increased IR
absorption due to the surface enhancement effect [51;76]. In that case, the method is also
called “Surface Enhanced Infrared Absorption Spectroscopy” (SEIRAS). This method was
employed throughout the thesis.
A disadvantage is the limitation to metal film electrodes, which usually do not have a
controlled or ordered surface structure, whereas the external reflection configuration the
choice of the electrode is rather free and also studies with single crystal electrodes were
performed [77]. However, also for in situ IR studies in the internal reflection configuration
there are attempts to use electrodes with controlled surface structure such as quasi single
crystalline Au films [78] or by depositing preferentially shaped Pt nano-crystals, which
predominantly exhibit different facets dependent on their shape, on Au films [79;80].
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1.4 Combination of in situ ATR-FTIRS with online DEMS
Due to the above mentioned complex reaction networks for the electrooxidation of small
organic molecules, including a number of both adsorbed and dissolved species [2], one needs
to detect both of these species to gain a comprehensive picture of the reaction mechanism. It
is possible and quite common to employ different methods sensitive to adsorbates, such as in
situ IR spectroscopy, and sensitive to gaseous/volatile products, such as DEMS, separately.
However, as described above, electrocatalytic reactions depend strongly on the experimental
conditions and it is often difficult to directly correlate studies applying different methods with
their respective experimental requirements, e.g., massive electrodes and a stagnant thin
electrolyte layer for in situ IR spectroscopy vs. electrodes deposited on porous Teflon
membranes for DEMS measurements. Therefore, the combination of several methods
providing complementary information on the reaction (by-) products and intermediates in a
single experiment and thus under identical reaction conditions is highly desirable.
For instance, to analyze both volatile and non-volatile reaction products, a combination of
DEMS and ESI-MS has been developed and used for studying the electrooxidation of
methanol recently [81].
For the simultaneous analysis of the adsorbate layer and of volatile reaction products, a
combination of in situ ATR-FTIRS and online DEMS was introduced coupling the two
techniques via a dual thin layer flow cell [26;82]. The use of a flow cell in this set-up ensures
well-defined mass transport conditions and allows performing electrolyte exchange
measurements. This set-up was employed for studying the kinetics of CO oxidation [82] and
of the kinetics of COad exchange using 13C-labeled CO [83]. Importantly, the combination of
ATR-FTIRS and DEMS offers a quantitative correlation between the IR band intensity of
COad and the COad coverage determined independently by the CO losses measured via mass
spectrometry upon the CO adlayer build-up during CO adsorption [83]. Also the
electrooxidation of ethanol has been studied intensively by the use of this set-up [75].
The combined ATR-FTIRS/DEMS set-up has been used for the measurements of this thesis, a
more detailed description is given in chapter 2.
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1.5 Isotopic labeling as a tool for electrocatalytic studies
The use of isotopic labeling in studies of the electrooxidation of small organic molecules can
be very helpful for several reasons: When DEMS is employed as an analytical method,
isotopic labeling of certain atoms can give the answer to the question if these specific atoms
are also present in the fragments of the products detected. This was for instance employed in
studying the electrooxidation of formic acid on Pt for obtaining direct evidence for the dual
pathway mechanism [84]. By

18

O labeling it was shown that in the direct pathway both O-

atoms in the resulting CO2 are still those originally composing the formic acid molecules,
whereas in the indirect pathway one of the oxygen atoms of the CO2 formed originates from
water of the electrolyte solution [84]. Another example for the use of

18

O labeling is the

electrooxidation of ethanol, where isotope labeling was employed to differ between CO2
formed from the CH3 and the CH2OH group [85]. In this study also D labeling was employed,
which facilitates the interpretation of the mass spectra since CO2 and acetaldehyde, which
overlap for regular ethanol at m/z=44, are separated.
When in situ IR spectroscopy is used, isotopic labeling of certain atoms can assist the
assignment of IR bands by inducing specific isotope shifts. Furthermore, in case of
dissociative adsorption, the presence or absence of isotopic shifts compared to regular
substances can answer if the respective adsorbate still contains a certain atom. Examples for
this approach are studies on the electrooxidation of ethanol, where based on 13C labeling the
appearance of 12COad/13COad and of 12CO2/13CO2 could be distinguished [86].
When H is substituted by D, mechanistic information about the electrooxidation of small
organic molecules can be gained by the kinetic isotope effect (KIE), in addition to the shifts in
the mass spectra and IR spectra. This can be exploited to identify rate determining steps in the
reaction network [87-89].
With the combined ATR-FTIRS/DEMS set up used in this thesis, the effects of isotopic
labeling on both mass and IR spectra can be utilized, which provides deep insight into the
kinetics and mechanisms of the electrooxidation of small organic molecules. This has been
shown recently for the electrooxidation of ethanol where both

13

C and D labeling have been

performed [75]. In this thesis, D labeling has been used for studies on ethylene glycol and 13C
labeling has been employed for studies on 1-propanol.
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1.6 C2 and C3 molecules
The electrooxidation of methanol has been studied most intensively among the alcohols. As
already discussed, even for this relatively simple molecule the electrooxidation proceeds via a
complex network [2]. In higher alcohols, the larger number of carbon atoms in general leads
to an increasing number of possible intermediates and (by-) products, resulting in even more
complex reaction networks [4]. The complete oxidation of higher alcohols to CO2 is more
difficult compared to the oxidation of methanol, since the scission of at least one C-C bond
needs to take place, which makes them less favorable for the practical use in direct alcohol
fuel cells [90]. However, for gaining a deeper understanding of the general mechanisms of the
electrooxidation of small organic molecules, the elucidation of general trends such as
common intermediates or reaction pathways is of a fundamental interest for studying alcohols
with more than one carbon atom. For example COad has been found to be a common poison
for the electrooxidation of primary alcohols on Pt [23]. For the dissociative adsorption of
ethanol on Pt, adsorbed acetyl was detected [91;92] and it was found recently that it is the
precursor for COad formation [75], whereas the corresponding formyl adsorbate has not yet
been detected via ATR-FTIRS during the adsorption/oxidation of methanol. This raises the
question if a corresponding species, namely adsorbed propionyl is formed also during the
electrooxidation of 1-propanol and if it plays a similar role as precursor for COad formation.
Next to varying the length of the carbon chain, also the variation of functional groups can
provide valuable information on the reaction network of small molecule electrooxidation.
Aldehydes and carboxylic acids have been reported as intermediates or incomplete oxidation
products of the electrooxidation of alcohols [3;4;22]. Therefore, the individual examination of
these molecules is crucial for a proper interpretation of their roles in the overall reaction
network. Furthermore, this can contribute to the general understanding of the reactivity of the
different functional groups.
When studying molecules with more than one carbon atom, another possibility for variation is
using polyfunctional molecules, such as polyols like ethylene glycol or glycerol and their
oxidative intermediates, which of course then combine different functional groups within a
single molecule [4;23]. In that case it is interesting to study which of the functional groups is
dominant for the behavior of the polyfunctional molecule.
The scope of the present work was to study the electrooxidation of C2 and C3 molecules,
namely ethylene glycol, glycerol and 1-propanol as well as part of their possible incomplete
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oxidation products. Ethylene glycol and glycerol have in common that all of their C atoms
carry an OH group, while glycerol and propanol share the same number of C atoms.
A more detailed introduction, including a literature overview of the electrooxidation of the
specific molecules and the specific open questions to be answered with this thesis is given in
the initial sections of the respective chapters.
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1.7 Outline of the thesis
In the present thesis, the electrooxidation of small organic C2 (ethylene glycol and
glycolaldehyde) and C3 (glycerol, glyceraldehyde, glyceric acid, 1-propanol, propionaldehyde
and propionic aicd) molecules on Pt film electrodes has been studied by combined ATRFTIRS/DEMS.
Before the results are presented and discussed, the employed experimental methods, the
experimental procedures and their evaluation are summarized in chapter 2.
The subsequent chapters are composed of the published or submitted manuscripts, without the
respective experimental sections. Other differences to the published versions are denoted prior
to every chapter.
In chapter 3, results on the adsorption/oxidation of glycerol as well as of its incomplete
oxidation products glyceraldehyde and glyceric acid are presented.
Chapter 4 deals with the electrooxidation of ethylene glycol. For the assignment of the IR
spectra gained during ethylene glycol adsorption/oxidation, IR spectra of its incomplete
oxidation products glycolaldehyde, glyoxal, glycolic acid, glyoxylic acid and oxalic acid are
also shown. Hints on the precursor for COad formation are derived form the short-time
adsorption of glycolaldehyde.
Further details on the mechanism of ethylene glycol electrooxidation gained by comparing the
adsorption/oxidation of deuterated ethylene glycol with that of regular ethylene glycol are
presented in chapter 5.
In chapter 6, the electrooxidation of 1-propanol and of its incomplete oxidation products
propionaldehyde and propionic acid are discussed.
Further insight into the mechanism of 1-propanol electrooxidation, especially on the precursor
to COad formation and on contributions of the different C atoms to the formation of COad and
CO2, is given in chapter 7. These results were achieved by the use of 13C labeled 1-propanol.

Finally, the results of the entire work are summarized in English and German language in
chapter 8.

2. Experimental
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Experimental

2.1 Differential Electrochemical Mass Spectrometry (DEMS)
Mass spectrometry coupled to an electrochemical cell can be used to identify and quantify
gaseous and volatile reaction educts, intermediates and products as already described in
section 1.2. A schematic drawing of the DEMS set-up used for the measurements of this
thesis is presented in Fig. 2-1, the electrochemical cell and its Teflon membrane interface to
the vacuum system are described in section 2.4.

Fig. 2-1: Schematic drawing of the DEMS set-up, TMP: turbo molecular pump, QMS: quadrupole mass
spectrometer

Two turbo-molecular pumps connected to a shared roughing pump (Pfeiffer DUO 10,
10 m3 h-1) were employed in the differentially pumped vacuum system. Under operation
conditions, the first turbo-molecular pump (Pfeiffer TMU 071P, 60 l s-1), which is located
close to the inlet, reduces the pressure to about 1×10-3 mbar, which is further decreased to
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about 5×10-5 mbar in the chamber housing the quadrupole analyzer (Pfeiffer Vacuum, QMS
420) by the second pump (Pfeiffer TPU 180H, 180 l s-1). The ion source of the mass
spectrometer was located at the interconnection between the two chambers.
The mass spectrometer system is capable of performing “multiple ion detection”, recording
several m/z ratios quickly after each other in cycles. When using “multiple ion detection” to
follow the formation of different products simultaneously in one experiment, the dwell at the
specific m/z ratios was set to 50 ms.

2.2 In situ Attenuated Total Reflection Fourier Transform Infrared
Spectroscopy (ATR-FTIRS)
Infrared (IR) spectroscopy coupled to an electrochemical cell can provide information on
surface adsorbates and species dissolved in the electrolyte. The principles of in situ IR
spectroscopy are described in section 1.2. For the measurements in this thesis, the ATRFTIRS technique was employed. Pt films deposited on the flat side of a hemi-cylindrical
single crystalline Si-prism (OEC GmbH, 20 mm × 25 mm, radius 10 mm) were used as
electrodes. For details about the Pt film preparation and the attachment of the prism to the
electrochemical flow cell see sections 2.5 and 2.4. The cell with the prism was installed in the
sample chamber of a BioRad FTS 6000 spectrometer so that the incident angle of the IR beam
was 70° with respect to the surface normal. The reflected beam was then guided to the liquid
nitrogen cooled mercury cadmium telluride (MCT) detector by a homemade assembly of gold
mirrors. The sample chamber was flushed with N2 when measuring.

2.3 Combined in situ ATR-FTIRS and on-line DEMS
The complementary information about volatile or gaseous reaction products/intermediates and
about the adsorbate layer provided by DEMS and ATR-FTIRS, respectively, makes it highly
desirable to combine these two methods to gain comprehensive insight into electrocatalytic
processes in a single experiment and thus under identical reaction conditions. Their
combination was developed in our insitute and is described in detail in references [26;82].
Combined in situ ATR-FTIRS and on-line DEMS was used for all the measurements of my
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thesis. The two methods are linked via a dual thin-layer flow-cell which is described in the
following section.

2.4 Dual thin-layer flow cell
As already mentioned in section 1.3.3, it is important to perform electrocatalytic
measurements under well-defined mass transport conditions, i.e. with enforced and controlled
electrolyte flow.
A dual thin-layer flow-cell with two compartments was used for the combined in situ ATRFTIRS and DEMS measurements under defined electrolyte flow. This type of dual thin-layer
flow-cell was originally developed for DEMS measurements in combination with an
electrochemical quartz microbalance [34] and can also be used for DEMS measurements with
massive electrodes [14] or thin film electrodes deposited on glassy carbon substrates [6] as
well as for measurements with a second electrode for the quantification of electrochemically
active, dissolved intermediates in a so-called “double disk electrode thin-layer flow cell”
configuration [93].

Fig. 2-2: Schematic drawing of the dual thin-layer flow cell

A schematic drawing of the cell used for the measurements of this thesis is shown in Fig. 2-2.
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The cylindrical plate cell body is made of Kel-F. The first thin-layer compartment is formed
by the plate body and the working electrode, a thin Pt film deposited on the flat side of a
hemicylindrical Si prism, which is pressed against the cell body via a circular gasket (ca. 0.1
mm thickness, inner diameter 12 mm) resulting in a volume of about 10 µL. This
compartment allows performing in situ ART-FTIRS. The working electrode is contacted
electrically via a ring made of Cu foil, surrounding the gasket. The first compartment is fed
with electrolyte by a central capillary connected to an T-shaped inlet triple port which merges
the feed of two separate electrolyte supply bottles and links the cell to one of the counter
electrodes. The central capillary is surrounded by six further capillaries which connect the
first with the second compartment. The second thin-layer compartment interfaces the
electrochemical cell with the vacuum chamber of the mass spectrometer. Therefore, it is
formed by pressing a porous Teflon membrane, which is only permeable for volatile or
gaseous species (Scimat, 60 µm thick, 50% porosity, 0.2 µm pore diameter), against the plate
body via a circular gasket. For mechanical stability the membrane is supported by a porous
stainless steel frit on its back side, which is housed in a stainless steel tube. This tube is
connected to the vacuum chamber. Similar to the first compartment a capillary is positioned in
the center of the second compartment, leading to another triple port at the outlet of the cell.
Two Pt counter electrodes (CE) were used to decrease the noise in the measured currents.
Theay were connected to the cell at the in- and outlet triple ports. To distribute the current
between the two CE they were electronically coupled via an external resistor. A saturated
calomel electrode (SCE, Schott B2910), positioned in a separate glass compartment, was
connected to the outlet triple port. However, the potentials are referred to that of the reversible
hydrogen electrode (RHE, ERHE = ESCE + 0.26 V). An electrolyte supply bottle containing the
supporting electrolyte (0.5 M H2SO4) was directly connected to the central port at the inlet via
a glass capillary. Other electrolyte supply bottles containing solutions of the molecules of
interest in 0.5 M H2SO4 were connected to the inlet triple port via a fluorinated polymer
capillary. The use of two inlets allows switching between two solutions under potential
control. This is important for studying the adsorption/oxidation of the small organic molecules
at constant potentials on the catalyst surface, which is initially free of any adsorbates other
than those of the supporting electrolyte, as well as for adsorbate stripping experiments. The
electrolyte flow of about 50 µL s-1 was driven by the hydrostatic pressure in the electrolyte
supply bottles.
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2.5 Pt film preparation
As mentioned above, to enable in situ ATR-FTIRS measurements, Pt films deposited on the
flat side of a hemi-cylindrical single crystalline Si-prism (OEC GmbH, 20 mm × 25 mm,
radius 10 mm) were used as electrodes. Prerequisites the films need to fulfill to be suitable for
the measurements are a sufficiently low Ohmic resistance, an appropriate roughness to show
the surface enhancement effect and stability under the reaction conditions. The films were
prepared by electroless deposition according to a recipe described by Miki et al. [94]. Before
the deposition, the prism was polished twice with diamond paste (grain size first 1 µm, then
0.25 µm). Subsequently, the residues of the diamond paste were removed with MilliQ water,
Acetone and again MilliQ water in an ultrasonic bath. The prism was dried in a N2 stream and
dipped in a solution containing 1 mmol/L PdCl2 and 0.5% HF to deposit Pd as nucleation sites
for Pt. After about two minutes the prism was rinsed extensively with MilliQ water and again
dried in N2 stream. 1 ml of a solution prepared from 880 µl MilliQ water, 1 ml of a
commercial Pt solution (lectroless PT 100 B, Ethone GmbH), 80 µl of 25% NH3 in water
(Merck, suprapure) and 20 µl of a commercial reducing agent (lectroless PT 100 Reducer,
Ethone GmbH) was pipetted on the flat site of the prism, which was heated to about 60 °C.
After a homogeneous film had grown after a few minutes the prism was rinsed with MilliQ
water. The Ohmic resistance measured between the opposite corners ot the film was typically
between 20 and 40 Ω, which ensures a sufficiently high electrical conductivity of the Pt film
for electrochemical measurements and a reasonable sensitivity for the in situ IR spectroscopy.

2.6 Film Characterization
For removing impurities from the Pt surface after the Pt film deposition, the potential was
cycled between 0.06 and 1.3 V in 0.5 M H2SO4 at a scan rate of 100 mV/s, until a stable
cyclic voltammogram (CV) with the typical features of a Pt base CV [95] was achieved.

2.6.1 Active surface area determination
The electrochemical active surface area of the Pt film electrodes was determined by oxidation
of a COad monolayer (COad stripping). For CO adsorption the potential scan was stopped at
0.06 V in Ar or N2 saturated 0.5 M H2SO4 and the electrolyte supply was then switched to CO
saturated 0.5 M H2SO4 for 5 min. Subsequently the cell was carefully rinsed for at least 15
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min with CO-free supporting electrolyte to remove CO from the cell. The resulting COad
monolayer was then removed by scanning the potential up to 1.3 V at a scan rate of 10 mV/s.
Another cycle was recorded to determine the difference between the two which is the charge
of COad oxidation (QF, COad ox). According to the reaction equation:

COad + H2O

CO2 + 2 H+ + 2e-

Two electrons are transferred per COad molecule. Assuming 0.21 µC cm-2 [96] for the
oxidation of a H monolayer deposited via under potential deposition (Hupd), a maximum Hupd
coverage of 0.77 and a maximum coverage of 0.9 with respect to the latter value for a
saturated COad monolayer on polycrystalline Pt [97;98], the electrochemical active surface
area is calculated as follows:

A = QF, COad ox/(0.7 × 2 × 0.21 mC cm-2)
Typical active surface area of the Pt film electrodes were about 5 cm2, which corresponds to a
roughness factor of about 5 as the area of the Pt film exposed to the electrolyte is about 1 cm2
(d=12 mm).

2.6.2 DEMS calibration
The COad stripping experiment was also used for calibrating the DEMS by measuring the
resulting CO2 formation at m/z = 44. The calibration constant k* calculated as follows:

k* = 2 × QMS, 44 / QF, COad ox

where

QF, COad ox

is the Faradaic charge of the COad oxidation

QMS, 44

is the mass spectrometric charge of the m/z = 44 (CO2) signal

2

is the number of electrons transferred per CO2 molecule formed

Typical values of k* were about 2×10-5.
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Differences between k* values on different days were leveled by multiplication with a
correction factor calculated as:

cMS = k*ref / k*

where

cMS

is the MS sensitivity correction factor

k* ref

is the k* value at a certain reference day, when EG
electrooxidation was measured (k*ref = 3.01×10-5)

k*

is the k* value of the current day

2.6.3 Normalization of the IR absorbance
On different Pt films differences in the absorbance of adsorbates are observed even at the
same adsorbate coverage. Therefore the IR sensitivity of the Pt films needs to be normalized
for an easier comparison of the IR absorbances measured on different Pt films. As reference
for the IR sensitivity the integrated absorbance of the COL band of a COad monolayer (ACO) at
0.06 V resulting from adsorption form CO saturated 0.5 M H2SO4 was chosen. A correction
factor was applied to compensate for the differences in the integrated IR absorptions, which
was calculated as follows:

cIR = ACO, ref / ACO

where

cIR

is the IR correction factor

ACO, ref

is the integrated absorbance of the COL band of a COad
monolayer (ACO) at 0.06 V of a Pt film used for EG
electrooxidation,

which

was

chosen

as

reference

(ACO, ref = 0.937 cm-1)
ACO

is the integrated absorbance of the COL band of a COad
monolayer (ACO) at 0.06 V the current Pt films

Similarly, the differences in the IR sensitivity were accounted for the conversion of integrated
COL absorbance to COad coverage as described in section 2.8.5. As reference in that case the
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COL absorbance of the Pt film used by M. Heinen for the determination of the correlation
between COad coverage and COL absorbance (0.85 cm-1) was used.

2.7 Experimental protocol
2.7.1 Potentiodynamic bulk oxidation measurements
The potentiodynamic bulk measurements provide an overview of the oxidative and reductive
processes taking place over a wide potential range. Prior to the experiments, the Pt surface
was cleaned by potential cycling between 0.06 and 1.3 V in the supporting electrolyte. The
potential scan was stopped at 0.06 V and the electrolyte supply was switched from the
supporting electrolyte to a solution containing the respective organic molecules. After 25 s the
potential was cycled at a scan rate of 10 mV/s between 0.06 and 1.3 V. Since Hupd hinders the
adsorption of alcohols at 0.06 V, the Pt surface is largely free of adsorbates resulting from
alcohol adsorption/decomposition at the beginning of the initial positive-going scan, which
allows studying the potentiodynamic bulk oxidation starting from a “clean” electrode. The
adsorbate layer is different at the beginning of the following scans because of adsorbed
species (mainly COad) formed in the negative-going scan. Therefore, the second positivegoing scan is different from the first one. However, the interpretation of the first scan and the
differences to the second scan can be difficult to interpret due to the continuous changes of
the adsorbate layer and the potential. In the case of aldehydes the fast adsorption even on a
Hupd blocked surface at 0.06 V hinders the observation of a cycle on a “clean” electrode and
only the stable cyclic voltammograms of the following cycles are shown.
If the organic molecule is volatile enough to penetrate the Teflon membrane and thus to enter
the mass spectrometer, which is the case for 1-propanol, switching from supporting
electrolyte to the respective organic molecule containing electrolyte causes an increase in the
background level of several m/z ratios, which holds on for several minutes until a stable value
at a higher level is reached. This change in the background interferes with the mass
spectrometric signals caused by the electrooxidation of the organic molecule and hinders their
evaluation. Therefore, in measurements where this problem occurred, the potential scan was
not started before a stable background of the mass spectrometric signals was reached again.
However, due to the prolonged waiting time one can not assume a “clean” electrode surface at
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the beginning of the initial scan and only the stable cyclic voltammograms of the following
scans are shown in that case.
Due to the continuous change of the electrode potential in potentiodynamic measurements it is
difficult to extract and interpret quantitative information such as adsorbate coverages or COad
formation rates. Therefore, potentiostatic experiments were performed which are described in
the following section.

2.7.2 Electrolyte exchange measurements
Electrolyte exchange experiments allow studying the adsorption/oxidation of the organic
molecules on an initially “clean” surface, i.e., on a surface free of adsorbates except of those
resulting from the supporting electrolyte. Thus one can access quantitative information on the
initial kinetics of the adlayer formation before self-poisoning effects strongly influence the
reaction rates.
The electrode surface was cleaned by cycling the potential between 0.06 and 1.3 V in the
supporting electrolyte. Depending on the initial scan direction of the following adsorbate
stripping experiment (see below) the potential scan was stopped at the desired adsorption
potential either in the negative or in the positive going potential scan. The electrolyte supply
was then switched to the solutions containing the respective organic molecule. The further
experimental procedures can be organized in three types:
a)

Adsorption for 5 min

The standard procedure was admitting the solution containing the organic molecule for 5 min
while holding the potential constant, which except for the lowest potentials results in a steadystate adsorbate coverage. After 5 min the cell was rinsed with supporting electrolyte. This
experimental procedure is referred to as experiment #1 in chapter 7.
b)

Short-time adsorption

For studying the development of the adsorbate layer at a coverage below saturation without
further adsorption of the respective molecule, short-time adsorption transients were
performed. Here, the admission of the organic molecules was stopped after 5 or 10 s. This
experimental procedure is referred to as experiment #2 in chapter 7.
c)

Short-time adsorption in combination with a potential step to 0.06 V

A similar procedure as for the short time adsorption experiments was applied but when
simultaneously to rinsing the cell with supporting electrolyte the potential was stepped form
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the respective adsorption potential to 0.06 V. This was done for studying the further adlayer
development after removal of those adsorbed species which can be desorbed reductively. This
experimental procedure is referred to as experiment #3 in chapter 7.

2.7.3 Adsorbate stripping
After the electrolyte exchange experiments adsorbate stripping experiments were performed
to gain information on the amount and nature of the adsorbates formed. After rinsing the cell
for at least 5 min with the supporting 0.5 M H2SO4 the potential was scanned between 0.06
and 1.3 V starting at the respective adsorption potential. The potential scans were either
initiated in the positive or the negative direction to study the behavior of the adsorbates first
under oxidative or reductive conditions, respectively.

2.8 Quantitative evaluation
2.8.1 Calculation of the number of electrons per CO2 molecule
The number of electrons n transferred per CO2 molecule formed in adsorbate stripping
experiments provides information on the oxidation state of the adsorbed molecules. For COad
oxidation n = 2, higher numbers of n indicate the oxidation of adsorbates in lower oxidation
states. n was calculated as follows:

n = k* × QF / QMS, 44

where

QMS, 44

is the mass spectrometric charge of the m/z = 44 (CO2) signal in
the first positive going scan in the potential range of interest

QF

is the corresponding Faradaic charge in the same potential
region

k*

is the calibration constant of the current day
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2.8.2 Relative COad coverage determination
When n = 2, the COad coverage θCO,

rel

relative to the saturation coverage obtained by CO

adsorption from CO saturated 0.5 M H2SO4 can be determined either from the Faradaic or
from the mass spectrometric charge of the adsorbate stripping experiments:

θCO, rel = QF / QF, COad ox

where

QF, COad ox

or

θCO, rel = QMS / QMS, COad ox

is the Faradaic charge of the oxidation of the saturated COad
layer

QF

is the Faradaic charge in the first positive-going scan of the
adsorbate stripping in the potential region of interest

QMS, COad ox

is the mass spectrometric charge of the m/z = 44 (CO2) signal of
the oxidation of the saturated COad layer

QMS

is the mass spectrometric charge of the m/z = 44 (CO2) signal in
the first positive going scan of the adsorbate stripping in the
potential range of interest

2.8.3 Calculation of CO2 partial currents
Quantifying the CO2 formation via DEMS allows to calculate the corresponding Faradaic
current which is generated by the complete oxidation of the respective organic molecule to
CO2. This “CO2 partial current” (IF, CO2) is calculated as follows:

IF, CO2 = n × IMS,44 / k*

where

n

is the number of electrons transferred by complete oxidation of
the organic molecule to CO2 divided by the number of its Catoms

IMS, 44

is the ion current of m/z = 44 measured by DEMS

k*

is the calibration constant of the current day
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2.8.4 Calculation of CO2 current efficiency
The ratio between the CO2 partial current IF, CO2 and the total current IF is the “CO2 current
efficiency” (CCE), which gives information about the selectivity of the electrooxidation of the
organic molecules towards complete oxidation:
CCE = IF, CO2 / IF

2.8.5 Conversion of COL absorbance into COad coverage
With the combined ART-FTIRS and DEMS set-up it is possible to determine the COad
coverage upon CO adsorption via the independently measured CO consumption (and further
oxidation to CO2 at higher potentials) by DEMS [99] and the corresponding absorbance of the
COad IR bands simultaneously in a single experiment at constant potentials. This was done by
M. Heinen et al. and a non-linear, potential dependent relation between the coverage and the
integrated COL absorbance was found [83]. Polynomial fits of third order, which are valid for
relative COad coverages between about 8 and 70% were applied to this relation to enable the
calculation of the COad coverage (θCO) resulting from the dissociative adsorption of organic
molecules based on the COL absorbance (A(COL)) [75]. To account for the differences in the
IR sensitivity of the Pt film used for deducing this correlation (the COL absorbance of a
saturated CO layer at 0.06 V of this film was 0.85 cm-1) and the Pt films used in the
measurements with the organic molecules, a correction factor cIR was introduced, similar to
that described in section 2.6.3. The general equation of the polynoms with the coefficients
given in the following table is [75]:

θCO, rel = a + b×( A(COL) × cIR) + c×( A(COL) × cIR)2 + d×( A(COL) × cIR)3

0.06 V

0.1 V

0.2 V

0.3 V

0.4 V

0.5 V

0.6 V

a

0.04833

0.04239

0.08751

0.16147

0.10504

0.16379

0.17859

b / cm

1.41167

1.27937

1.68271

1.28993

1.63582

1.65840

2.50440

c / cm2

-1.33436

-0.96793

-2.80190

-1.10612

-2.59555

-2.58023

-5.03299

d / cm3

2.76633

2.00748

3.69974

1.47752

3.28731

3.23565

5.79866

Tab. 2-1: Potential dependent coefficients used in the polynomial fits for the relation between COL
absorbance and relative COad coverage
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2.8.6 Determination of initial COad formation rates
Since the increase of the COL absorbance upon dissociative adsorption of the organic
molecules is measured in-situ by ATR-FTIRS during the electrolyte exchange experiments at
constant potentials the relation between the COL absorbance and the COad coverage enables
the determination of COad formation rates. The increasing COad coverage during the
adsorption transients causes a decrease of the COad formation rate. Therefore only the initial
COad formation rates on a pre-cleaned Pt surface briefly after the electrolyte exchange to the
organic molecule containing solutions are determined via the initial slope of COad coverage.

2.9 Chemicals
0.5 M H2SO4 solutions prepared from Millipore Milli Q water (18.2 MΩ cm) and suprapure
sulfuric acid (96%, Merck) was used as supporting electrolyte. It was purged by Ar or N2 to
remove oxygen.
For CO adsorption, the supporting electrolyte was saturated by bubbling CO (purity 4.7)

The chemicals used for preparing the solutions with the small organic molecules are listed
below. They were used without further purification.

Name
ethylene glycol

Formula
HO
OH
OH

ethylene glycol D4

D

Purity

Supplier

99.5 %

Merck

97 atom % D

Sigma-Aldrich

> 98%

Fluka

for synthesis

Merck

99.5%

Merck

D
D
D
OH

glycolaldehyde

O
OH

dimer
glyoxal

O
O

O

glycolic acid
HO

OH

2. Experimental

31
O

glyoxylic acid
monohydrate

97%

Merck

pro analysi

Merck

normapure, 99.5%

Sigma-Aldrich

≥ 97.0%

Sigma-Aldrich

99%

Sigma-Aldrich

p.A. 99.5%

AppliChem

Chemical: 99.6%

Cambridge Isotope

Isotopic: 99.3%

Laboratories

97%

Alfa Aesar

99%

Alfa Aesar

O
OH
O

Oxalic acid
HO

dihydrate

OH
O

OH

glycerol
HO

OH
OH

DL-glyceraldehyde
dimer

O

HO
O

glyceric acid
calcium salt,
dihydrate

HO

OH
OH

1-propanol
1-propanol-1-13C

HO

HO
13C

propionaldehyde
propionic acid

O
O

OH

Tab. 2-2: List of chemicals
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Electrooxidation of glycerol studied by
combined in-situ IR spectroscopy and
online mass spectrometry under
continuous flow conditions

The content of this chapter was published in reference [100], Journal of Electroanalytical
Chemistry 661 (2011) 250–264. The experimental section (section 2 in the publication) was
removed to avoid duplication. The style as well as the numbering of the sections, the
references and the figures have been adapted to fit the layout of the thesis. For the same
reason some spellings have been uniformed.
Initial data on this topic were presented in Dorothee Denot’s Zulassungsarbeit “Kombinierte
in situ IR und online DEMS Untersuchungen zur Elektrooxidation von Glycerin an Pt
Elektroden als Modellreaktion für die Direktalkohol-Brennstoffzelle“, Universität Ulm, 2007.
I reproduced the measurements on glycerol. The re-measured data are shown in the present
thesis. I revised and significantly extended the evaluation of all measurements.

3. Glycerol electrooxidation

33

3.1 Abstract
Using a combined spectro-electrochemical DEMS/ATR-FTIRS set-up, we have investigated
the adsorption/oxidation of glycerol on a Pt thin film electrode by potentiodynamic, potentiostatic, and adsorbate-stripping experiments. The potential and time dependent development of
the glycerol adlayer was followed by highly surface sensitive in-situ ATR-FTIR spectroscopy,
while the volatile products formed during the glycerol adsorption/oxidation process were simultaneously monitored by online differential electrochemical mass spectrometry (DEMS).
For the assignment of the detected glycerol adsorbates, comparative experiments were carried
out, investigating the adsorption/oxidation of glyceraldehyde and glyceric acid. The data show
that i) during the adsorption/oxidation of glycerol, COad is formed in the potential range
between 0.1 and 0.7 VRHE, which can be oxidized further to CO2 at potentials above 0.5 V,
that ii) beside COad, adsorbed glyceroyl (at 0.3 and 0.4 V) and glycerate (between 0.6 and
0.9 V) are formed, that iii) glyceric acid is a dead end in the electrochemical oxidation of
glycerol, and that iv) glyceraldehyde is an intermediate to COad formation.

3.2 Introduction
The electrooxidation of small organic molecules has attracted considerable interest due to
their potential as fuel for direct alcohol fuel cells (DAFCs). Glycerol may be particularly
interesting, since it is generated in large amounts, at about 14 wt.%, as a byproduct in the
production of biodiesel [101], and the biodiesel production is expected to increase
significantly in the next years [102]. Although glycerol is a valuable commodity for industry,
its production exceeds by far the consumption of its traditional users in pharmaceutical and
lubricant industry. Therefore, an alternative utilization is desirable, and its use as fuel in direct
oxidation fuel cells would be an interesting option. Additional advantages of glycerol
application in fuel cells are that it is non toxic, inflammable and has a low volatility.
Therefore, compared to other possible fuels such as hydrogen, methanol or ethanol, the
transport, storage and handling of glycerol is less demanding. Despite of these advantages, the
electrocatalytic oxidation of glycerol has been investigated much less compared to other
organic fuels, and the reaction kinetics and mechanism are far from being understood. These
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are, however, crucial for the mechanistic understanding of the electrochemical conversion of
glycerol to CO2.
The catalytic oxidation of glycerol was studied under different conditions, both in chemical
processes [103-107] and in an electrochemical environment [108]. In the latter case, mainly
gold and platinum electrodes were investigated for reaction in alkaline and in acidic
electrolytes, respectively [28;30;44;106;109-119]. Using cyclic voltammetry (CV), Enea et al.
compared the activity of gold and platinum electrodes and found that in alkaline solution, the
onset of glycerol oxidation starts at lower potential when platinum was used, whereas the
highest current density was measured on a gold electrode [112]. However, gold was found to
be inactive for glycerol oxidation in acidic medium [120]. Venacio et al. [119] and Grace et
al. [121] showed recently that the activity for glycerol electrooxidation is enhanced, when Pt,
bimetallic PtPd or Ru-doped PtPd nanoparticles are dispersed in polyaniline matrices. The
structural sensitivity of the potentiodynamic glycerol oxidation on the crystallographic
orientation of the platinum electrode in alkaline solutions was investigated by Avramov-Ivic
et al. [114]. They found that Pt(110), the onset of the glycerol oxidation was shifted to lower
potentials compared to a Pt(111) electrode, whereas the highest current density was measured
on the latter one.
A detailed analysis of the reaction products formed during long-term continuous electrolysis
of glycerol was performed by Roquet et al., using high performance liquid chromatography
(HPLC) [28]. At 0.75 VRHE, the main reaction product was glyceraldehyde, and glyceric acid
and tartronic acid were detected as side products. At an electrolysis potential of 1.3 VRHE, the
formation of glycolic acid and formic acid was also reported, in addition to glyceraldehyde
and glyceric acid. GC/MS product analysis after galvanostatic electrooxidation of glycerol
over a polycrystalline Pt electrode in acidic medium showed the formation of a large number
(>20) of different compounds [122]. On-line analysis of the non-volatile glycerol
electrooxidation products over polycrystalline Au and Pt electrodes in alkaline medium by
HPLC [30] allowed the authors to discriminate between the reaction products as a function of
the electrode potential for the two electrodes. A variety of incomplete oxidation products with
the C-C bonds remaining intact or only partly broken was detected, which points to
pronounced kinetic limitations for the dissociative adsorption and subsequent complete
oxidation of glycerol to CO2.
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Using in situ FTIR spectroscopy in a voltammetric study, Leung et al. [44] detected an
absorption band at 2056 cm-1, which was assigned to COad. The COad coverage was estimated
to be about 0.5 monolayers (ML) by comparing the intensity of the COad band resulting from
glycerol dissociative adsorption and the COad intensity measured when gas phase CO was
adsorbed on the electrode. In the same study, additional IR bands were identified at 1740 and
1242 cm-1, respectively, during glycerol oxidation, which were attributed to the carboxyl
group of a non-specified carboxylic acid [44]. Furthermore, CO2 formation was detected via
an absorption band at 2343 cm-1, which appeared at potentials above 0.56 VRHE. In alkaline
solution, Avramov-Ivic et al. detected an absorption band at about 2000 cm-1 by
electromodulated IR reflectance spectroscopy (EMIRS), which they assigned to COad [114].
Several additional absorption bands between 1800 and 1400 cm-1 were detected by this technique and attributed to the formation of glyceric acid, tartronic acid, oxalic acid and formic
acid. In a recent FTIR spectroscopy study on glycerol electrooxidation over a polycrystalline
Pt electrode, performed in an external reflection configuration, the formation rates for both
CO2 and glyceric acid were evaluated by differentiating the corresponding integral band intensities [123]. This revealed a massive CO2 production at high potentials above 1 VRHE,.
Gootzen et al. applied FTIR spectroscopy and product analysis by differential electrochemical
mass spectrometry (DEMS) to study the mechanism of glycerol adsorption/oxidation at
0.4 VRHE on a Pt electrode. Based on adsorbate-stripping measurements, they concluded that
glycerol is completely dehydrogenated to form adsorbed CO, since no methane desorption
was found at low potentials and COad was the only adsorbate detected via IR spectroscopy
[117].
The spectroscopic data, in combination with the Faradaic current response, have significantly
contributed to the current understanding of the glycerol electrooxidation reaction. So far, it is
generally accepted that i) adsorbed CO is formed during the adsorption/oxidation of glycerol
on a Pt electrode, which results in poising of the catalyst at low potentials, and that ii) the
main reaction products are glyceraldehyde, glyceric acid and CO2. However, details on the
reaction kinetics and mechanism are still largely unknown, since no other adsorbates beside
COad were identified by IR spectroscopy. Hence, little is known about the formation of other
adsorbates (spectators, reactive intermediates or poisoning species) and their potential dependent temporal evolution, and on potential effects of these adsorbates on the reaction path-
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ways (activity and selectivity). Furthermore, little attention has been paid to the dissociative
adsorption of glycerol and the effect of the electrode potential on this crucial reaction step.
In the present study, we attempt to gain further insight into the mechanism and kinetics of the
adsorption/oxidation of glycerol on a Pt film electrode by using a recently developed spectroelectrochemical set-up [82;83;124] that allows us to simultaneously i) measure the Faradaic
current, ii) detect the presence of adsorbates by highly surface sensitive in situ ATR-FTIR
spectroscopy, and iii) analyze and quantify volatile reaction products by online DEMS under
continuous and controlled electrolyte flow conditions. After a brief description of the experimental set-up and procedures, spectro-electrochemical data on the potentiodynamic and potentiostatic electrooxidation of glycerol will be presented (section 3.3.1). The potential
dependence of the C-C bond splitting rate was determined from the slope of the COad
intensity increase with time at different, constant potentials. In addition to the kinetic analysis,
mechanistic details of the glycerol electrooxidation were derived from adsorbate-stripping
experiments (section 3.3.1.3). Finally, the adsorption and oxidation of glyceraldehyde and
glyceric acid as suspected intermediates during the oxidation of glycerol were studied and the
results are presented and discussed in sections 3.3.2 and 3.3.3, respectively.

3.3 Results and discussion
3.3.1 Adsorption/oxidation of glycerol
3.3.1.1 Potentiodynamic electrooxidation of glycerol
A set of ATR-FTIR spectra, recorded during the first cycle after the supporting electrolyte
was changed to glycerol containing electrolyte, is shown in Fig. 3-1. Absorption bands in the
region of ~2050 cm-1 and ~1830 cm-1 are attributed to linearly (COL) and multiply (COM)
bonded COad, formed by dissociative adsorption of glycerol [44;114;117]. In the first positivegoing scan, the COad bands appear at about 0.2 V and disappear at potentials at ~0.8 V due to
COad oxidation to CO2. In the subsequent negative-going potential sweep, the signal reappears
at ~0.6 V. An additional absorption band 1380 cm-1, with a shoulder at lower wave numbers,
was found at potentials between 0.7 and 0.9 V. Since similar features were observed upon
adsorption/oxidation of glyceraldehyde and glyceric acid (see sections 3.3.2 and 3.3.3), we
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assign this band to the symmetric bending vibration (υSOCO) of adsorbed glycerate, which is
formed during the oxidation of glycerol. The small shoulder at lower frequency we attribute to
the δCH vibration of adsorbed glycerate. This band has not been reported in previous IR
spectroscopic studies on the electrooxidation of glycerol [114;115;117]. Instead, Leung et al.
[44] found absorption bands in the region of 1740 and 1240 cm-1, which they attributed to the
production of a carboxylic acid. We explain this discrepancy by the surface enhancement
(SEIRAS) effect in IR measurements on rough metal electrodes [76]. This enables the
detection of adsorbed species with low coverages and/or a low absorption coefficient [76]. On
the other hand, IR spectroscopy measurements performed in an external reflection
configuration, as it was used in the previous studies on the glycerol electrooxidation, are more
sensitive to dissolved product species, which are trapped in the stagnant electrolyte layer.
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Fig. 3-1 Series of ATR-FTIR spectra recorded during the potentiodynamic electrooxidation glycerol
(electrolyte: 0.1 M glycerol in 0.5 M H2SO4, scan rate: 10 mV s-1). The reference spectrum was recorded at
0.06 V in 0.5 M H2SO4 just before changing to the glycerol containing electrolyte.

Fig. 3-2 shows the Faradaic current (a) response as well as the intensities of the characteristic
peaks and bands in the simultaneous on-line DEMS (b,c) and in situ ATR-FTIRS (d-f) meas-
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urements during the potentiodynamic oxidation of glycerol on the Pt film electrode. In the
first positive-going potential scan, a small oxidative current peak (peak i) is found (Fig. 3-2a)
at rather low potentials, which ranges from 0.2 to 0.3 V and has its maximum at ~0.24 V. The
onset of the main oxidation peak ii is at ~0.6 V. After passing a maximum at 0.7 V and a
shoulder at 0.81 V (peak iii), the current decays between 0.8 and 1.1 V. Finally, it increases
again up to the positive potential limit at 1.3 V (peak iv). In the negative-going scan, the
Faradaic current first decays and reaches essentially the base line at 1.05 V. At 0.9 V, it starts
to increase again, passes through a maximum at 0.65 V (peak v), which shows a significantly
higher current than obtained in the positive-going scan, and then decreases again to reach the
base line at ~0.5 V. In the second and subsequent positive-going scans, peak i does not show
up any more, and the current at peak ii is lower than in the first cycle. The general features of
the CV agree well with previous results on the continuous potentiodynamic oxidation of glycerol containing electrolytes on Pt electrodes [28;44;108;109]. The surface processes related to
the Faradaic current peaks will be discussed after the description of the spectroscopic results.
Fig. 3-2b shows the mass spectrometric CV (MSCV) of the m/z = 44 signal. To verify that the
m/z = 44 signal is unambiguously related to the formation of CO2 and does not contain
contributions from other products such as acetaldehyde and/or 2,3-dihydroxypropanal, the
m/z = 22 (CO2++) and m/z = 45 (13CO2+) signal were also measured. The ratio of the three
mass spectrometric currents (22, 44, 45) was constant and identical to the ratio obtained in
separate experiments for the electrooxidation of a CO saturated 0.5 M H2SO4 electrolyte at
1.0 V. Hence, the m/z = 44 current measured for glycerol oxidation results purely from CO2.
In the first positive-going scan, CO2 formation starts at about 0.5 V, passes through a
maximum at about 0.7 V, and then decays again. This peak is followed by a rather constant
CO2 formation rate between 0.9 and 1.2 V, before it increases slightly just before reaching the
upper potential limit. In the negative-going scans, the signal decreases rapidly and there is no
CO2 formation detected between 1.2 and 0.85 V. Between 0.85 and 0.5 V, a CO2 formation
peak is detected, but the maximum ion current is only about ¼ of the maximum current
reached in the positive-going scan. Except of the onset of the main peak, which is shifted to
more positive potentials, the subsequent scans are similar to the first one.
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Fig. 3-2 Potentiodynamic electrooxidation of glycerol: (a) Faradaic current; mass spectrometric current
for m/z = 44 (b), m/z = 43 (c), m/z = 39 (inset of b); the integrated absorbance of linearly (d) and multiply
(e) bonded adsorbed CO, as well as the integrated absorbance of adsorbed glyceric acid (f) (electrolyte: 0.1
M glycerol in 0.5 M H2SO4, scan rate: 10 mV s-1). ○ first cycle, ▲ following cycles

In Fig. 3-2c, the mass spectrometric CVs of the m/z = 39 and m/z = 43 signals are presented,
which were measured to test for a possible reduction of glycerol to propane. Both signals
show an increase upon switching from the base electrolyte to glycerol solution at 0.06 V and a
peak at 0.06 V when the potential is cycled. The same characteristics were observed for m/z =
15 (CH3+) and m/z = 42, but not included in the figure. We attribute the increase of the m/z =
15, 39, 42 and m/z = 43 current signals in this potential range to propane formation at low po-
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tentials [125]. We also followed the currents for m/z = 30 (e.g., ethane), m/z = 31 (possible
fragment of methanol, ethanol, propanol, glyceraldehyde) and 61 (glycerol, glyceraldehyde)
but they did not show any potential dependence. We have no evidence for the formation of
other volatile reaction products. It should be noted, that non-volatile reaction products such as
glyceric acid cannot be detected by DEMS.
The development of integrated absorbances of the IR bands related to linearly and multiply
bonded COad and of adsorbed glycerate is shown in Figs. 3-2d, e, and f, respectively. In the
first scan, the COL band appears at 0.2 V, grows rapidly and passes through a maximum at
0.5 V, and then decreases to zero between 0.65 and 0.9 V. The latter decay reflects the
increasing oxidation to CO2. In the negative-going scan, COL is detected at potentials lower
than 0.70 V, when COad formation becomes faster than COad oxidation to CO2. The
absorbance increases with decreasing potential and reaches its maximum at 0.06 V. In the
subsequent positive-going scan, the absorbance remains at its high level, but is slightly lower
than the maximum absorbance of the first scan in the range 0.6 – 0.7 V. The curves of the first
and the following scans coincide at potentials above about 0.7 V. In the third scan, the
maximum COL absorbance is again slightly lower than in the second one, which we relate to a
continuous formation of other stable adsorbates that partly block COad formation.
The signal related to COM absorbance starts growing at 0.1 V, and the maximum COM absorbance appears already at 0.3 V, followed by a decrease. The initial decrease occurs while
the COL absorbance is still increasing, which we attribute to a potential and COad coverage
dependent structural rearrangement in the COad layer [126]. The maximum absorbance of the
COM signal is only 1/3 of that of the COL signal, which closely resembles observations for
COad formation upon adsorption from gaseous CO in a similar set-up [126]. In the negativegoing scan, the COM band increases at E < 0.75 V. In the subsequent positive-going scan, the
absorbance decreases slowly already at potentials 0.2 V, which we relate to a conversion of
CO adsorbed in a multiply bonded configuration to CO adsorbed in atop position with
increasing potential [83;126]. At ~0.7 V, it coincides with the signal of the first scan.
Bands assigned to adsorbed glycerate appear between 0.6 and 0.95 V in the positive-going
scan. The subsequent decrease in the high-potential region does not rule out further formation
of glycerate since a similar curve shape was found for sulfate adsorption and attributed to the
displacement of anions due to oxide formation at the Pt surface [127]. In the negative-going
scan, glycerate adsoprption is initially absent and sets in only at 0.9 V. We explain the ab-
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sence of adsorbed glycerate in the high-potential region by OH adsorption/oxidation of the
platinum surface in the high potential region (>1.0 V), whose reduction sets in only at 0.9 V.
Together with the reduction of the platinum surface, the glycerate absorbance increases at
potentials between 0.9 and 0.67 V, before these species are displaced by more strongly adsorbing COad. Between 0.77 and 0.45 V, the absorbance of adsorbed glycerate is higher in the
negative-going scan than in the positive-going scan. This is related to the lower COad coverage in this potential regime in the negative-going scan, as indicated by the COL absorbance
(see Figs. 3-2d,e). In the second and following positive-going scans, the glycerate signal
generally resembles that in the first one, except for a slightly lower absorbances at high
potentials (>0.8 V).
The complementary spectroscopic features discussed above allow us to understand most of
the surface processes determining the Faradaic current response as a function of the electrode
potential. Starting at 0.06 V in the first positive-going scan, no Faradaic current is observed at
potentials below 0.2 V. Up to this potential, there is no adsorbed CO on the platinum surface,
as seen from the integrated absorbances of COL and COM (Figs. 3-2d, e), respectively. Since
there are also no other IR absorption bands at potentials below 0.25 V, we conclude that glycerol adsorption is hindered in this potential regime, most likely due to the presence of Hupd.
Similar findings were reported for the adsorption of other alcohols such as methanol [128],
ethanol [7;92;128] and ethylene glycol [129]. Glycerol oxidation sets in at potentials above
0.2 V, resulting in a small current peak (Fig. 3-2a) at about 0.25 V, which can be directly correlated with the oxidative formation of COad resulting from dissociative adsorption of glycerol. Since the COad coverage increases upon adsorption, the Faradaic current decreases when
the potential is further increased up to 0.4 V.
At about 0.5 V, CO2 formation (Fig. 3-2b) is detected. We relate this to the oxidation of COad,
whose integral band intensities start to decrease at this potential (Fig. 3-2d, e), first very slow
and then increasingly rapid at potentials above 0.6 V. Consequently, the Faradaic current
strongly increases for potentials above 0.6 V. In this potential range, the CO adlayer, which
was blocking the catalyst surface at lower potentials, is removed. Though CO2 is formed during the Faradaic current peak ii, it is only one of the products and not the dominant one. The
contribution of CO2 formation to the overall Faradaic current, i.e., the CO2 current efficiency,
has a maximum of about 23% at 0.65 V. It should be noted that the CO2 current efficiency
was calculated assuming an average number of 4.67 electrons per CO2 molecule, as obtained
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for the complete oxidation of glycerol. Since based on the IR data oxidation of preformed
COad, which provides only 2 electrons per CO2 molecule and would as the only CO2 source
result in a current efficiency of 10%, (23% × 2/4.67), contributes significantly to the CO2
formation in this potential region, the CO2 current efficiency is overestimated. In reality the
CO2 current efficiency is between the two extreme values 23% and 10%. The uncertainty in
the number of electrons per CO2 molecule can be circumvented in potentiostatic
measurements as discussed in section 3.1.2.
The Faradaic current peak iii coincides with the formation of adsorbed glycerate, as seen from
the IR spectroscopic data (Fig. 3-2f), indicating the oxidation of glycerol to glyceric acid.
Here we assume that free glyceric acid exists in equilibrium with adsorbed glycerate, similar
to acetic acid and acetate [92]. A quantification of the product yield based on the IR spectra,
however, is hardly possible, because of the unknown equilibrium constant and intensity –
coverage calibration. At potentials above 0.74 V, the Faradaic current decreases, most likely
due to the formation of Pt oxide. Nevertheless, also at high potentials the Faradaic current is
still accompanied by CO2 formation, with a CO2 current efficiency of between 5 and 10%.
Thus, while glycerol is mainly oxidized to incomplete reaction products such as glyceraldehyde [28], C-C bond breaking and CO2 formation are still possible and occur at low rates.
Similar characteristics were reported for the electrooxidation of ethylene glycol [129] and
ethanol [130]. It should be mentioned that the absence of COad related absorption bands in the
high potential region does not exclude the dissociative adsorption of glycerol to form COad; it
only indicates that the rate constant for COad formation is much slower than the rate constant
of its subsequent oxidation to CO2, resulting in a very low COad coverage.
In the negative-going scan, the higher Faradaic current in peak iv compared to the positive–
going scans is explained by the lower COad coverage at potentials between 0.9 and 0.4 V,
which is evidenced by the COad absorbances (Figs. 3-2c, d). Despite of the higher Faradaic
current, the CO2 formation rates are low. This can be understood, when taking into account,
that there is no COad on the surface that was preformed at lower potentials and when assuming
that at higher potentials C-C bond breaking is slow (see above). Only at potentials below
0.7 V, the latter process becomes more facile. Since under these conditions COad oxidation
becomes increasingly slower, this results mainly in the build-up of a CO adlayer. Therefore
the CO2 current efficiency is only about 3%, and incomplete oxidation of glycerol prevails in
the entire potential regime between 0.9 and 0.4 V. The formation of glyceric acid is evidenced
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by the increase in the integrated absorbance of the corresponding anion (Fig. 3-2e). The
decrease of the Faradaic current for potentials below 0.65 V is attributed to the fast
accumulation of COad on the Pt surface (see above and Figs. 3-2c, d).
There are distinct differences in the Faradaic current between the first and second positivegoing scan: first, peak i has disappeared, second, the onset of the current peak ii is shifted to
higher potentials, and third, the current at peak ii is lower than in the first cycle. Theses differences are attributed to surface blocking by COad, which was accumulated in the preceding
negative-going potential scan. On the other hand, the integrated absorbances of the COad
bands at 0.6 V are slightly lower in the second and third positive-going scan than in the first
one. Since the wave number of the COL band (E= 0.6 V) decreases as well when going from
the first to the second and subsequent scans, from 2062 cm-1 to 2058 cm-1 and 2056 cm-1, respectively, the ATR-IR spectra indicate that the COad coverage at this potential (0.6 V) is
highest in the first scan. The finding that the Faradaic current in the second positive-going
scan is slightly smaller for potentials between 0.4 and 0.8 V than in the first scan is straightforwardly explained by the presence of additional adsorbates formed at higher potentials,
which are not detected via ATR-FTIRS and which slightly reduce the COad coverage and
block active sites for continuous glycerol oxidation.

3.3.1.2 Potentiostatic glycerol oxidation
To follow the kinetics of adsorbate formation on an initially adsorbate free Pt surface ( except
of those originating from the supporting electrolyte) without being affected by the variation of
the potential as in the potentiodynamic measurements, we recorded a series of adsorption
transients at different, constant potentials upon changing the electrolyte supply from supporting electrolyte to glycerol containing solution. Fig. 3 shows IR spectra measured about 34 s after changing the electrolyte from 0.5 M H2SO4 to 0.1 M glycerol in 0.5 M H2SO4 at
different constant potentials between 0.1 and 0.7 V. The time 3-4 s was chosen, since at this
time the COad coverage is still sufficiently low that other adsorbates are not yet displaced. For
adsorption in the low potential regime, at potentials of 0.06 and 0.1 V, there are no IR absorption bands detected. Hence, at these potentials the dissociative/oxidative adsorption of glycerol is too slow to form detectable amounts of adsorbates as discussed for the
potentiodynamic experiment (section 3.3.1.1).
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Fig. 3-3 ATR-FTIR spectra recorded about 3-4 seconds after electrolyte exchange from 0.5 M H2SO4 to
0.1 M glycerol containing 0.5 M H2SO4 at different, constant potential, as indicated in the figure. The
reference spectra were recorded at the corresponding adsorption potential in 0.5 M H2SO4 just before
changing to the glycerol containing electrolyte.

The negative band of the water stretching mode (ca. 3530 cm-1) and the negative double band
of bisulfate (1190 and 1100 cm-1), which are present at all potentials >0.2 V, reflect a partial
displacement of the respective adsorbates by adsorbed glycerol, by its derivatives or by COad.
Also, adsorbed COL (2020 – 2060 cm-1) and COM (1805 – 1830 cm-1) species are formed at
all potentials except of at the very low potentials (0.06 and 0.1 V).
The appearance of a band at 1640 cm-1 for adsorption potentials of 0.3 and 0.4 V points to the
formation of an adsorbed carbonyl species. This band was not detected during potentiodynamic glycerol oxidation. Most likely, this discrepancy results from the fact that at 0.3 V the
COad related intensities and hence the COad coverage were already too high. An assignment of
this band is not straightforward, since in this wave number region the C=O mode of carbonylic groups and the bending mode of water, coadsorbed with COad, are expected. However,
adsorbed water causes absorption bands at about 1620 cm-1 (bending mode) and at
~3530 cm-1 (stretching mode). Since the latter band is absent in these spectra, we assign the
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band at 1640 cm-1 to an adsorbed carbonyl species. An absorption band at around 1630 cm-1
was also detected in ATR-FTIRS measurements on the adsorption/electrooxidation of ethanol,
acetaldehyde, ethylene glycol and glycol aldehyde, and the authors assigned this band to
adsorbed acetyl or 2-hydroxy-acetyl species [26;91;92;131]. Correspondingly, we tentatively
assign this band to an adsorbed 2,3-dihydroxy-propionyl species (also been named as
glyceroyl, which will be used henceforth). The formation of an adsorbed carbonyl species
indicates that at least one alcohol group of glycerol has been oxidized, most likely without
scission of the C-C bond. The electrooxidation of glycerol to glyceraldehyde requires only the
abstraction of two protons, which is reasonable at 0.3 V, since no adsorbed OH is needed.
Similar observations were reported for ethanol [91;92] and ethylene glycol [29;131] oxidation
to the corresponding aldehydes. The potential dependent adsorption behavior and reactivity of
glyceraldehyde are discussed in more detail in section 3.3.2.
During adsorption of glycerol, the band at 1640 cm-1 is only detected at potentials of 0.3 and
0.4 V and not at higher potentials. Most likely, at higher potentials the further reaction of the
adsorbed aldehyde species to COad or to carboxylic acids is so fast that their amount remains
below the detection limit. Another possible explanation could be that at higher potentials the
adsorption/oxidation of glycerol proceeds without the formation of adsorbed glyceroyl
species. However, assuming analogous mechanisms for different alcohols, this seems to be
unlikely because during the oxidation of ethanol an acetyl band is still detected at 0.6 V [132].
A double band (at 1380 and 1315 cm-1) appears between 0.6 and 0.7 V, which was also observed during potentiodynamic glycerol oxidation (Fig. 1) and which was assigned to adsorbed glycerate (see also section 3.3.3). The absence of this species at adsorption potentials
below 0.6 V can be explained by two effects, i) the hindered formation of adsorbed oxygen
species, which are required for glyceric acid formation and which are formed with measurable
rates on Pt surfaces only at potentials above 0.55 V [133], and ii) the decreasing coverage of
adsorbed glycerate species with decreasing potential even at a constant concentration, as reported for other carboxylic acids like acetic acid [48] (see also section 3.3.3).
In the following, we will analyze the temporal evolution of the adlayer during glycerol adsorption at different, constant adsorption potentials (Fig. 3-4) by comparing trends in the
Faradaic currents (a), the mass spectrometric currents for m/z = 44 (b) and the integrated absorbances of COL (d), COM (e), and adsorbed glycerate (c), and finally of the wave number of
the COL band (f) as a function of time after electrolyte exchange.
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Fig. 3-4 a) Faradaic current density; b) mass spectrometric current density (m/z=44), inset CO2 current
efficiency (CCE); integrated absorbance of c) adsorbed glycerate, d) linearly bonded CO, e) multiply
bonded adsorbed CO, and f) wave number of linearly bonded COad during potentiostatic glycerol bulkoxidation (electrolyte: 0.1 M glycerol in 0.5 M H2SO4). Adsorption potential: □ 0.06 V, ● 0.1 V, ▲ 0.2 V,
▼ 0.3 V, ■ 0.4 V,◄ 0.5 V,► 0.6 V,○ 0.7 V.

For adsorption potentials of 0.06 and 0.1 V, continuous small cathodic currents in the range of
2 to 6 µA are measured (see inset in Fig. 3-4a and below), and the formation of COad is very
slow and essentially constant. Possible reasons for the low COad formation rate at this potential are surface blocking by Hupd [128;134] and/or a low intrinsic activity of glycerol at low
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potentials. The reductive Faradaic current is accompanied by measurable mass spectrometric
currents for typical propane fragments at m/z = 15, m/z = 39, m/z = 42 and m/z = 43 [125].
Hence, we attribute the cathodic current to glycerol reduction to propane.
For adsorption potentials ≥ 0.2 V, oxidative currents are detected, in agreement with the lowpotential current peak in the first cycle of potentiodynamic glycerol oxidation. After admission of glycerol containing solution, the current rises steeply, followed by a roughly exponential decay. For potentials between 0.2 and 0.5 V, the Faradaic current drops to essentially
zero, whereas for potentials of 0.6 V and above, anodic steady-state currents are measured after 300 s. The fast current decrease to zero for potentials of 0.5 V and below, down to 0.2 V,
is correlated with a fast build-up of a reaction inhibiting CO adlayer on the surface. This is
reflected by the rapid increase of the integrated absorbances of the COL and COM signals
(Figs. 3-4d and 4e). The intensities increase steeply in the first 20 s after electrolyte exchange,
and then reach a saturation value, which is practically identical for all adsorption potentials
between 0.3 and 0.5 V. Since the oxidative removal of COad is negligible at these potentials,
as evidenced from the absence of a corresponding signal in the m/z = 44 currents in Fig. 3-4b,
the Pt surface is poisoned and no further adsorption/oxidation of glycerol is possible. Nevertheless, the integrated absorbances of the CO bands decrease for potentials between 0.2 and
0.5 V after about 30 s of glycerol admission. Since CO desorption is unlikely under these
conditions, we associate this decrease with a structural rearrangement in the CO adlayer, most
likely due to the accumulation of other adsorbates [83;126], even though there are no additional bands besides COM and COL detected during adsorption. This effect was not observed
(or below the detection limit) in similar experiments at lower glycerol concentrations.
At potentials above 0.5 V, COad is continuously oxidized to CO2, which is reflected by an
initial increase in the m/z = 44 current. This causes a steeper decrease in the COad absorbance
(0.6 V) or even the absence of the initial rise in the COad absorbances, and lower final COad
coverages than at the lower potentials. Consequently, free Pt sites are available and glycerol
oxidation is not completely inhibited, resulting in a continuous Faradaic current. Yet, in spite
of the decreasing COad coverage with time, the Faradaic current also decreases with adsorption time. This again points to the formation of other poisoning adsorbates which cannot be
oxidized at these potentials. Besides COad, the only adsorbate we detected via ATR-FTIRS at
these potentials is adsorbed glycerate. The related bands at 1380 and 1315 cm-1 disappear
within a few seconds, when the cell is rinsed with base electrolyte at t = 300 s (at 0.7 V), most
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likely due to fast desorption (see Fig. 3-4c). Based on comparative measurement on the
adsorption/oxidation of glyceric acid (see section 3.3.3), we assume that these absorption
bands correspond to a weakly (and reversibly) adsorbed spectator species in the course of
glycerol oxidation. Therefore, accumulation of adsorbed glycerate and resulting surface
blocking can hardly be responsible for the deactivation of the electrode. Further information
on possible adsorbates, in addition to COad, will be gained by the adsorbate stripping
experiments (section 3.3.1.3).
The values of the CO2 current efficiencies evaluated from the potentiostatic experiments are
more meaningful for practical purposes than those derived from the potentiodynamic
measurements. This is particularly true under steady-state conditions, where the rates for
formation and further reaction of reaction intermediates to CO2 are identical. At the beginning
of the adsorption/oxidation transients at 0.6 and 0.7 V (see inset in Fig. 3-4b), the CO2 current
efficiency rises steeply, which we relate to the initially low COad coverage. In contrast to the
COad coverage, the temporal development of the CO2 current efficiency at 0.6 V does not
decrease with time, which indicates that the assumed accumulation of reaction inhibiting
adspecies (“surface poisons”) affects both the formation of CO2 and of other products in the
same way. The CO2 current efficiency is about 6% at 0.7 V and 0.6 V, which is close to the
values reported previously for ethylene glycol electrooxidation [135].
Recently, we established a quantitative relation between the integrated absorbance of COL and
the COad coverage on Pt film electrodes [75]. This enables us to determine the COad formation
rate as a function of the adsorption potential up to 0.6 V on a clean Pt surface at the beginning
of the adsorption transients, which is shown in Fig. 3-5. Further oxidation of COad to CO2,
though being possible at 0.6 V, can be neglected since the oxidation rate is slow compared to
the COad formation rate. (The latter can be estimated from the slope at the end of the
adsorption transient, during rinsing.) At potentials below 0.2 V, the COad formation rate is
very small. It increases with adsorption potential, passes through a maximum at 0.4 V, and
decreases slightly at higher potentials. The characteristics of the potential dependent COad
formation rate, which corresponds to the dissociation rate, and the COad saturation coverage
resulting from dissociative adsorption, closely resemble those reported for ethylene glycol
adsorption by Fan et al. [136] and by Schnaidt et al. [131]. The former study used a
programmed potential step technique, while the latter one employed the same ATR-FTIRS
approach as used here. The COad formation rates are comparable to those determined for
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ethylene glycol adsorption [131], but considerably higher than reported for ethanol adsorption
[75]. This indicates that the splitting of the C-C bond is enhanced by the hydroxyl groups at
the second (and third) carbon atom.
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Fig. 3-5 Initial COad formation rate upon admission of 0.1 M glycerol and 0.1 M glyceraldehyde in 0.5 M
H2SO4 solution at different constant potentials. ■ glycerol, ▲ glyceraldehyde

3.3.1.3 Glycerol Adsorbate Stripping
Following the potentiostatic adsorption/oxidation of glycerol, adsorbate stripping experiments
were performed to gain further information on the amount and nature of the stable adsorbates.
The potential scans were started in the negative direction from the respective adsorption potential, because this provides insight into the behavior of the adsorbates both at reductive and
at oxidative potentials. The Faradaic current (a), the mass spectrometric currents for m/z = 44
(b), m/z = 43 (c), and m/z = 42 (d), related to the formation of CO2 upon COad oxidation (b)
and the propane-related fragments for the reductive desorption of the adsorbate (c and d), and
the integrated absorbances of the COL (e) and COM (f) signals recorded during these
experiments are shown in Fig. 3-6.
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Fig. 3-6 Potentiodynamic adsorbate stripping following the potentiostatic adsorption/oxidation of glycerol
at different, constant potential as indicated in the figure: a) CV; b) MSCV (m/z=44); c) MSCV (m/z=43);
d) MSCV (m/z=42); integrated absorbances of e) linear bonded CO, f) multiply bonded CO (v = 10 mV s-1;
electrolyte 0.5 M H2SO4). Adsorption potential: □ 0.06 V, ● 0.1 V, ▲ 0.2 V, ▼ 0.3 V, ■ 0.4 V,◄ 0.5 V.

In the Faradaic current (Fig. 3-6a), the characteristic signal for underpotential
H adsorption/desorption is suppressed, mainly due to the presence of COad after 300 s of glycerol adsorption. The suppression is strongest for adsorption potentials between 0.2 and 0.5 V,
in agreement with the COad related absorbances, which show the highest COad coverage after
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glycerol adsorption in this potential regime. Interestingly, for these adsorption potentials, the
COM absorbances increase during the negative-going potential scan, whereas the intensities of
the COL band are more or less constant. A similar behavior of the intensities of the COL and
COM bands was observed by Chen et al., when scanning the electrode potential from 0.4 to
0.06 V at defined, constant COad coverages of 0.3 and 0.43 ML [126]. The change in intensity
was attributed to a potential dependent, reversible compression in the CO submonolayer
caused by co-adsorption with Hupd [126]. In the present case, however, the increase of the
COM intensity is not reversible when increasing the electrode potential from 0.06 to 0.4 V.
Instead, when passing the respective adsorption potentials, the intensities of COL and COM
signals have both gained in intensity, as evident from comparing the negative- and positivegoing scan. Recently, we found a similar increase of the COad related IR bands during ethanol
adsorbate stripping, following adsorption at 0.4 V [26]. In that case, we attributed this to an
increase in the COad coverage caused by decomposition of stable adsorbates to COad in the
low potential region after adsorption at 0.3, 0.4 and 0.5 V.
After adsorption at 0.3, 0.4 and 0.5 V, we found no significant shifts of the COL band after
passing the low potential region (ca. 1.5 cm-1). Together with the intensity increase, this
points to an increased COad coverage and an additional (counteracting) relaxation of the COad
layer due to reductive removal of co-adsorbates. The DEMS signals on m/z = 15 (not shown),
m/z = 39 (not shown), m/z = 42, m/z = 43 in the Hupd region, most likely due to reductive
desorption of propane, support this conclusion, even though the signals are close to the
detection limit. Our results differ from findings reported by Gootzen et al. [117], who found
the intensity of the COad band to remain constant upon cycling into the Hupd region, and only a
slight down-shift of the COad band by 3 cm-1. They interpreted this finding by a reductive
removal of co-adsorbates, while the COad coverage was assumed to remain constant.
Furthermore, when the COad coverage is reduced by oxidation, we find a band appearing at
~1600 cm-1, which shifts to higher wave numbers with increasing potential. The band is still
present after the first potential cycle. Since this band was not observed during the adsorption
and the subsequent rinsing in the base electrolyte, the adsorption configuration of the related
adsorbate must change when the COad coverage is decreased oxidatively. The appearance of
this band proves that COad is not the only stable adsorbate. The position of the band indicates
that this adsorbate contains a carbonyl function. Since the wave number and characteristics of
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this band differ from the band assigned to glyceroyl (at 1640 cm-1 at the beginning of the
adsorption), we assume that it is related to another adsorbate.
In the positive-going potential scan, the major oxidative current peak, which is attributed to
the oxidation of stable adsorbates formed during the glycerol adsorption, is centered at 0.7 V.
It is accompanied by a similarly shaped m/z = 44 peak in the mass spectrometric current. Simultaneously, the COad related integrated absorbances decrease steeply to zero in this potential range (0.55 – 0.8 V), indicating that the peaks in the CV and MSCV are mainly due to the
oxidation of COad. This is supported by the number of electrons gained per CO2 molecule
which is close to 2 (integrating the peaks up to 0.885 V to minimize the contribution of the
oxidation of non-CO adsorbate(s) occurring in the PtO region) for adsorption potentials
> 0.2 V (Tab. 3-1). Adsorption at lower potentials results in an increasing number of electrons
per CO2 molecule, pointing to the presence of adsorbates with lower oxidation states than
COad. The COad coverages, relative to the saturation COad coverage resulting upon adsorption
of CO saturated electrolyte at 0.06 V, are given in Table 3-1. As expected, the COad coverages
follow the same trend as the initial COad formation rates (see section 3.3.1.2). The highest
coverage is 0.66 ML and is found at Eads = 0.4 V. At the low adsorption potentials, the
differences between the coverages calculated via the charge of the m/z = 44 signal and via the
Faradaic charge reflect the deviation in the number of electrons per CO2 molecules from the
value (n = 2) valid for pure COad stripping.
At potentials above 0.9 V in the positive-going oxidation scan, the anodic current is higher
than expected for the Pt-OH formation. At the same time, there is also a measurable mass
spectrometric m/z = 44 signal while the intensities of the COL and the COM absorption bands
are negligible in this potential region. In this potential region, the number of electrons per CO2
molecule is higher than 2, ranging from 6 after adsorption at 0.06 V to 2.6 after adsorption at
0.5 V. This indicates that even after the potential was cycled through the Hupd region,
adsorbates with lower oxidation state than COad and therefore most likely with at least one
intact C-C bond were present.
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Eads

ΘCO
(DEMS)

0.06 V
0.1 V
0.2 V
0.3 V
0.4 V
0.5 V

0.09
0.16
0.44
0.61
0.66
0.57

0.06 V
0.1 V
0.2 V
0.4 V
0.5 V

0.47
0.57
0.83
0.83
0.40

0.06 V
0.1 V
0.2 V
0.3 V

0.19
0.19
0.27
0.33
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ΘCO
n(e-)
(Faraday) E<0.885 V
glycerol
0.22
5.1
0.31
3.8
0.54
2.5
0.59
1.9
0.63
1.9
0.54
1.9
glyceraldehyde
0.69
2.5
0.79
2.4
0.90
1.9
0.89
1.9
0.61
2.6
glyceric acid
0.23
2.3
0.26
2.7
0.28
2.1
0.27
1.6

n(e-)
E>0.885 V
6.0
5.3
3.8
3.5
3.3
2.6
5.1
4.4
3.0
2.9
4.9
3.2
3.8
2.8
2.5

Tab. 3-1 Relative COad coverage after 5 min adsorption of the respective C3 species calculated from
adsorbate stripping experiments via the mass spectrometric current (DEMS) or via the Faradaic current,
as well as the number of electrons per CO2 molecule formed in the potential range below and above 0.885
V, respectively.

3.3.2 Adsorption and oxidation of glyceraldehyde
3.3.2.1 Adsorbate assignment
In order to assign the bands detected during glycerol adsorption/oxidation, we performed
comparative measurements on the adsorption/oxidation of glyceraldehyde, which was reported to be the main reaction product formed during the electrolysis of glycerol at 0.75 V
[28]. ATR-FTIR spectra recorded 1-2 s after exchanging the electrolyte from 0.5 M H2SO4 to
glyceraldehyde containing solution at different constant electrode potentials are shown in Fig.
3-7. The temporal evolution of the adsorbates will be discussed together with Fig. 3-9 (see
below). Formation of adsorbed CO, indicated by the absorption bands at ~2050 cm-1 (COL)
and 1810 cm-1 (COM), respectively, occurs at all potentials between 0.06 and 0.7 V (Fig. 3-7),
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whereas for glycerol this happens only at potentials higher than 0.2 V. These data agree
perfectly with recent findings on the adsorption behavior of a number of other alcohols and
aldehydes such as methanol and formaldehyde [128], ethanol and acetaldehyde [92;134] and
ethylene glycol and its oxidative intermediates [131;137] on Pt, where the authors reported
that COad formation is rapid and occurs at all potentials for molecules containing an aldehyde
function, whereas for pure alcohols this occurs only at potentials >0.2 V. Following those
studies, we also attribute the more rapid COad formation already at low potentials in the Hupd
regime to a stronger interaction between the aldehyde group and the Pt substrate as compared
to adsorption via the alcohol group. Once the aldehyde is adsorbed on the Pt surface, C-C
bond splitting is possible in the entire potential range and leads to the formation of adsorbed
CO.
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Fig. 3-7 ATR-FTIR spectra recorded about 1-2 seconds after electrolyte exchange from 0.5 M H2SO4 to
0.1 M glyceraldehyde containing 0.5 M H2SO4 solution at different, constant potentials as indicated in the
figure. The reference spectra were recorded at the corresponding adsorption potential in 0.5 M H2SO4 just
before changing to the glyceraldehyde containing electrolyte

Negative bands at about 3550 cm-1are assigned to the OH stretching mode of adsorbed water,
which is displaced from the surface [94;138]. The absorbance of the displaced water signal is
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determined i) by the adsorption potential and ii) by the coverage of other adsorbates that are
displacing water. The potential effect arises from the fact that water is mainly adsorbed at
potentials in the Hupd regime [138], and consequently more water can be displaced upon
adsorption at lower potentials (note: the reference spectra for each spectrum were acquired at
the corresponding adsorption potential). The coverage of the other adsorbates is mainly determined by the length of adsorption at the time the spectra were taken, which has an uncertainty of about 1 s. The highest COad coverage is found at 0.2 V. As a result, the negative
band of displaced water appears strongest between 0.06 and 0.2 V.
The positive band at 1640 cm-1, which appears between 0.06 and 0.4 V, was assigned before
to adsorbed glyceroyl (see section 3.3.1.2, Fig. 3-3). The band overlaps with a negative band
at about 1620 cm-1, reflecting the bending mode of displaced water [94]. (The contribution
from water co-adsorbed with CO can be neglected since the intensity of the corresponding
stretching mode is rather small.) Bands at ~1630 cm-1 related to adsorbed aldehyde species
were

already

reported

in

previous

ATR-FTIR

spectroscopy

studies

on

the

adsorption/oxidation of ethanol and acetaldehyde [26;91;92;132], and ethylene glycol and
glycol aldehyde [131;132]. In the latter studies, it was shown that after short admission times
of the specific aldehyde and subsequent exchange to base electrolyte the carbonyl band
decreases, while the COad bands continue growing. We had interpreted this as clear indication
that the adsorbed aldehyde acts as precursor for COad formation. For the adsorption/oxidation
of ethanol, a quantitative relation between the decay in carbonyl band absorbance and the gain
in COad coverage without further ethanol supply was established [92]. Based on the finding
that the wave number of the band centered at 1635 cm-1 does not differ when adsorbing
CH3CH2OH or deuterium labeled CH3CD2OH, we concluded that both C-H (C-D) bonds at
the α-C-atom are dissociated and that the adsorbed species is acetyl [75]. We assume that this
applies accordingly also for the adsorption of glyceraldehyde and glycerol.
A double band with signals at 1380 and 1315 cm-1, which appears at potentials above 0.4 V,
points to the formation of an adsorbed carboxylic acid [48]. We attribute this band to adsorbed glycerate, which is in a fast adsorption/desorption equilibrium with glyceric acid in the
solution, as already discussed in section 3.3.1.2 (see also section 3.3.3). Consequently,
glyceraldehyde can be oxidized to glyceric acid at potentials above 0.4 V. Finally, two
negative absorption bands at 1200 and 1100 cm-1 are assigned to displaced bisulfate species
[139].
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3.3.2.2 Potentiodynamic glyceraldehyde oxidation
Fig. 3-8 shows the CV, the m/z = 44 and m/z = 15 MSCVs, and the integrated absorbances of
the COad and the glycerate absorption bands recorded during continuous potentiodynamic
adsorption/oxidation of glyceraldehyde. The onset potential of the Faradaic current (Fig. 3-8a)
in the positive-going scan is about 0.6 V, similar to the findings for the potentiodynamic oxidation of glycerol (second scan, see Fig. 3-2). After passing through a broad peak between
0.65 and 1.0 V, the current increases further at about 1.0 V, reaching its total maximum at the
upper potential limit of 1.3 V. The negative-going scan is characterized by a broad peak
between 0.9 and 0.4 V, which is slightly higher than the first peak in the positive-going scan,
but considerably lower than the peak in the negative-going scan during potentiodynamic
glycerol oxidation. The significantly smaller Faradaic current for the oxidation of
glyceraldehyde compared to that of glycerol oxidation indicates that glyceraldehyde
formation contributes strongly to the Faradaic current during potentiodynamic glycerol
oxidation as compared to the further oxidation of glyceraldehyde to glyceric acid. This agrees
closely with the dominant formation of acetaldehyde during ethanol oxidation on Pt at room
temperature [7].
The response for the m/z = 44 signal (Fig. 3-8b), originating from CO2 formation, exhibits a
distinct peak centered at 0.7 V in the positive-going scan. Starting at 0.9 V, the CO2 formation
rate increases again up to the upper potential limit. In the negative-going scan, a broad CO2
formation peak appears between about 0.9 and 0.4 V. In the m/z = 15 ion current MSCV (Fig.
3-8c), a small increase appears at potentials below 0.2 V. We relate this to the reduction of
glyceraldehyde to propane and/or propionaldehyde, since we found similar signals in the mass
spectrometric currents for m/z = 58, 44, 39, 29 [125]. At higher potentials in the positivegoing potential scan, the signal is at the background level between 0.2 and 0.65 V, followed
by a broad peak between 0.7 and ~1.0 V, and by a further increase at higher potentials. In the
negative-going scan, the m/z = 15 signal sets in after reduction of PtO and passes through a
broad peak with a maximum at about 0.55 V. Different from the low-potential peak, these m/z
= 15 features are not accompanied by m/z = 58, 39 signals. This agrees with the simple
assumption that reduction of glyceraldehyde to propane or propionaldehyde in this potential
regime is unlikely. The fact that upon changing from 0.5 M H2SO4 to glyceraldehyde
containing solution also the m/z = 15, 27, 29, 31, 44, 45, 46 ion currents (typical ethanol
fragments) increase, in addition to the m/z = 15 signal, points to the presence of trace amounts
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of ethanol in the glyceraldehyde solution. This causes an increase in the m/z = 15 (and m/z =
29) ion current around 0.7 V to the oxidation of ethanol to acetaldehyde.
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Fig. 3-8 Potentiodynamic electrooxidation of glyceraldehyde on a platinum film electrode: (a) Faradaic
current; mass spectrometric current for m/z = 44 (b), m/z = 15 (c), the integrated absorbance of linearly
(d) and multiply (e) bonded adsorbed CO, as well as the integrated absorbance of adsorbed glycerate (f)
(electrolyte: 0.1 M glyceraldehyde in 0.5 M H2SO4, scan rate: 10 mV s-1)

The COL absorbance (Fig. 3-8d) is constantly high in the positive-going scan at potentials
below 0.6 V, followed by a steep decrease. No COL absorbance is found at potentials above
0.9 V in the positive-going and 0.7 V in the negative-going scan. With further decreasing
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potential in the negative-going scan (<0.7 V), the COL absorbance increases again. For the
COM signal (Fig. 3-8e), the maximum absorbance occurs at the lower potential limit, and the
absorbance decreases with increasing potential. Since no CO2 formation is detected below
0.55 V, we explain the decrease of the COM band absorbance by rearrangements in the COad
layer [83;126]. At 0.7 V, the COM absorbance decreases as well, as the COL absorbance,
accompanied by the peaks in the Faradaic current and the CO2 formation (see Figs. 3-8a, b).
Therefore we conclude that in this potential region CO2 is mainly formed via the oxidation of
COad that had been formed by dissociative adsorption of glyceraldehyde at lower potentials.
The integrated absorbance of adsorbed glycerate (Fig. 3-8f) shows a maximum at about 1.0 V
in the positive-going scan and at about 0.6 V in the negative-going scan, which closely resembles the potential dependence of potentiodynamic glycerol oxidation (Fig 2f). The detection of
adsorbed glycerate, which is in a fast adsorption/desorption equilibrium with glyceric acid,
unambiguously indicates the oxidation of glyceraldehyde to glyceric acid. This is clear evidence for a sequential reaction pathway for glycerol oxidation via formation/re-adsorption/further oxidation of glyceraldehyde to glyceric acid, altough direct oxidation of glycerol
to glyceric acid without the formation of glyceraldehyde, as proposed by Roquet et al. [28],
can not be excluded from the present data.

3.3.2.3 Potentiostatic glyceraldehyde oxidation
Adsorption/oxidation transients of glyceraldehyde are shown in Fig. 3-9. Except for 0.06 V
adsorption potential, the Faradaic current (Fig. 3-9a) passes through an anodic peak upon
glyceraldehyde admission, followed by a steep decrease to essentially zero within 10 s. Only
at 0.6 V, a continuous current is observed. The current decrease is attributed to surface
blocking by COad, which is supported by the increase in the COad related absorbances and the
increase in the wave number of the COL peak. In contrast to glycerol adsorption, we find no
decrease in the COad absorbance or in the wave number at potentials below 0.6 V. At an
adsorption potential of 0.6 V, the COad absorbance decreases slowly with time, pointing to
slow oxidation of COad and formation of other stable adsorbates, which then inhibit further
COad formation.
The initial COad formation rate upon adsorption/oxidation of glyceraldehyde was evaluated
from the initial increase in the COL absorbance, similar to the evaluation of the glycerol adsorption transients, and the corresponding results are shown in Fig. 3-5. In contrast to the ad-
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sorption/oxidation of glycerol, COad formation upon dissociative adsorption of glyceraldehyde
is possible, though slow, already at the lowest adsorption potential. Dissociative adsorption
and COad formation was found also for other aldehydes such as glycolaldehyde [131] or
acetaldehyde [92], indicating that the carbonyl group can adsorb even on a Hupd blocked
surface. In the latter cases, however, the potential dependence in the low potential region was
even less pronounced. The highest COad formation rate is found between 0.3 and 0.4 V, while
at higher potentials the initial COad formation rate decreases again, and this decrease is more
pronounced than for glycerol adsorption. Similar trends in the potential dependence of the
COad formation rate are found when comparing ethylene glycol and glycol aldehyde [131] or
ethanol and acetaldehyde [92]. Therefore, the faster adsorption of alcohols compared to
adsorption of aldehydes in this potential region seems to be a general phenomenon.
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Fig. 3-9 a) Faradaic current density; b) mass spectrometric current density (m/z=44), inset CO2 current
efficiency (CCE); integrated absorbance of: c) linearly bonded COad, d) multiply bonded COad during
potentiostatic glyceraldehyde bulk-oxidation on a platinum film electrode (electrolyte 0.1 M
glyceraldehyde in 0.5 M H2SO4). Adsorption potential: □ 0.06 V, ● 0.1 V, ▲ 0.2 V, ▼ 0.3 V, ■ 0.4 V,◄
0.5 V,► 0.6 V.
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3.3.2.4 Glyceraldehyde adsorbate stripping experiments
To gain further quantitative information on coverage and composition of the stable adsorbates
developed from glyceraldehyde dissociative adsorption at different potentials, the resulting
adsorbates were oxidized in glyceraldehyde-free supporting electrolyte.
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Fig. 3-10 Potentiodynamic adsorbate stripping following the potentiostatic adsorption/oxidation of
glyceraldehyde at different, constant potentials as indicated in the figure: a) CV; b) MSCV (m/z=44); b)
MSCV (m/z=15); integrated absorbances of d) linear bonded CO, e) multiply bonded CO. v = 10 mV s-1
(electrolyte 0.5 M H2SO4). Adsorption potential: □ 0.06 V, ● 0.1 V, ▲ 0.2 V, ■ 0.4 V,◄ 0.5 V.
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The CV (a), the m/z = 44 (b) and m/z = 15 (c) MSCVs, and the integrated absorbances of the
COad absorption bands corresponding to COL (d) and COM (e), recorded during adsorbate
stripping after the potentiostatic glyceraldehyde bulk adsorption/oxidation, are shown in Fig.
3-10. Similar to the glycerol adsorbate stripping, the scans were started in the negative direction.Comparing the integrated COad band absorbances (Figs. 3-10d, e) before and after the
potential was scanned through the Hupd region, there is an increase in the respective values,
though the effect is less pronounced than during glycerol adsorbate stripping. Furthermore,
the COL band showed a measurable red-shift after the scan to lower potentials. These
observations point to an increased COad coverage and an additional relaxation of the COad
layer due to reductive removal of coadsorbed species, as it was already concluded for the
glycerol adsorbate stripping. This interpretation is further supported by the reductive m/z = 15
signal detected when scanning to lower potentials after adsorption at 0.2 V. The gain in
adsorbed CO seems to be less for glyceraldehyde compared to glycerol.
The main oxidative current peak starts at ~0.55 V and has its maximum at about 0.7 V, accompanied by a peak in the MSCV and a steep decrease of the COad related absorbances.
Consequently, we attribute the Faradaic current to the oxidation of COad to CO2. The peak
charges agree with the number of 2 electrons per CO2 molecule expected for COad oxidation
(Table 3-1). An indication on the presence of adsorbates in addition to COad is the current in
the Pt-oxide region, which is accompanied by the formation of CO2, but corresponds to more
than 2 electrons per molecule CO2. The highest Faradaic and m/z=44 ion currents in the Ptoxide region are found in the stripping measurements after adsorption at 0.06 and 0.1 V. In
comparison to glycerol adsorbate stripping, the oxidative currents and CO2 formation in the Pt
oxide region are less pronounced, indicating a lower coverage of non-CO adsorbates. The
lower coverage of non CO adsorbates is also reflected by the higher relative COad coverages
formed by the adsorption of glyceraldehyde, which reaches up to 90% of a COad saturated
surface between 0.2 and 0.4 V. Furthermore, the IR band at about 1600 cm-1 detected during
glycerol adsorbate stripping after oxidative removal of COad, is only found during the
glyceraldehyde adsorbate stripping following the adsorption at 0.5 V.
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3.3.3 Adsorption and oxidation of glyceric acid
3.3.3.1 Adsorbate assignment
ATR-FTIR spectra recorded during the potentiostatic adsorption/oxidation of glyceric acid are
shown in Fig. 3-11. The spectra between 0.06 and 0.2 V were taken 90 s after switching from
0.5 M H2SO4 to 0.05 M solution of glyceric acid in 0.5 M H2SO4, while those between 0.3
and 0.7 V were acquired 2 s after the electrolyte exchange. In addition, we include one
spectrum recorded at 0.5 V about 90 s after the electrolyte exchange from glyceric acid containing solution back to 0.5 M H2SO4 (topmost spectrum).
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Fig. 3-11 ATR-FTIR spectra recorded about 1.5 minutes (0.06 V, 0.1 V, 0.2 V) or about 1-2 seconds (0.3 V
– 0.7 V) after electrolyte exchange from 0.5 M H2SO4 to 0.05 M glyceric acid containing 0.5 M H2SO4 at
different, constant potential, as indicated in the figure. The reference spectra were recorded at the
corresponding adsorption potential in 0.5 M H2SO4 just before changing to the glyceric acid containing
electrolyte. The topmost spectrum was recorded after the adsorption of glyceric acid (5 min) and
subsequent exchange to 0.5 M H2SO4 solution at 0.5 V.
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The longer adsorption times at the lower potentials are caused by the fact that at these potentials the adsorption of glyceric acid is very slow and no absorption bands are detected at the
beginning of the adsorption. Also for glyceric acid, Hupd seems to inhibit or at least slow down
the adsorption of glyceric acid, similar to observations for glycerol. The bands at 2010 and
1790 cm-1 reveal the formation of COL and COM. An additional band at 1710 cm-1, in the region of C=O vibrations, indicates the adsorption of a carbonyl species. This band differs,
however, from the band found at the beginning of glyceraldehyde and glycerol adsorption at
1640 cm-1, and must therefore be caused by a different, so far unknown species.

At potentials between 0.3 and 0.7 V, a double band at 1380 and 1315 cm-1 appears in the initial stages of glyceric acid adsorption, and the absorbance as well as the wave number of this
band increases with potential, as expected for anion adsorption. As discussed before, these
bands are assigned to the OCO stretching mode of glycerate, adsorbed on the Pt surface via
the two oxygen atoms of the carboxylic group (1380 cm-1), and to a C-H deformation mode of
adsorbed glycerate (1315 cm-1). Furthermore, absorption bands of COL and COM developed
during the adsorption of glyceric acid.
In the spectrum acquired at 0.5 V during rinsing the cell with 0.5 M H2SO4, the glycerate related bands have disappeared, which was also found for the other adsorption potentials (not
shown). This behavior points to a fast adsorption-desorption equilibrium of adsorbed glycerate with glyceric acid in the solution, and consequently the surface coverage of glycerate decreases when the re-adsorption is excluded as a result of the electrolyte exchange to 0.5 M
H2SO4. Similar findings were reported for the adsorption of acetic acid [92] and glycolic acid
[140] and explained in the same way.
In addition to the COL and COM bands, a small band at about 1620 cm-1 developed during the
adsorption of glyceric acid (see last spectrum at 0.5 V). It is different from the glyceroyl band;
so far, we have no clear assignment of this band, but assume that it is correlated to a surface
poisoning species. It is adsorbed strongly and does neither desorb nor decompose during the
electrolyte exchange. Consequently, after the electrolyte exchange, the sulfate signals do not
recover completely and their intensity is still negative as expected from the presence of
strongly adsorbed species.
In the measurements on the adsorption/oxidation of glycerol and glyceraldehyde (see sections
3.3.1.2 and 3.3.2.1), the adsorption of glyceric acid was not detected at potentials ≤ 0.6 V.
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However, the data presented above clearly show that adsorbed glycerate can already be
detected by IR spectroscopy at 0.2 V when glyceric acid is present in the electrolyte.
Therefore, we conclude that in the course of glycerol oxidation glyceric acid formation sets in
only at potentials between 0.5 and 0.6 V, which correlates quite well with the onset of OHad
formation on a Pt electrode [133].

3.3.3.2 Potentiodynamic adsorption and oxidation of glyceric acid
The Faradaic current (a), the MSCV for m/z = 44 (b) and for m/z = 15 (c) as well as the integrated absorbances of the COL (d), COM (e) and glycerate (f) IR bands during the potentiodynamic adsorption/oxidation of glyceric acid are shown in Fig. 3-12. In contrast to the CVs in
glycerol (Fig. 3-2a) or glyceraldehyde (Fig. 3-8a) containing electrolyte, the CV in glyceric
acid containing electrolyte (Fig. 3-12a) largely resembles the Faradaic current response of the
Pt film electrode in 0.5 M H2SO4, which indicates a low reactivity of the glyceric acid. The
features in the Hupd area are only partly suppressed, reflecting a low coverage of poisoning
adsorbates. A low anodic current sets in at about 0.6 V, followed by a plateau between 0.8 and
0.9 V, before it increases further to reach its maximum at the upper potential limit. In the
negative-going scan, a Pt oxide reduction peak is visible at 0.8 V. The cathodic current,
however, is lower compared to the base CV, indicating that simultaneous anodic processes
related to the oxidation of glyceric acid are superimposed. The low activity of glyceric acid
agrees well with findings reported for other acids such as acetic acid or glycolic acid
[48;92;131;137;141]. The onset potential for CO2 formation is 0.55 V (Fig. 3-12b). The m/z =
44 ion current passes through a maximum at 0.8 V, before it drops to about half of the
maximum value at 1.0 V, followed by an increase to its maximum value at 1.3 V. When the
scan direction is reversed, the ion current decreases and reaches the baseline at about 0.6 V.
To test for reductive processes such as the desorption/formation of alkanes, the MSCV for the
ion current at m/z = 15 was also measured. However, no potential dependent signal could be
detected (Fig. 3-12c). The COL integrated absorbance (Fig. 3-12d) has its maximum at the
lower potential limit. In the positive-going scan, the absorbance decreases between 0.06 and
0.2 V, followed by an increase up to 0.55 V. Since no CO2 formation is detected in this
potential region via DEMS, we attribute the potential dependent changes in the COL intensity
below 0.55 V to re-arrangements between COL and COM [83;126]. At potentials above
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0.55 V, the integrated COL absorbance decreases due to oxidation of COad to CO2 (see DEMS
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Fig. 3-12 Potentiodynamic electrooxidation of glyceric acid on a platinum film electrode: (a) Faradaic
current; mass spectrometric current for m/z = 44 (b), m/z = 15 (c), the integrated absorbance of linearly
(d) and multiply (e) bonded adsorbed CO, as well as the integrated absorbance of adsorbed glycerate (f)
(electrolyte: 0.05 M glyceric acid in 0.5 M H2SO4, scan rate: 10 mV s-1).

Between 1.0 V in the positive-going scan and 0.5 V in the negative-going scan, the COL
absorbance is negligible, followed by an increase to lower potentials. The COM absorbance
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first increases between 0.06 V and 0.2 V, before it decreases at potentials > 0.2 V, which also
points to a rearrangement in the CO adlayer [126]. Similar to COL, the COM absorbance
decays at potentials above 0.55 V as the further oxidation to CO2 sets in. In the negativegoing scan, the onset of the COM commences at 0.55 V, significantly higher than the onset of
the COL intensity at 0.4 V. The integrated absorbances of both the COM and the COL band are
lower compared to the potentiodynamic adsorption/oxidation of glycerol or glyceraldehyde,
reflecting the lower COad coverage and hence the lower COad formation rate compared to
adsorption of the latter two reactants.
The integrated absorbance of adsorbed glycerate (Fig. 3-12f) increases in the positive-going
scan between 0.06 and 1.0 V, before it decreases again due to Pt oxide formation. When the Pt
surface is reduced again in the negative-going scan, the glycerate absorbance increases at
potentials below 1.0 V, passes a maximum at 0.55 V, and then decays again. This potential
dependence is typical for the adsorption of anions such as sulfate and acetate [48;138;139].
The larger glycerate absorbance in the negative-going scan than in the positive-going scan we
relate to the higher COad coverage in the positive-going scan. Compared to the
potentiodynamic adsorption/oxidation of glycerol and glyceraldehyde, adsorbed glycerate is
detected at lower potentials in glyceric acid containing electrolyte. This is easily explained by
the fact that there is no oxidative process needed since it is already present in the solution. In
addition, the COad coverage is lower, which further enhances the potential for glycerate
adsorption.
The Faradaic current during the potentiodynamic adsorption/oxidation of glyceric acid is
about one order of magnitude lower than that during glycerol or glyceraldehyde oxidation,
despite of the lower COad coverage in the former case. This leads to the conclusion that the
low activity of glyceric acid is an inherent property of that reactant. Therefore, this can be
considered as inactive side product and not as reactive intermediate for the oxidation of
glycerol and glyceraldehyde. This finding is somehow surprising, since glyceric acid contains
two hydroxyl groups, which in principle could be oxidized even without C-C bond splitting,
similar to glyceraldehyde formation from glycerol. We attribute the low activity of glyceric
acid to steric effects, when glycerate is adsorbed via the tow oxygen atoms of the carboxylic
group. In this adsorption configuration, the reactive OH groups are pointing away from the Pt
surface. Similar conclusions were reported for other carboxylic acids like glycolic acid
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[131;137;140]. The bridge bonded geometry of adsorbed glycolate is supported also by DFT
calculations [142].

3.3.3.3 Adsorbate stripping experiments
The CV, the MSCV and the integrated absorbances of the COL and COM absorption bands
recorded during adsorbate stripping after the adsorption transients are shown in Fig. 3-13.
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Fig. 3-13 Potentiodynamic adsorbate stripping following the potentiostatic adsorption/oxidation of
glyceric acid at different, constant potential as indicated in the figure: a) CV; b) MSCV (m/z=44);
integrated absorbances of c) linear bonded CO, d) multiply bonded adsorbed CO (electrolyte 0.5 M
H2SO4, scan rate v = 10 mV s-1). Adsorption potential: □ 0.06 V, ● 0.1 V, ▲ 0.2 V, ▼ 0.3 V.
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Similar to our observation during glycerol and glyceraldehyde adsorbate stripping, the COad
related absorbances grew irreversibly and red-shifted in wave number while scanning through
the Hupd potential region, reflecting an increase in the COad coverage accompanied by a
rearrangement of the COad layer during that scan (see discussion above). Between 0.6 and 0.8
V, COad is oxidized to CO2 and the integrated absorbances of COL and COM decrease steeply,
together with peaks in the CV and the MSCV. The number of electrons per CO2 molecule
formation is around 2, which confirms that the adsorbate oxidized to CO2 in this potential
region is mainly COad. At more anodic potentials, the Faradaic current is higher than expected
from the Pt oxidation, and DEMS shows the formation of CO2. Compared to glyceraldehyde,
the Faradaic and mass-spectrometric currents in this potential region are significantly higher,
indicating larger amounts of adsorbate oxidation. These currents may be correlated to changes
in the intensity and peak position of IR bands at 1620 cm-1 (after adsorption at 0.5 V, during
subsequent electrolytze exchange) and at 1710 cm-1 (during adsorption at low potentials, ≤0.2
V) As shown in Fig. 3-11, this band is already detected during the glycerate adsorption and
assigned to a not further specified poisoning species. Even after reaching the initial adsorption
potential again, the bands at 1620 and 1710 cm-1 are still present, although its absorbance is
significantly reduced.

3.3.4 Summary
Employing combined in situ ATR-FTIRS/DEMS measurements, we have investigated the
mechanism and kinetics of the adsorption and oxidation of glycerol and its oxidized derivatives glyceraldehyde and glyceric acid on a Pt thin film electrode. Measurements performed
under controlled electrolyte flow conditions lead to the following results and conclusions:
IR absorption bands detected at about 2050, 1880, 1640, 1380 and 1315 cm-1 were identified
during adsorption/oxidation of the different C3 reactants (glycerol, glyceraldehyde, glyceric
acid). Based on comparison with the ATR-FTIR spectra of the individual molecules, these
bands were assigned to linearly and multiply bonded COad, adsorbed glyceroyl and adsorbed
glycerate species, respectively.
Adsorption of glycerol is inhibited at potentials of 0.1 V and below, most likely due to the
presence of Hupd. At higher potentials (0.2 - 0.6 V), dissociative adsorption of glycerol results
in a rapid formation of adsorbed CO, which in turn blocks Pt sites required for OHad forma-
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tion and further oxidation of glycerol. The COad formation rates could be quantified, they are
highest at potentials of 0.3 and 0.4 V. For potentials above 0.5 V, CO2 formation could be
detected upon potentiodynamic and potentiostatic oxidation of glycerol. However, the
maximum current efficiency for CO2 formation, which is obtained at 0.6 and 0.7 V, is only
about 3-5 %, indicating that incomplete oxidation of glycerol prevails under these conditions.
Tentatively we attribute this to a high barrier for C-C bond breaking on Pt under these
reaction conditions, closely resembling the behavior of other C2 molecules.
Glyceric acid could also be identified between 0.6 and 0.9 V via the detection of adsorbed
glycerate. An IR absorption band at 1640 cm-1, which was identified in the initial stages of
glycerol adsorption at 0.3 and 0.4 V, was assigned to adsorbed glyceroyl species. Based on
conclusions

drawn

for

the

adsorption/decomposition

of

ethanol/acetaldehyde

and

ethyleneglycol/glycolaldehyde, the latter species are most likely the precursor for the C-C
bond splitting upon dissociative adsorption of glycerol (see next point). At longer adsorption
times or higher potentials, they are displaced by more strongly bonded COad and oxy species.
Dissociative adsorption of glyceraldehyde on the Pt film electrode is rapid and results in the
formation of linearly and multiply bonded COad at potentials between 0.06 and 0.7 V. Besides
COad, adsorbed glycerate and adsorbed glyceroyl species were identified by absorption bands
at 1380/1315 cm-1 and 1640 cm-1, respectively. The former species indicate the oxidation of
glyceraldehyde to glyceric acid, and their formation was correlated with the main Faradaic
current peak in the potentiodynamic oxidation of glyceraldehyde. The presence of Hupd hardly
affects the adsorption of glyceraldehyde, as evidenced by the fast formation of adsorbed
glyceroyl species, but reduces the rate for C-C bond splitting measured via the COad
formation rate.
Glyceric acid is rather inert towards further oxidation on Pt in the whole potential regime
under study (0.06 to 1.3 V), much less reactive than glycerol or glyceraldehyde. Hence, it can
be considered as a dead end in the course of glycerol oxidation under present reaction
conditions. COad formation was also detected upon glyceric acid adsorption, but depending on
the potential, the dissociative adsorption rates were considerably smaller than those for
adsorption of glycerol and glyceraldehyde. For potentials above 0.2 V, bridged bonded
glycerate, adsorbed via the oxygen atoms of the carboxyl group, were identified as the main
adsorbed species resulting from glyceric acid adsorption. The integral IR band absorbance of
adsorbed glycerate increases with potential up to about 0.9 V, before these species are
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displaced by more strongly adsorbing oxy species. Since the integrated absorbance of
adsorbed glycerate decreases rapidly upon electrolyte exchange to glyceric acid free solution,
these species are in a fast adsorption-desorption equilibrium with glyceric acid in solution.
The rather low activity of glyceric acid for further oxidation was tentatively attributed steric
reasons, the distance between the OH groups from the surface, due to the preferential
adsorption of glyceric acid via the two oxygen atoms of the carboxyl group.
In total, the general characteristics of the adsorption/oxidation of glycerol, glyceraldehyde and
glyceric acid resemble closely those of other comparable small organic molecules such as
ethanol / acetaldehyde / acetic acid or ethyleneglycol / glycolaldehyde / glycolic acid.
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Electrooxidation of ethylene glycol on a
Pt-film electrode studied by combined
in situ IR spectroscopy and online mass
spectrometry

The content of this chapter was published in reference [131] and is reprinted with permission
from J. Phys. Chem. C 2012, 116, 2872–2883. The experimental section (section 2 in the
publication) was removed to avoid duplication. The style as well as the numbering of the
sections, the references and the figures have been adapted to fit the layout of the thesis. For
the same reason some spellings have been uniformed.
The Figures from the supporting information are added at the end of the chapter.
Initial data on this topic were presented in my Diploma Thesis “Kombinierte in situ IR und
online DEMS Untersuchungen zur Elektrooxidation von Ethylenglykol an Pt Elektroden als
Modellreaktion für die Direktalkohol-Brennstoffzelle“, Universität Ulm, 2007.
For the above publication I reproduced the measurements and revised and significantly
extended the evaluation.
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4.1 Abstract
Adsorption and oxidation of Ethylene glycol (EG) on a Pt thin film electrode was investigated
in a combined spectro-electrochemical approach under continuous flow conditions, including
potentiodynamic, potentiostatic, as well as adsorbate-stripping experiments. During the
adsorption/electrooxidation of EG, the potential dependent development of the EG adlayer
was followed by highly surface sensitive, in situ ATR-FTIR spectroscopy, while the volatile
products were simultaneously monitored by online differential electrochemical mass
spectrometry (DEMS). For the assignment of the detected IR bands, comparative experiments
following the adsorption/oxidation of the possible reaction intermediates/products (glycolaldehyde, glycolic acid, glyoxal, glyoxylic acid oxalic acid) were performed. The data show
that i) during the adsorption/oxidation of ethylene glycol, COad is formed in the potential
range between 0.1 and 0.7 VRHE, which can be oxidized further to CO2 at potentials above 0.5
V. ii) Beside COad, adsorbed 2-hydroxyacetyl and glycolate were detected, where iii) 2hydroxyacetyl is a precursor to form adsorbed CO and iv) adsorbed glycolate exists in
equilibrium with glycolic acid in solution.

4.2 Introduction
Ethylene glycol (EG) is a possible fuel for direct oxidation fuel cells. Therefore, its
electrochemical oxidation was studied intensively in the last decades, both in acidic
[29;44;129;135-137;143-161] and alkaline solutions. [150;152;154;155;162-169] In addition
to classical electrochemical methods, IR spectroscopy, [29;44;136;150-152;155;157161;163;167;169]

differential

electrochemical

mass

spectrometry

(DEMS),

[12;129;135;137;158;170] and chromatographic methods [29;154;166;167;169;171;172] were
used to analyze intermediates and adsorbed as well as volatile (side) products of the EG
electrooxidation reaction. This way, partially oxidized C2 species (glycolaldehyde, glyoxal,
glycolic acid, glyoxylic acid, oxalic acid) as well as C1 species (formaldehyde, formic acid)
and CO2 were detected. COad was identified as main adsorbate [150-152], which acts as
catalyst poison at lower potentials and can be oxidized to CO2 only at higher potentials.
Beside COad, other absorption bands in the wave number region between 1730 and 1744 cm-1
and between 1240 and 1245 cm-1 were reported by Hahn et al., employing Electrochemically
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Modulated Infrared Reflectance Spectroscopy (EMIRS) [150]. Similar absorption bands were
detected using Single Potential Alteration Infrared Spectroscopy (SPAIRS) [151;155;157] and
by Subtractively Normalized Interfacial Fourier Transform Infrared Spectroscopy
(SNIFTIRS) [152] during ethylene glycol adsorption/oxidation. These bands were assigned to
the C=O stretch (1730 – 1740 cm-1) and the C-O stretch vibration (1240 – 1245 cm-1) of
glycolaldehyde and glycolic acid. Based on the in situ IR spectroscopy results, a parallel
pathway mechanism was proposed, with the one pathway involving the formation of different
C2 species by sequential oxidation of the OH groups of ethylene glycol, while leaving the CC bond intact, and the other pathway proceeding via C-C bond splitting, subsequent oxidation
of the fragments to COad and finally oxidation of COad to CO2 [159].
The IR spectroscopy studies on the electrooxidation of EG were carried out in the external
reflection configuration. In this configuration, the electrode is pressed against the IR window,
forming a thin electrolyte layer with a thickness in the range of a few micrometers, which can
be passed by the IR beam. Under these conditions, mass transport in the thin-layer gap is
practically inhibited, which may result in strongly misleading conclusions on the reaction
process due to the depletion of reactants as well as the accumulation and re-adsorption of byproducts [22;76].
These limitations can be overcome by performing the measurements in an attenuated total
reflection (ATR) configuration, where the IR beam is guided through an IR transparent prism
that is coated with a thin metal film serving as working electrode [76;94]. This way,
absorption of IR radiation by the electrolyte is avoided. Furthermore, due to surface
enhancement effects [173], this method (ATR-FTIRS) has a very high surface sensitivity
which allowed to clearly detect adsorbates with low IR cross sections such as adsorbed
formate [174] or adsorbed acetyl [91], that were not seen before in an external reflection
configuration. In the ATR geometry, the thickness of the electrolyte layer is not restricted and
even measurements under well-defined mass transport conditions can be performed by using a
specially designed thin-layer flow cell [73].
This method was employed in the present study, in combination with simultaneous DEMS
measurements, to investigate the adsorption and oxidation of EG on Pt film electrodes under
enforced and controlled electrolyte transport conditions. While the Faradaic current reflects
the overall activity for the reaction, the in situ IR spectroscopy measurements are used to
identify the nature of adsorbates and to estimate their actual surface coverage and their effect
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on the overall reaction rate. Simultaneously, the selectivity (current efficiency) of the EG
electrooxidation reaction towards CO2 formation is monitored and quantified by parallel
online mass spectrometric measurements in the same experiment and thus under identical
reaction conditions [26;83].
After a brief description of the experimental set-up and procedures, we will first present and
discuss spectro-electrochemical data obtained in potentiodynamic (section 4.3.1) and
potentiostatic (section 4.3.2) EG electrooxidation measurements. The potential dependence of
the initial COad formation rate will be determined from the initial slope of the COad
absorbance in transients at different, constant potentials. In addition to the kinetic analysis,
information on the amount and nature of adsorbates resulting from EG adsorption/oxidation
were gained by adsorbate stripping experiments (section 4.3.3). For learning more on the
adsorbates formed during reaction, we characterized adsorbates formed during oxidation of
the possible reaction intermediates glycolaldehyde, glycolic acid, glyoxal, glyoxylic acid and
oxalic acid (section 4.3.4) and the adsorption/oxidation behavior of glycolaldehyde, which
was proposed as the main reaction product (section 4.3.5). Finally, implications of these
findings on the mechanistic understanding of EG oxidation at Pt electrodes are discussed.

4.3 Results and Discussion
4.3.1 Potentiodynamic oxidation of ethylene glycol
ATR-FTIR spectra recorded during potentiodynamic bulk oxidation of ethylene glycol in 0.5
M H2SO4 on a Pt film electrode are shown in Fig. 4-1. The reference spectrum was acquired
in 0.5 M H2SO4 at 0.06 V. The dominant feature of the spectra is a band at ca. 2050 cm-1,
which appears between 0.1 and 0.8 V in the positive-going scan and between 0.7 and 0.1 V in
the negative-going scan. It is accompanied by a band at ca. 1840 cm-1. These two bands
correspond to linearly (COL) and multiply (COM) bonded COad [151]. In the positive-going
scan, the COL band center shifts from 2029 to 2071 cm-1 upon increasing the potential from
0.3 to 0.6 V. The increase in the wave number is much more pronounced than expected from
the Stark effect, which is about 30 cm-1 V-1 [5;83;175]. We attribute the additional shift in
wave number to contributions from an increase in the COad surface coverage, resulting from
the dissociative adsorption/oxidation of EG during the potential scan. In the negative-going
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scan, the decrease in the wave number at potentials between 0.4 V and 0.2 V is in the range
expected from the Stark effect.
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Fig. 4-1 Sequence of IR spectra recorded during potentiodynamic EG bulk oxidation (v = 10 mV/s;
temporal resolution 4.95 s/spectrum; electrolyte 0.1 M EG in 0.5 M H2SO4; reference spectrum at 0.06 V
in 0.5 M H2SO4).

At 3530 cm-1, a negative band appears, accompanied by a positive band at higher wave
numbers (3640 cm-1). These bands are assigned to stretching modes of water. The negative
band is due to water displaced from the surface by COad, which is formed in the course of
dissociative adsorption of ethylene glycol, and the positive band related to water coadsorbed
with COad [94;138;176]. The corresponding band of the HOH-bending mode appears at 1620
cm-1.
A positive double-band related to the adsorption of (bi-) sulfate is detected at about 1210 and
1100 cm-1 [22;138;139;177]. Another double-band appears at potentials between 0.8 and 1.0
V at ca. 1395 and 1335 cm-1. Absorption bands in this frequency range are typical for
adsorbed carboxylic acids [73;91]. Comparing the bands resulting upon adsorption/oxidation
of ethylene glycol with the spectral features resulting from adsorption/oxidation of glycolic
acid, glyoxylic acid and oxalic acid, we assign the double-band at ca. 1335 and 1395 cm-1 to
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adsorbed glycolate, which is weakly adsorbed and present in an equilibrium with glycolic acid
in solution (see section 4.3.4). The formation of carboxylic acids in the course of EG
oxidation was demonstrated previously by chromatographic analysis [29;154] and also by IR
spectroscopy [29;44;136;151;152;157;159-161]. Absorption bands in the regions of 1730 –
1740 cm-1 and 1240 – 1245 cm-1 were assigned to the ν(C=O) and the ν(C-O) modes of a
carboxylic group. The corresponding acid was either claimed to be glycolic acid [152;159] or
oxalic acid [44;151;157], or the authors did not attribute the bands to a specific acid
[29;160;161]. However, in none of these studies an absorption band in the region between
1400 und 1330 cm-1 was detected.
The Faradaic current response (a) recorded during the potentiodynamic electrooxidation of
ethylene glycol, as well as the integrated IR band intensities of the bands related to COL (d),
COM (e), adsorbed glycolic acid (f) and (bi-) sulfate (c) are shown in Fig. 4-2. Information on
the formation of CO2 is provided by simultaneous DEMS measurements (Fig. 4-2b). The CV
and the mass spectrometric cyclic voltammogram (MSCV) reproduce in general the curves
reported for EG oxidation on polycrystalline Pt [29;150;152] and on carbon supported Pt
catalysts [129;135;137]. Additional insight in the processes going on during EG oxidation is
reached by correlating these findings with the information on the adsorbates and on the
volatile products obtained by IR spectroscopy and DEMS, which will be discussed in the
following.
Prior to the first positive-going scan, the pre-cleaned Pt electrode was held at 0.06 V in EG
containing solution for 25 s. During this time, the intensities of the COad related bands rise
slowly (Fig. 4-2d, e), i.e., the COad coverage increases slowly due to EG decomposition, while
the Faradaic current is slightly negative due to H2 formation. With increasing potential in the
positive-going scan, the Faradaic current starts to rise at about 0.2 V (Fig. 4-2a, peak I),
accompanied by a fast increase in COad related IR band intensities (Fig. 4-2d,e), while CO2
formation is inhibited at these potentials (Fig. 4-2b). A similar Faradaic current feature in the
Hupd region was reported also for the first positive-going scan during methanol [178] and
ethanol oxidation, [92] and explained by a gradual activation of the electrode surface due to a
decreasing Hupd adlayer coverage. With decreasing Hupd coverage, the number of ensembles of
active sites required for the dissociative adsorption of organic molecules to form COad
increases rapidly. This dynamic behavior is clearly illustrated by the in situ ATR-FTIR
spectra, which indicate a concerted increase in the spectator anion species (Fig. 4-2c) and a
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sudden rise of the COad related IR band intensities (Fig. 4-2d, e) when passing the Faradaic
current peak I (Fig. 4-2a). With the increase in COad coverage, the number of neighboring
active sites decreases rapidly, which results in an increasing suppression of the dissociative
adsorption process at a critical COad coverage (self-poisoning) and thus in a corresponding
decrease in Faradaic current (0.25 V < E < 0.35 V) and in (bi-)sulfate absorbance.
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Between 0.35 and 0.55 V, the Faradaic current starts to increase again, although the COad
coverage does not decrease as can be judged from the corresponding IR band intensities (a
quantitative determination of the coverage from the IR data will be discussed in section 4.3.2).
A straightforward argument for a constant or even increasing COad coverage is that no CO2
formation is detected via DEMS for potentials below 0.55 V. This indicates that the Faradaic
current must arise from the formation of incomplete oxidation products, in agreement with
findings in a previous study by Dailey et al. [29], who reported that the glycolaldehyde yields
are largest at potentials between 0.31 and 0.56 V. Glycolaldehyde formation in this potential
range is also likely since this reaction does not require any oxygen species, opposite to
carboxyl formation. Therefore, glycolaldehyde seems to be the most likely product for
explaining the Faradaic current in this potential range (for a detailed discussion see section
4.3.2).
At potentials above 0.55 V, the Faradaic current increases sharply and reaches a maximum at
about 0.74 V (peak II). This sharp current increase is correlated with the oxidative removal of
adsorbed CO, as can be seen from the concerted decrease in COL and COM intensities,
increase in the (bi-)sulfate IR band intensities, and increase in the m/z = 44 current. In this
potential range, both CO2 (Fig. 4-2b) and glycolic acid (Fig. 4-2f) are detected as reaction
products. CO2 is directly detected by DEMS, and its current efficiency rises up to ~30% (see
supporting information for details). Note that the CO2 current efficiency, i.e., the fraction of
the Faradaic current that is generated by the complete oxidation of EG to CO2, is
overestimated in this potential range, since it is calculated assuming the exchange of 5
electrons per CO2 molecule, while part of the current in peak II results from the oxidation of
pre-formed COad, which generates only 2 electrons per molecule. This further supports the
conclusion that the formation of incomplete oxidation products is dominant under the present
experimental conditions in the entire potential regime. In the range of peak III (Fig. 4-2a), the
formation of glycolic acid formation (Fig. 4-2f) is detected via the bands at 1395 and 1335
cm-1 characteristic for adsorbed glycolate (see Figs. 1, 8, and section 4.3.5)). From the
observation of adsorbed glycolate we conclude that glycolic acid is formed under these
conditions. No other reaction products are detected under the present conditions, neither by
DEMS nor by FTIRS. It should be noted, however, that this finding refers only to the
products detectable by these techniques, formation of other incomplete oxidation products
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cannot be ruled out. The latter would require appropriate analytical detection methods such as
chromatographic techniques [29;154;167;171].
At potentials above 0.74 V, the Faradaic current decreases steeply, due to the increasing
formation of OHad species and Pt oxide. The decrease in Faradaic current is accompanied by a
decrease in the CO2 related DEMS signal, which drops to low values at potentials above
1.0 V. After passing through a minimum at 1.1 V, the Faradaic current increases again, while
the CO2 signal remains low with some increase at the positive limit (CO2 current efficiency
~5%). ATR-FTIR spectra show that there is no COad adsorbed at E > 0.9 V, while the
adsorbed anions (bi-)sulfate and glycolate exhibit their highest absorbance at this potential.
With further increasing potential, also the anion related absorbances decrease.
In the negative-going scan, the Faradaic current passes through a maximum at 0.67 V (peak
IV) which is higher than that in the positive-going scan. At this potential, the integrated
absorbances of COL and COM are still low so that the higher activity in the negative-going
scan is likely to be related to the lower coverage of surface blocking COad species. This is also
supported by the presence of adsorbed (bi-)sulfate spectator species (Fig. 4-2c), whose
absorbance in the negative-going scan exceeds the absorbance of the positive-going scan
between 0.72 and 0.45 V. As reaction products, CO2 and glycolic acid can be identified. The
CO2 formation peak is considerably lower compared to that in the positive-going scan, which
is rationalized by the absence of contributions coming from the oxidation of COad preformed
at lower potentials. Accordingly, the CO2 current efficiency is only about 11%. These
findings are in good agreement with results by Wang et al. for supported Pt catalysts
[129;135;137], which were obtained under similar experimental conditions. The decrease of
the Faradaic current at potentials below 0.74 V (Fig. 4-2a) is attributed to a fast accumulation
of COad on the Pt surface (Fig. 4-2d, e), also evidenced by the replacement of (bi-)sulfate (Fig.
4-2c), which results from the lack of OHad species required for the oxidative removal of COad.
The latter is obvious also from the fast decay of the CO2 signal in the further negative-going
scan (Fig. 4-2b).
The second positive-going scan exhibits systematic differences in the Faradaic current
response and in the spectroscopic features compared to the first one: i) The first current peak
(‘peak I’) is suppressed; ii) the onset of ethylene glycol oxidation is shifted to higher
potentials; iii) the current peak II is lower; iv) the CO2 current efficiency is slightly higher,
and v) peak III is better resolved. The differences listed in points i) – iv) are attributed to the
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higher COad coverage at the beginning of the second positive-going scan compared to the first
scan, resulting from the dissociative adsorption of ethylene glycol during the preceding
negative-going scan at potentials E < 0.74 V. This explanation is supported also by the
integrated intensities of the COL and COM bands plotted in Fig. 4-2d and e). COad formation
on a clean surface at potentials between 0.74 and 0.2 V is significantly faster than at 0.06 V,
during the waiting time before the first positive-going potential scan (see section 4.3.2). The
higher COad coverage in the second positive-going scan shifts the onset of Faradaic current to
higher potentials and results in a lower oxidation peak (limited oxidation to incomplete
oxidation products), which agrees with a higher integral band intensity of COL at ca. 0.6 V in
the second positive-going scan compared with the first one (Fig. 4-2d). This agrees also well
with the higher CO2 formation rate in the first positive-going scan compared to the second
one, since a lower COad coverage in the former case favors the adsorption of OHad species that
are required for COad oxidation. The resulting maximum current efficiency for CO2 formation
in the second positive-going scan is 33%, as compared to 30% in the first scan.
In total, the potentiodynamic measurements show a complex superposition of different
contributions both to the Faradaic current and to the CO2 formation/CO2 current efficiency.
Further problems for the interpretation arise from the convolution of potential and time
effects. These are absent or much less complex in constant potential measurements that will
be discussed in the following section.

4.3.2 Potentiostatic ethylene glycol oxidation
Adsorption/oxidation transients were recorded at different constant potentials by changing
from base electrolyte to reactant containing electrolyte at a given, fixed potential. The zero
time (t = 0 s) is defined by the exchange of electrolyte. The temporal evolution of the ATRFTIR spectra during the adsorption of EG at 0.4 V is shown in Fig. 4-3 as an example. The
first ten spectra are shown in intervals of 1 s, the spectra between 30 and 300 s in intervals of
30 s. The last spectrum was recorded while rinsing the cell with 0.5 M H2SO4, about 1 min
after the end of the EG adsorption.
The spectra in Fig. 4-3 are dominated by the rapidly growing positive bands at 2050 and 1810
cm-1, which are related to COL and COM, respectively. The band at 1810 cm-1 broadens in the
course of the adsorption as the COad surface coverage increases [124;179]. A negative double-
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band at 1190 and 1100 cm-1 arises from the loss of (bi-)sulfate species, which are displaced by
COad. At 3530 cm-1, a negative band appears, accompanied by a positive band at higher wave
numbers.
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Fig. 4-3 Sequence of IR spectra recoded during potentiostatic EG bulk oxidation at 0.4 V (temporal
resolution 0.95 s/spectrum; electrolyte 0.1 M EG in 0.5 M H2SO4; reference spectrum at 0.4 V in 0.5 M
H2SO4).

As discussed before, these bands are assigned to the stretching modes of water, where the
negative band is due to water displaced from the surface by COad and the positive band is due
to water co-adsorbed with COad [94;138;176]. Furthermore, a small positive band evolves at
1630 cm-1. (It is hardly visible in Fig. 4-3 which is scaled to fully accommodate the large COL
band absorbance, but more clearly resolved in Fig. 4-4, where the spectra at t = 2 s are
presented.) This band, which was not resolved during the potentiodynamic EG oxidation, is in
the region of the ν(C=O) vibration mode of carbonylic groups. It could result either from an
adsorbed aldehyde species or from water co-adsorbed with CO (see above). The assignment
of this band to an adsorbed aldehyde (or related adspecies, see below) is supported by the
absence of a band in the region of the water stretching modes (3660 cm-1) in the first spectrum
(t=2s) in Figs. 3 and 4, where the band at 1630 cm-1 is clearly present. If the band at 1630 cm-1
would originate from water co-adsorbed with CO, the 3660 cm-1 band should appear
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simultaneously with that at 1630 cm-1. Therefore this possibility can be excluded. In the
following spectra, however, this argumentation is no longer valid since with the increase in
COad coverage also the band at about 3660 cm-1 evolves. Therefore, it is not possible to decide
whether there are still aldehyde species adsorbed in the further course of EG adsorption. For
the same reason adsorbed aldehyde could not be detected in the potentiodynamic experiment
since at 0.4 V the COad related absorbances and hence the COad coverage were already too
high to resolve the band at 1630 cm-1.
Absorption bands at around 1630 cm-1 were also detected in ATR-FTIRS measurements
during the electrooxidation of ethanol and acetaldehyde [91;92] as well as of glycerol and
glyceraldehyde [100] on Pt film electrodes, and assigned to adsorbed acetyl and 2,3dihydroxypropionyl species, respectively. In analogy, the band at 1630 cm-1 is assigned to
adsorbed 2-hydroxyacetyl. This species can be formed without scission of the C-C bond and
the corresponding glycolaldehyde was reported as the main volatile reaction product during
potentiostatic EG oxidation at potentials between 0.31 and 0.56 V [29]. The adsorption
behavior of glycolaldehyde will be discussed in section 4.3.5.
Fig. 4-4 shows the IR spectra recorded at the very initial stages of EG adsorption, ~2 s after
changing from 0.5 M H2SO4 base electrolyte to 0.1 M EG in 0.5 M H2SO4 at constant
potentials between 0.1 and 0.8 V. The time of 2 s is chosen because at this point, the COad
coverage is still low, resulting in a higher, better detectable signal of reactive intermediates.
For adsorption at 0.1 and 0.2 V, there are no additional bands compared to the reference
spectra acquired at the corresponding potential in the EG-free supporting electrolyte. Hence,
at these potentials the adsorption of EG is too slow for forming detectable amounts of
adsorbates during 2 s. At all potentials E > 0.2 V, the negative band of the water stretching
mode (ca. 3530 cm-1) and the negative double band of (bi-)sulfate (1190 and 1100 cm-1),
resulting from the displacement of water and (bi-)sulfate from the surface are present.
Furthermore, adsorbed COL (2020 – 2060 cm-1) and COM (1805 – 1830 cm-1) bands appear
after 2 s at all potentials except 0.1, 0.2 and 0.8 V. At the lower potentials, COad formation is
too slow and at the higher potential either COad oxidation is too fast and/or its formation is too
slow as well. At 0.3 and 0.4 V, the appearance of a band at 1630 cm-1 indicates the formation
of adsorbed 2-hydroxyacetyl and hence of glycolaldehyde (see above). At higher potentials,
this band does not appear, which may be due to different reasons. First, the further reaction of
the adsorbed 2-hydroxyacetyl to COad or to carboxylic acids is so fast that its amount is below
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the detection limit, or, second, the adsorption/oxidation of EG proceeds without the formation
of aldehyde species at higher potentials [159]. The time resolution of the experiment (with a
finite time required for the complete electrolyte exchange at the electrode) is not sufficient to
distinguish between these two possible explanations. The latter mechanism of EG oxidation
bypassing aldehyde formation, however, seems to be unlikely if we assume a similar
mechanism for different alcohols, since during the oxidation of ethanol an acetyl band was
detected up to 0.6 V [132].

glycolate

COL COM

νHOH

-

2-

HSO4/SO4

0.8
0.7

0.4
0.3

RHE

0.5

0.004

/V

0.6

E

absorbance / a.u.

0.008

0.2
2-hydroxy-

0.000
3500

3000

2500

2000

wave number / cm

1500

0.1 acetyl
1000

-1

Fig. 4-4 Set of IR spectra recorded during potentiostatic EG bulk oxidation, 2 s after switching from 0.5 M
H2SO4 to 0.1 M EG in 0.5 M H2SO4 at different constant potentials (reference spectra were recorded at
the adsorption potentials in 0,5 M H2SO4).

For adsorption potentials between 0.6 and 0.8 V, a double band at 1395 cm-1 and 1335 cm-1
appears, which was also observed during potentiodynamic EG oxidation (Fig. 4-1) and
assigned to adsorbed glycolate (for details see section 4.3.4).
The current transients for different adsorption potentials are shown in Fig. 4-5a, together with
the simultaneously recorded mass spectrometric current (Fig. 4-5b) and the integrated
absorbances of the two COad bands (Fig. 4-5c,d). For low potentials ≤ 0.4 V, current transients
with higher sensitivy are shown in the supporting information, Fig. 4-13. The general
appearance of the current transients agrees well with similar data published by Wang et al. for
EG oxidation on Pt/C thin film electrodes [137]. For adsorption at 0.1 V, a small cathodic
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current occurs, which can be explained by the onset of hydrogen evolution in combination
with reduction of EG adsorbates to alkanes. The formation of COad is slow and about constant
with time during the entire adsorption period. The low EG adsorption rate at more cathodic
potentials, which resembles previous findings for other alcohols such as ethanol [134] or
glycerol [100], was attributed previously to surface blocking by Hupd [129;135;137].
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Fig. 4-5 Transients recorded during potentiostatic EG bulk oxidation; a) Faradaic current density; b)
mass spectrometric current density (m/z=44); c,d) integrated absorbance of linearly bonded COL (c) and
multiply bonded COM (d) (electrolyte 0.1 M EG in 0.5 M H2SO4; adsorption potential: □ 0.1 V, ● 0.2 V, ▲
0.3 V, ▼ 0.4 V, ■ 0.5 V,◄ 0.6 V, ► 0.7 V, ○ 0.8 V).

At higher potentials (E ≥ 0.2 V), the Faradaic current rises steeply upon electrolyte exchange
and passes through a maximum, followed by a roughly exponential decay. The decay of the
Faradaic current results from an increasing blocking of the electrode surface, primarily by
COad. At potentials > 0.2 V, the integrated COL band intensity increases steeply during the
first 10 s after the electrolyte exchange to 0.1 M ethylene glycol containing solution, followed
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by a further slow increase to the steady-state value. The maximum integrated COL absorbance
is found at potentials between 0.3 and 0.5 V. We assume that at lower potentials COad
formation is hindered by the Hupd adlayer, which reduces the number of small ensembles of
vacant neighboring Pt sites that are required for C-C bond dissociation. At potentials above
0.5 V, COad oxidation to CO2 sets in, as seen from the increase in the m/z = 44 current and the
lower COad coverage under steady-state conditions, where the latter is evidenced by the lower
COad related IR band intensities. The COL band intensity is proportional to the relative COad
coverage up to 0.8 of the saturation coverage, at relative COad coverages below 0.1 the COM
configuration prevails [83]. At t > 315 s during rinsing with sulfuric acid at 0.6 and 0.7 V, the
integrated COad absorbances show that the COad coverage is further decreased, due to ongoing
COad oxidation without further COad formation. At 0.8 V, no COad is detected, indicating that
the rate constant for COad oxidation is so much higher than that for COad formation at this
potential that the steady-state COad coverage is below the detection level.
The highest steady-state Faradaic and mass spectrometric currents for m/z = 44 are found at
0.7 V, and this corresponds also to the potential with the highest CO2 current efficiency
(~9%). It should be noted, that the activity and in particular the selectivity for ethylene glycol
electrooxidation are strongly affected by the reaction temperature. [12;172] Increasing this to
100°C, the overall reaction rate (Faradaic current) increases by more than one order of
magnitude, allowing oxidation of ethylene glycol on a Pt/C electrode even at lower potentials
(0.5 V vs. RHE), and at the same time also the current efficiency for CO2 formation increases
by about a factor of five [12].
Using the combined DEMS/ATR-FTIR set-up it is possible to determine simultaneously the
COad coverage via online mass spectrometric detection of the CO consumption upon CO
adsorption at different constant potentials and the absorbance of the COad related IR bands.
[83] On that basis, a non-linear, potential dependent correlation between the integrated
absorption of the COL band and the COad coverage on the Pt film electrodes, was established,
which is valid for relative COad coverages of about 8 to 70% [75]. At lower COad coverages,
one would have to consider the COM band absorbance due to the preferential adsorption in a
multiply bonded configuration while at coverages above 70%, the COL absorbance does not
increase any further. We used this relation between COL absorbance and COad coverage in the
present study to determine the initial COad formation rates on the clean surface from the slope
of the COL band absorbance at the beginning of the adsorption transients. This procedure can
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be applied up to potentials of 0.6 V, since in this potential range the further oxidation of COad
to CO2 is slow enough to be neglected. The rate of the latter reaction can be estimated from
the slope of the absorbance at the end of the adsorption transient, when changing to rinsing
conditions. The potential dependent COad formation rates are presented in Fig. 4-6. The initial
COad formation rate increases with potential and reaches a plateau in the range of 0.4 to 0.6 V.
This can be compared with results of Fan et al., who estimated the potential dependent
average rate of EG dissociation on Pt(100) by a potential step method [136]. In a 2 mM EG +
0.5 M H2SO4 solution, the potential was stepped from 1.1 V (for oxidizing/desorbing
adsorbates) to the respective adsorption potential for 60 s. The resulting COad coverage was
determined from the charge of the subsequent current transient at 0.84 V, after an
intermediate step to 0.46 V to desorb adsorbed hydrogen formed from EG dissociation. The
rates determined by Fan et al. are in the same order of magnitude as those obtained here.
However, they found decreasing rates at potentials above 0.36 V in contrast to our results.
This discrepancy might be due to the further oxidation of COad to CO2, which plays a greater
role when the average rate is determined over 60 s compared to the initial rates. Studying the
electrooxidation of glycerol in similar type experiments [100], we found comparable COad
formation rates, whereas they were significantly lower upon ethanol admission [75],
indicating a beneficial effect of the hydroxyl groups at the second (and third) C-atom on the
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Fig. 4-6 Initial COad formation rate at different constant potentials (electrolyte 0.1 M EG in 0.5 M H2SO4).
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4.3.3 Potentiodynamic oxidation of EG adsorbates
The potentiodynamic oxidation of the EG adsorbates produced during the adsorption
transients (‘EG adsorbate stripping’) was followed by Faradaic current, mass spectrometric
(m/z = 44) measurements and FTIRS. The resulting CV (a), MSCV (b) and the integrated
absorbances of COL (c) and COM (d) species are plotted in Fig. 4-7. As COad can be oxidized
at 0.6 V and higher potentials, only the stripping experiments after EG adsorption up to 0.5 V
are shown.
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Fig. 4-7 Adsorbate stripping following the potentiostatic EG bulk oxidation transients in Figure 5. a) CV;
b) MSCV (m/z=44); c,d) integrated absorbances of linearly bonded COL (c) and multiply bonded COM (d)
(v = 10 mV/s; electrolyte 0.5 M H2SO4; adsorption potential: □ 0.1 V, ● 0.2 V, ▲ 0.3 V, ▼ 0.4 V, ■ 0.5 V)
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Starting with the initial negative-going potential scan, the characteristic Hupd features are
suppressed due to the presence of adsorbed CO, which is supported by the COL and COM
bands at 2050 cm-1 and 1850 cm-1 in the IR spectra. In the subsequent positive-going scan, the
Hupd features are equally absent, from the same reason, at about 0.68 V a peak appears in the
CV that is accompanied by a peak in the MSCV at m/z = 44. At the same time, the intensity
of the COad related IR bands decreases to zero, clearly relating Faradaic and mass
spectrometric currents and the IRS features to COad electrooxidation. No further significant
Faradaic current peaks, in addition to those of the base CV of a clean Pt electrode, are found
at higher potentials or in the subsequent negative-going and positive-going scans. Also the
MSCV and the IR spectra do not indicate the presence of any other adsorbates, in agreement
with the CV data.
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Tab. 4-1 Results of the adsorbate stripping experiment; Ead: adsorption potential, n(e-): number of
electrons generated per CO2 molecule formed, θrel: COad coverage with respect to a saturated COad layer.

From the Faradaic and the mass spectrometric currents, the number of electrons generated per
CO2 molecule is calculated. This number is only slightly larger than the value of 2 electrons
expected for the oxidation of COad to CO2, with no clear trend with the variation of the
adsorption potential (Tab. 7-1). Note that the number of electrons could be overestimated due
to different contributions of charge transfer caused by (bi-)sulfate re-adsorption in the
calibration experiment for the stripping of a saturated CO adlayer and the stripping of a CO
submonolayer [40]. This confirms that there are practically no other stable adsorbates in
addition to COad. The numbers of electrons generated per CO2 molecule are in good
agreement with those measured by Gootzen et al. (2.1 at 0.4 V) on platinized Pt [158] and by
Wang et al. (between 2.6 and 2.2 at potentials between 0.16 V and 0.66 V) on a carbon
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supported Pt catalyst [135]. Assuming that all CO2 is formed by the oxidation of COad, the
relative COad coverage θCO accumulated during the adsorption transients is calculated from
the mass spectrometric CO2 signal and referenced to the saturation coverage θCO,sat gained via
CO adsorption at 0.06 V. The resulting relative COad coverages are listed in Tab. 7-1. The
maximum relative COad coverage was found at 0.4 V (Tab. 4-1) which agrees with the finding
of Wang et al. [135], although the coverage is slightly higher in the present study.
A closer look at the integrated IR absorbances of the COad bands (Figs. 7c and d) shows that
the intensity of the COL band is constant during the initial cycle through the Hupd region,
whereas that of the COM band increased. A similar behavior was reported by Chen et al. when
scanning the electrode potential from 0.4 to 0.06 V at defined, constant COad submonolayer
coverages of 0.3 and 0.43 ML. The change in the intensity was attributed to a potential
dependent, reversible compression/relaxation in the CO adlayer [126] induced by the Hupd
adsorption/desorption. Since in our measurements the changes in COL and COM intensity in
the negative- and positive going potential scan are also reversible, we assume that similar
processes are going on during the potential scans and that the overall COad coverage does not
change during the potential scan in the Hupd region. Hence, the formation of additional COad
in the negative-going potential scan, by decomposition of adsorbed precursors, can be ruled
out. This behavior, which contrasts recent findings for adsorption of other alcohols such as
ethanol [92] and glycerol [100], proves that COad is the only stable adsorbate formed during
adsorption of EG in the potential range between 0.1 and 0.5 V. This conclusion is further
supported by additional stripping experiments starting directly with a positive-going potential
scan, which were performed for adsorption potentials 0.2 V and 0.4 V (see supporting
information, Fig. 4-14). Comparison with stripping experiments starting with a negative-going
potential scan showed no significant differences between the measurements in the CV and the
MSCV for these two adsorption potentials, indicating that reduction of other EG adsorption
products at potentials below 0.1 V can be neglected.

4.3.4 Adsorption/oxidation of EG intermediates
For better identification of the IRS bands appearing during EG oxidation, we recorded IR
spectra in the initial phase of the adsorption/oxidation of EG and its different oxidative
intermediates on a Pt film electrode, which are plotted in Figs. 8 and 9. First, we will
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concentrate on adsorbate formation at oxidative potential (Fig. 4-8). The spectra presented
were acquired at 0.7 V, 2 s after switching the electrolyte from 0.5 M H2SO4 to a 0.1 M
solution of the respective organic molecule in 0.5 M H2SO4. By comparing the absorption
bands in the region typical for carboxylic groups, we can identify more accurately the
carboxylic acid(s) being produced and adsorbed during EG electrooxidation. The spectrum
recorded in EG solution exhibits a double band with maxima at 1395 and 1335 cm-1. Similar
bands are also detected during the adsorption/oxidation of glycolaldehyde and glycolic acid,
respectively. For comparison, bands at 1394, 1332 and 1094 cm-1 were reported in an ATRFTIRS study by Delgado et al. and assigned to the νs(OCO), δs(CH2) + δ(OH) and ν(COH) +
δ(OH) modes of adsorbed glycolate [142]. The first two bands agree perfectly with our
findings, the latter band is hardly visible in our spectra due to interference with the (bi-)sulfate
IR bands (the study by Delgado et al. was performed in perchloric acid).
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Fig. 4-8 Set of IR spectra recorded during potentiostatic bulk oxidation of glycolaldehyde, recorded 2 s
after switching from 0.5 M H2SO4 to 0.1 M EG in 0.5 M H2SO4 at different constant potentials (reference
spectra were recorded at the adsorption potentials in 0.5 M H2SO4).
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The spectra of glyoxal and glyoxylic acid show maxima at 1384 and 1307 cm-1, for oxalic
acid at 1375 and 1290 cm-1. Hence, we conclude that the IR bands detected at 1395 and 1335
cm-1 during EG oxidation are due to adsorbed glycolate, which was formed oxidatively during
the reaction. Since glycolate is weakly adsorbed and in an adsorption-desorption equilibrium
with glycolic acid, the latter is being present also during the oxidation of glycolaldehyde.
However, the formation of small amounts of other adsorbed carboxylic acids (e.g. glyoxylic
and oxalic acid), which are hidden by other features, can not be ruled out because of the rather
similar wave numbers of the carboxylic groups in these molecules.
The presence of sizable amounts of glycolic acid during EG oxidation means that under our
experimental conditions, especially under the enhanced mass transport conditions applied in a
thin layer flow-cell set-up, the oxidation of the second carbon atom to glyoxal, glyoxylic acid
or oxalic acid) is slow compared to oxidation of the first carbon atom to glycolaldehyde and
glycolic acid.
The spectral features as well as the interpretation in this work differ from those in previous IR
studies, where bands at about 1730 – 1740 cm-1 and 1240 – 1245 cm-1 were assigned to the
ν(C=O) and the ν(C-O) modes of a carboxylic group [29;44;151;159-161]. This discrepancy
is explained by the different experimental configurations in the latter studies, which were
performed in an external reflection configuration. Due to the lower sensitivity of these
measurements they did not resolve the bands related to adsorbed glycolate detected in the
ATR configuration at 1395 and 1335 cm-1. On the other hand, performing ATR-FTIRS
measurements in glycolic acid at higher concentration, we also detect bands at 1734 and 1243
cm-1, independent of the electrode potential. This is in contrast to the bands at 1395 and 1335
cm-1, which do not appear at cathodic potential (0.06 V) (see Supporting Information, Fig. 415). Therefore, we conclude that the bands at 1734 and 1243 cm-1 are caused by glycolic acid
in the solution. Similar observations were made when studying the adsorption behavior of
acetic acid [92].

4.3.5 Glycolaldehyde adsorption/oxidation
Finally, for gaining further information on the peak detected at 1630 cm-1 during EG
adsorption at 0.3 V and 0.4 V, which was attributed to adsorbed 2-hydroxyacetyl, we studied
the adsorption of glycolaldehyde under experimental conditions identical to the measurements
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on EG adsorption, recording IR spectra during adsorption/oxidation transients. IR spectra
recorded at different potentials 2 s after switching to glycolaldehyde containing electrolyte are
shown in Fig. 4-9. Similar to EG, adsorption, we find bands related to linearly and multiply
bonded COad, and adsorbed glycolate at ~2030, ~1810, 1395, and 1335 cm-1, in addition to the
(bi-)sulfate related bands at ~1190 and ~1100 cm-1. The detection of adsorbed glycolate is
clear evidence, that glycolaldehyde can be oxidized to glycolic acid at potentials higher than
0.4 V.
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Fig. 4-9 Set of IR spectra recorded during potentiostatic bulk oxidation of glycolaldehyde, recorded 2 s
after switching from 0.5 M H2SO4 to 0.1 M glycolaldehyde in 0.5 M H2SO4 at different constant potentials
(reference spectra were recorded at the adsorption potentials in 0.5 M H2SO4).

In addition, there is a distinct band at 1640 cm-1 at potentials < 0.6 V, which is characteristic
for the ν(C=O) mode of carbonyl groups or related species. In analogy to findings in the
adsorption of ethanol and acetaldehyde [75;92], we had assigned this band to an adsorbed 2hydroxyacetyl species rather than to adsorbed glycolaldehyde (section 4.3.1). In the latter
study, it was shown that a band appearing at 1635 cm-1 must be due to adsorbed acetyl, since
there was no shift in the band position when changing from CH3CH2OH to CH3CD2OH. In
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that case, all H or D atoms must be removed from the α-carbon atom upon adsorption, leaving
adsorbed acetyl as the only possible origin for this band. We expect a similar adsorption
behavior also for adsorption of glycolaldehyde.
The position of the two ν(C=O) bands in the spectra of ethylene glycol (see Figs.4-3 and 4-4)
and glycolaldehyde differ by ca. 10 wave numbers, which we tentatively attribute to a higher
coverage of that species during the adsorption of glycolaldehyde. Our interpretation is
supported by the spectra in Fig. 4-10, where we followed the onset of glycolaldehyde
adsorption at 0.06 V with high temporal resolution (0.19 s/spectrum). In the second spectrum
of this figure, which was recorded right after the onset of adsorption where the coverages of
all species are still low, the band assigned to adsorbed 2-hydroxyacetyl lies at 1633 cm-1. In
the following spectra, the band intensity grows and the position shifts to higher wave
numbers, as expected for such kind of coverage effect.
During EG adsorption, the 2-hydroxyacetyl band is not observed at potentials ≤ 0.2 V, while
during glycolaldehyde adsorption it appears already at 0.06 V. Following our recent
description of ethanol oxidation / acetyl formation [75;92], we explain this by slow oxidation
of the adsorbed EG to 2-hydroxyacetyl species, due to surface blocking by Hupd at these
cathodic potentials.
It should be noted that a similar band at 1640 cm-1 was found also in the course of glyoxal
adsorption at potentials between 0.06 and 0.4 V (not shown) [75]. Therefore, it can not be
ruled out that glyoxal related species (2-oxoacetyl) are formed and adsorbed in the course of
EG oxidation, although considering the absence of the carboxylic band at 1307 cm-1 (see
above) the amounts must be small. This agrees with earlier findings by Dailey et al. [29] and
by Belgsir et al. [154], who reported glycolaldehyde as a major soluble intermediate or side
product for EG oxidation on Pt [29] and on Pb modified Pt electrodes, [154] with small
amounts of glyoxal produced also on the latter electrodes.
The formation of the adsorbed 2-hydroxyacetyl species is supported also by results of recent
density functional theory (DFT) calculations on the bond scission mechanisms of EG on
Pt(111) by Salciccioli et al. [180]. These authors found that at first one of the O-H bonds is
split, followed by splitting of the C-H bonds, leading to the adsorbed 2-hydroxyacetyl species.
Cleavage of the second O-H bond occurs only in the next step. Although these calculations
were performed for a system under vacuum conditions, without consideration of potential and
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electrolyte effects, this gives at least a first hint on the mechanism for adsorbed 2hydroxyacetyl formation.
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Fig. 4-10 IR-spectra during the potentiostatic glycolaldehyde adsorption; E = 0.06 V; electrolyte 0.1 M
glycolaldehyde in 0.5 M H2SO4; temporal resolution 0.19 s spectrum-1; reference spectrum at 0.06 V in 0.5
M H2SO4).

The high time resolution in the measurements for Fig. 4-10 reveals another interesting detail:
The band at ~1640 cm-1 is already detected at t = 12.73 s, while the COad related bands do not
arise until the third spectrum at t = 12.92 s. Furthermore, in the entire initial phase of this
transient the intensity of the 1640 cm-1 band is higher than that of the COad related bands,
while at later stages this is opposite until the band at 1640 cm-1 disappears upon rinsing with
glycolaldehyde free H2SO4 (Fig. 4-11). Obviously, the formation of adsorbed 2-hydroxyacetyl
takes place before the C-C bond splitting required to form COad. This can be taken as an
indication that the adsorption via the carbonylic group acts as a precursor of C-C bond
splitting and COad formation. Therefore, we evaluated the temporal evolution of the integrated
absorbances of the band at about 1640 cm-1 and of the COL absorption band during the
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adsorption transient and subsequent rinsing, which are plotted in Fig. 4-11. It should be noted
that there is a delay of about 3 s between the time when changing to the supply bottle
containing 0.1 M glycolaldehyde in 0.5 M sulfuric acid and the time it reaches the electrode
due to the volume of the capillaries. Likewise, when switching back to the base electrolyte we
assume that after 5 s the cell does not contain glycolaldehyde any more [26]. As depicted in
Fig. 4-11, the integrated absorbance of the band at 1640 cm-1 first increases during adsorption
and then decreases with time when the cell is rinsed with sulfuric acid. On the other hand, the
COL related signal increases during adsorption and then continues growing also during
rinsing, where the cell is free of glycolaldehyde. We consider this correlation as strong
evidence for a reaction pathway where COad formation occurs via decomposition of adsorbed
2-hydroxyacetyl species, in good agreement also with the results from theory [180].
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Fig. 4-11 Temporal evolution of the integrated absorbances of COL (■), COM (○) and the band at 1640 cm-1
(▲) during short adsorption of glycolaldehyde (0.1 M solution in 0.5 M H2SO4; E = 0.06 V; electrolyte 0.5
M H2SO4; temporal resolution 0.19 s spectrum-1).

If the same experiment is done at 0.2 V and 0.4 V, the build-up of COad (by 2-hydroxyacetly
decomposition Fig. 4-11) is considerably faster so that no additional COad formation is
detected after rinsing, and the COad bands and the band at about 1640 cm-1 appear
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simultaneously in the spectra (Fig. 4-10). This does not exclude the possibility that the
adsorbed 2-hydroxyacetyl is a precursor of COad, but just means that its decomposition may
be too fast to be separated in our experiments. Compared to 2-hydroxyacetyl, the dissociation
of adsorbed acetyl was found to be slower and could be followed at also at 0.4 V. [132] In
fact, we expect the same mechanism also to hold true at higher potentials. [75]
Finally, we would like to note that a EG oxidation mechanism, which does not involve the
formation of glycolaldehyde as an intermediate in the formation of glycolic acid or COad, was
proposed by Wieland et al. [159]. These authors based their proposal on the finding that more
glycolic acid and less COad is formed from EG than from glycolaldehyde (at 0.56 V), which
was deduced from the relative absorbances of the respective IR bands. In contrast, we found
higher absorbances for the bands at 1395 cm-1 and 1335 cm-1 in the course of glycolaldehyde
electrooxidation than for EG oxidation (in the potential range 0.6 – 0.8 V, shown for 0.7 V in
Fig. 4-8). We tentatively explain the discrepancy in the IR data by the different mass transport
conditions in the two measurements, where the negligible mass transport in the external
configuration measurements in ref. [159] may cause significant modifications in the product
distribution.

4.3.6 Conclusions
We have investigated the adsorption and oxidation of ethylene glycol on a Pt film electrode in
a combined ATR-FTIR and DEMS study, with the measurements performed simultaneously
under continuous controlled electrolyte flow. Both potentiodynamic bulk oxidation and
potentiostatic adsorption/oxidation measurements were employed. This allowed to follow the
time evolution of adsorbed species and volatile reaction products with a time resolution in the
sub second range in adsorption/oxidation and desorption transients, upon changing from pure
base electrolyte to reactant containing electrolyte and back. The results of these measurements
led to the following conclusions:
1. In agreement with previous IR and DEMS studies (references see section 4.1), we found
that EG oxidation on Pt results mainly in incomplete oxidation products, with CO2 being a
minority species (CO2 current efficiency <10%). The formation of glycolaldehyde and
glycolic acid (at potentials of 0.3 - 0.5 V and at potentials ≥0.6 V) acid is demonstrated by
the appearance of bands related to adsorbed 2-hydroxyacetyl and glycolate species, which
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result either from adsorption of those bulk compounds or from oxidation of instable EG
adsorbates.
2. Linearly and multiply bonded COad are the dominating and only stable adsorbates at
potentials between 0.1 V and 0.7 V. At potentials below the onset of COad oxidation, COad
displaces other adsorbates, including adsorbed reaction intermediates / reaction side
products such as 2-hydroxyacetyl and adsorbed glycolate (see points 5 and 6), and finally
poisons the surface for EG oxidation. At potentials above the onset of COad oxidation, the
decreasing steady-state COad coverage, which is reflected by lower steady-state intensities
of the COad related IR bands, results in an increasing EG oxidation rate.
3. The potential dependent rates of COad formation between 0.1 and 0.6 V were determined
from the COad IR band absorptions. The initial rate for COad formation on a clean Pt
electrode increases with increasing potential, reaching a plateau between 0.4 and 0.6 V.
This resembles trends observed for ethanol adsorption, although the absolute rates are
lower for ethanol than for EG decomposition.
4. EG adsorption/oxidation leads to the rapid formation of adsorbed 2-hydroxyacetyl, which
was reflected by the appearance of an IR band at 1630 cm-1. This species, which is formed
also upon glycolaldehyde adsorption, was identified by comparison with adsorption of
ethanol/acetaldehyde, where adsorbed acetyl was verified by isotope labeling experiments.
It shows up in the initial stages of the reaction, before it is largely displaced by adsorbed
COL and COM species in the later stages.
5. The adsorbed 2-hydroxyacetyl is proposed to act as precursor for COad formation, hence,
it is stable against desorption, but not against decomposition. This proposal is based on the
behavior during glycolaldehyde adsorption transients, where after changing back to base
electrolyte COad formation continues, while the intensity of the 1630 cm-1 band decreases
(Fig. 4-11). In the absence of active species in the electrolyte, COad formation occurs via
consumption (decomposition) of 2-hydroxyacetyl species. Due to the increasingly faster
decomposition rate, as evidenced by the COad formation rate (see point 3), experimental
verification was only possible at 0.06 V, but we expect a similar mechanism also at higher
potentials.
6. Ethylene glycol oxidation leads to the formation of glycolic acid, which is in a fast
adsorption/desorption equilibrium with weakly adsorbed glycolate on the Pt surface.
Adsorbed glycolate is characterized by a double band at 1395 and 1335 cm-1, which is
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detected at potentials ≥0.6 V in the course of EG oxidation. This potential limit is
determined by glycolic acid formation (EG oxidation), since in glycolic acid solution
adsorbed glycolate is observed already at 0.2 V. Two bands at 1243 and 1734 cm-1
reported in the literature were identified as bands related to glycolic acid in the electrolyte,
which are not detected in the present measurements (at low glycolic acid concentrations)
due to the high surface sensitivity of the ATR-FTIRS measurements.
In total, the general characteristics of the adsorption/oxidation of ethylene glycol on Pt
resemble closely those of other comparable alcohols such as ethanol, 1-propanol or glycerol
[26;75;92;100;132]. In all cases, adsorption seems to proceed via dehydrogenation and
formation of an adsorbed acetyl type species, in this case 2-hydroxyacetyl, followed by C-C
bond breaking or further oxidation of the other functional groups, where the former leads to
COad and finally to CO2, while the latter results in incompletely oxidized C2 or C3 species.
The OH group at the α carbon atoms leads to an activation of the C-C bond breaking step,
which is evident from the significantly faster COad formation upon adsorption of ethylene
glycol or glycerol compared to ethanol adsorption. Decomposition of adsorbed methanol,
which is significantly faster, can not be compared since this does not require C-C bond
breaking. Obviously, C-H bond breaking is more facile than C-C bond breaking, despite of
the little difference in bond energies. The high activation for C-C bond breaking is reflected
by very low CO2 product yields and current efficiencies for reaction under present reaction
conditions, i.e., at room temperature and enforced electrolyte flow.
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5.1 Abstract
The influence of deuteration on the adsorption and oxidation of ethylene glycol (EG) and
deuterated EG (HOCD2CD2OH, “EG-D4”) on a Pt thin film electrode was investigated in a
combined spectro-electrochemical approach under continuous flow conditions, aiming at an
improved understanding of the reaction mechanism. Highly surface sensitive in situ ATRFTIR spectroscopy was employed to follow the potential dependent development of the EG
adlayer, while online differential electrochemical mass spectrometry (DEMS) was used to
monitor the volatile products simultaneously. Potentiodynamic, potentiostatic and adsorbatestripping experiments show distinct kinetic isotope effects (KIEs), which differ significantly
for different reaction pathways such as the formation of CO2, COad and of the precursor for
COad formation, and finally the overall reactivity expressed by the Faradaic current. The data
indicate that the precursor for COad formation, identified by a band at 1630 cm-1, includes at
least one H (or D) atom at the second C atom, pointing to an adsorbed 2-hydroxyacetyl, and
that C-C bond dissociation is most likely not the rate determining step for COad formation.
Implications of these findings on the mechanism of EG adsorption/oxidation are discussed.

5.2 Introduction
The electrooxidation of ethylene glycol (EG) is of considerable interest mainly due to its
potential use as fuel in direct oxidation fuel cells (DOFCs) [182]. Accordingly, it has been the
topic of numerous studies in the past decades. A comprehensive literature overview was given
in a recent publication where we presented results of a detailed combined in-situ IR
spectroscopy and online mass spectrometry study on the EG electrooxidation [131]. One
important finding in that latter study was the detection of an IR band at 1630 cm-1, which in
analogy to similar studies on ethanol [26;75;91;92] was assigned to adsorbed 2hydroxyacetyl. We proposed that adsorbed 2-hydroxyacetyl is the precursor for COad
formation. Furthermore, adsorbed glycolate was identified via a double band at 1335 and
1395 cm-1, indicating that glycolic acid is formed in the course of EG electrooxidation.
Finally, the potential dependent COad formation rates upon dissociative adsorption of EG and
the selectivity of the EG oxidation toward CO2 formation were determined. Even more
detailed insight in the complex reaction mechanism can be gained by using isotope labeled
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molecules. Kinetic isotope effects (KIEs) upon H/D substitution have been used in numerous
studies on the electrooxidation of small organic molecules like methanol [183], formaldehyde
[184;185], formic acid [89;183], ethanol [75] or 2-propanol [87;88;186] for gaining detailed
information about the reaction mechanisms, and specifically on the rate determining step(s).
In reactions involving different reaction steps and pathways it is often difficult to relate the
measured KIE of the overall reaction, as determined via the Faradaic current, to a specific
reaction step or to the formation of one of the products. This is facilitated by the use of
additional spectroscopy techniques such as online mass spectrometry [184;185] or in situ IR
spectroscopy [89]. If KIEs can be unanimously attributed to specific reaction pathways or
reaction steps, this provides experimental access to elementary reaction steps in an
electrochemical environment. Examples for elementary reaction steps in EG electrooxidation
would be the EG dehydrogenation on Pt, which was investigated by theoretical calculations in
combination with vapor phase or aqueous phase measurements [180;180;187]. Not only the
reaction kinetics can be influenced by H/D substitutions, but also the vibrational properties.
This can assist in identifying bands of adsorbates detected by in situ IR spectroscopy.
In the present paper, we want to use KIEs in the C-H/C-D bond splitting, determined for nondeuterated EG (HOCH2CH2OH, “EG-H4”) and deuterated EG (HOCD2CD2OH, “EG-D4”)
adsorption/oxidation, to address the following topics: (i) the assignment of the band at 1630
cm-1 to 2-hydroxyacetyl, (ii) the relation between the KIEs for specific pathways in the EG
adsorption/oxidation, COad formation and CO2 formation, and the KIE in the overall reaction,
and (iii) the influence of H/D substitution on the selectivity toward complete oxidation to
CO2.
After a brief description of the experimental set-up and procedures, we will compare spectra
obtained in the initial stages of EG-H4 and EG-D4 adsorption/oxidation (section 5.3.1).
Results of the spectro-electrochemical measurements at constant potentials will be presented
in section 5.3.2, followed by the determination of the KIE in the initial COad formation rates
from the temporal evolution of the IR absorbances of COad (section 5.3.3) and the
determination of the resulting COad coverages from adsorbate stripping experiments (section
5.3.4). This will be followed by the results of potentiodynamic bulk oxidation in section 5.3.5.
Finally, we will discuss the implications of the observed KIEs on the understanding of the EG
electrooxidation mechanism.
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5.3 Results and Discussion
5.3.1 ATR-FTIR spectra at constant potentials
ATR-FTIR spectra recorded in the initial stages of the adsorption/oxidation of EG-H4 and
EG-D4 at constant potentials of 0.2, 0.4 and 0.6 V are compared in Fig. 5-1. At 0.2 V, two
bands at 1800 and 2006 cm-1 are detected for both EG-H4 and EG-D4, which are related to
multiply (COM) and linearly (COL) bonded COad [151], formed upon dissociative adsorption
of EG. As expected, deuterating EG does not affect the nature and wave number of the
resulting COad, and at this potential, the COad coverage is too small to cause measurable
differences in the vibrational frequency due to different COad coverages resulting from the
different adsorption rates. At higher potentials in contrast, COad coverage induced shifts are
clearly observed (see below). Correspondingly, the peak areas of the COad related bands are
smaller upon dissociative adsorption of EG-D4 compared to EG-H4 adsorption. Since both of
the spectra represent the co-addition of the spectra recorded during seconds 5 – 10 of EGH4/EG-D4 admission, the differences in the peak areas indicate different COad formation rates
as expected in the presence of a KIE. The quantitative evaluation of these data will be
presented in section 5.3.3. The onset of (bi-) sulfate displacement is indicated by absorptions
between 1050 and 1200 cm-1 [138;176;177]. For adsorption at 0.4 V, bands at 1630 cm-1 are
detected both for EG-H4 and EG-D4 in addition to the COad related bands at around 1810 and
2030 cm-1 (note that the COad bands resulting from dissociative EG-H4 adsorption appear at
slightly higher wave numbers due to the higher COad coverage) and displaced (bi-) sulfate at
1200 and 1110 cm-1 [138;176;177]. In a recent study on EG adsorption/oxidation, we
observed a similar band at 1630 cm-1 at potentials between 0.3 and 0.5 V and assigned it to
the ν(C=O) mode of adsorbed 2-hydroxyacetyl [131]. This assignment was based on the
finding, that similar IR-bands appear during adsorption of ethanol [91;92], acetaldehyde [92],
and glycolaldehyde [131] on Pt. In addition, there was no shift in the wave number of this
band [75] when comparing adsorption/oxidation of CH3CH2OH and CH3CD2OH, while IR
studies on CH3CHO and CH3CDO in the gas phase (1750 or 1734 cm-1) and liquid phase
(1714 or 1702 cm-1) showed significant differences in the C=O stretch vibration [188]. This
was interpreted as evidence for a complete dehydrogenation of the adsorbed species resulting
from ethanol adsorption at the carbonyl carbon atom, leaving adsorbed acetyl as the most
likely species [75].
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Fig. 5-1 Set of IR spectra recorded during potentiostatic bulk oxidation of EG-H4 and EG-D4, 5 s
(4.8 s/spectrum) after switching from 0.5 M H2SO4 to 0.044 M EG-H4 (red line, upper spectra) and EG-D4
(black line, lower spectra) in 0.5 M H2SO4 at different, constant potentials (reference spectra were
recorded at the respective adsorption potentials in 0.5 M H2SO4).
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Accordingly, we value the absence of an isotope shift of the band at 1630 cm-1 upon
adsorption of EG-H4 or EG-D4 as clear support for the assignment of this band to adsorbed 2hydroxyacetyl. In adsorbed 2-hydroxyacetyl, two H/D atoms are still bound to the second
carbon atom. Deuteration at this position, however, is not expected to have a measurable
effect on the wave number of the C=O stretch vibrations of the adsorbed 2-hydroxyacetyl,
which is supported also by the very similar wave numbers of 2-hydroxyacetyl (EG
adsorption) and acetyl (ethanol adsorption) [75]. Furthermore, the effect of substituting a Hatom by an OH group (EG compared to ethanol) should be larger than that of a H/D
substitution (EG-D4 compared to EG-H4). Therefore, from the band position alone we cannot
exclude the possibility that the adsorbed intermediate is partly dehydrogenated also at the
second carbon atom.At 0.6 V, the bands of multiply and linearly bonded COad appear at
slightly higher wave numbers, at around 1828 and 2046 cm-1, due to a combination of Stark
tuning and the higher COad coverage, as COad formation is faster under these conditions than
at the lower potentials. The negative bands at 1224 and 1124 cm-1 result again from the
displacement of adsorbed (bi-) sulfate by COad. When EG-H4 is admitted, two bands at 1395
and 1335 cm-1 are detected which we assigned to adsorbed glycolic acid by comparing the
spectral features of different possible bifunctional C2 carboxylic acids [131]. In agreement
with our previous results and interpretation, Delgado et al. reported bands at 1394, 1332 and
1094 cm-1 in an ATR-FTIRS study on the adsorption of glycolic acid on electrochemically
deposited Pt-film electrodes in perchloric acid and assigned them the νs(OCO), δs(CH2) +
δ(OH) and ν(COH) + δ(OH) modes of adsorbed glycolate [142]. The latter band is hardly
visible in our spectrum due to interference with the (bi-)sulfate IR bands. While the νs(OCO)
mode of adsorbed glycolate should hardly be affected by deuteration of EG, an isotope shift is
expected for the δs(CH2) + δ(OH) mode. These expectations are confirmed by the spectrum
recorded upon admission of EG-D4 at 0.6 V. The band at 1395 cm-1 is detected similarly as
for EG-H4. The band at 1335 cm-1, however, vanishes and a new band at 1145 cm-1 appears,
reflecting the isotope shift. This further supports the assignment of the glycolate IR bands. As
reported previously, COad formation from glycolic acid is slow [137], and adsorbed glycolate
is regarded to be a spectator species.
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5.3.2 EG adsorption/oxidation at constant potentials
Fig. 5-2 shows the Faradaic current density transients (top row and inset) as well as the
integrated absorbances of the COL band (middle row) and COM band (bottom row) upon
switching from supporting electrolyte to solutions containing 0.044 M EG-D4 (black line,
filled squares) or EG-H4 (red line, open circles) at constant potentials of 0.2 V (left column),
0.4 V (middle column), and 0.6 V (right column).
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Fig. 5-2 Transients recorded during potentiostatic bulk oxidation of EG-H4 and EG-D4: Faradaic current
density (top row and insets with enlarged scale), integrated absorbances of linearly bonded COL (middle
row) and multiply bonded COM (bottom row); electrolyte 0.044 M EG-H4/EG-D4 in 0.5 M H2SO4,
adsorption potentials 0.2, 0.4 and 0.6 V.

Hardly any current is measured for EG-H4 and EG-D4 adsorption at 0.2 V, which can be
explained by the largely blocked surface due to Hupd adsorption [129;135;137]. The integrated
absorbances of the COad bands increase only slowly, both for labeled and unlabeled EG, and
the continuous increase of the COL band absorbance indicates that the saturation COad
coverage is not reached within the adsorption time (5 min). Based on the steeper slope upon
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EG-H4 adsorption compared to EG-D4 adsorption, COad formation is affected by a KIE, in
perfect agreement with the different COad intensities in the spectra presented in Fig. 5-1,
which were recorded after similar adsorption times.
For adsorption at 0.4 V, both EG-H4 and EG-D4 show an initial current peak, followed by a
decrease due to increasing surface poisoning by COad. This interpretation is confirmed by the
increase in the COad absorbances. These results are in good agreement with EG adsorption
current transients reported earlier [131;135;137]. The current density peak of EG-H4 at the
beginning of the adsorption and therefore at low COad coverage is about twice as high as that
of EG-D4.
A reaction scheme depicting the KIEs for different processes in the EG adsorption/oxidation
is shown in Fig. 5-3. Similar ratios between the peak currents at 0.4 V were found in studies
of the KIE in the adsorption/electrooxidation of formic acid (HCOOH/DCOOH) [89] and of
ethanol (CH3CH2OH/CH3CD2OH) [75]. At the end of the adsorption transient, the EG-D4
adsorption/oxidation current is slightly higher than that for EG-H4 adsorption/oxidation,
which can be explained by the lower COad steady-state coverage in the case of EG-D4 (lower
COL absorbance). The COad coverages are quantified and discussed in section 5.3.4.
For EG adsorption/oxidation at 0.6 V, the general shape of the current transients largely
resembles those observed at 0.4 V. After passing through an initial maximum, the currents for
both EG-H4 and EG-D4 adsorption/oxidation decrease to steady-state values. The peak
currents in the initial phase and the steady-state current at the end of the adsorption are
considerably higher than those at 0.4 V. Furthermore, they are about 1.2 times higher at the
end of the EG-H4 adsorption transient than for EG-D4 adsorption (see inset of Fig. 5-2, top
row), despite the higher steady-state COad coverages (Fig. 5-2, middle and bottom row) for
EG-H4 than for EG-D4. Apparently, KIEs hinder EG electrooxidation of EG-D4 slightly more
than the more pronounced surface poisoning by COad during EG-H4 oxidation, as evident
from the high COad signals in the latter case. This behavior resembles findings reported for
comparable experiments with ethanol [75]. As already discussed for the lower potentials, the
increase in the COad absorbances is slower for labeled EG than for the unlabeled analogon,
and the resulting steady-state COad coverages are significantly lower.
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Fig. 5-3 Scheme of the EG adsorption/oxidation processes and the reaction step specific KIEs determined
in this work. The KIEs refer to a largely COad free Pt surface at the beginning of the adsorption transients
or at high potentials (0.85 – 0.75 V) in the potentiodynamic experiment. EG-Ox = Partly oxidized reaction
products.

In Fig. 5-4, we show the simultaneously measured ion current density for m/z = 44 (CO2) and
the resulting CO2 formation current efficiency (CCE) upon EG electrooxidation at 0.6 V. The
CCE describes the fraction of the Faradaic current that results from the complete oxidation of
EG to CO2, as measured by DEMS. At the lower potentials, no CO2 was detected, in
agreement with earlier reports [129;131;137].
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Fig. 5-4 Transients recorded during potentiostatic bulk oxidation of EG-H4 (red line, open circles) and
EG-D4 (black line, filled squares) at 0.6 V: mass spectrometric current density m/z = 44 (top row); CO2
current efficiency (bottom row); electrolyte 0.044 M EG-H4/EG-D4 in 0.5 M H2SO4;

The oxidation of COad to CO2 at 0.6 V is the reason for the lower steady-state COad coverages
compared to the lower potentials. Assuming that the CO2 formation during ethylene glycol
oxidation is solely due to COad oxidation, which is independent of the deuteration, differences
in the CO2 formation rate must result from KIEs in the COad formation. The steady-state CO2
formation from unlabeled EG-H4 exceeds the CO2 formation from labeled EG-D4 by a factor
of about 1.8, i.e., there is a clear KIE for complete EG electrooxidation to CO2. The difference
between EG-H4 and EG-D4 in the CO2 signal is significantly larger than the difference in the
Faradaic currents (1.2) (Fig. 5-2). Consequently, the CCE differs by a factor of about 1.5.
Note, however, that in both cases, the Faradaic current mainly results from the formation of
incomplete oxidation products like glycolaldehyde or glycolic acid [29;129;131].
Nevertheless, also the selectivity of the EG electrooxidation reaction is measurably affected
by H/D exchange. There are two possible explanations for the difference in the CCE: They
may either result from the higher steady-state COad coverage for unlabeled EG-H4, if the
contribution of CO oxidation to CO2 formation is dominant and if the reaction is not limited
by OHad supply. Alternatively, the different CCEs may result from differences in the KIEs for
the formation of incomplete oxidation products and for the formation of CO2, which changes
the ratio between these products upon deuteration, and hence the CCE even for identical COad
coverages. The second case seems to be more reasonable, considering the complex reaction
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network and the several reaction steps involved in EG electrooxidation. A more quantitative
discussion for EG oxidation on largely COad-free surface will be possible when discussing the
high potential region of the negative-going scan in the potentiodynamic experiment (section
5.3.5).

5.3.3 Kinetic isotope effect on the COad formation rates
The initial COad formation rates at 0.2, 0.4 and 0.6 V upon admission of EG-H4 and EG-D4, as
evaluated from the slopes of the COL absorbances in Fig. 5-2, and the ratio between the two,
which reflects the KIE for COad formation, are listed in Tab. 5-1.

Ead / VRHE

COad formation rate EG /

COad formation rate EG-D4 / KIE (EG/EG-D4)

ML*s-1

ML*s-1

(± 0.5)

0.2

0.003

0.001

3

0.4

0.053

0.017

3

0.6

0.06

0.02

3

Tab. 5-1 Initial COad formation rates and KIE for the COad formation upon admission of 0.044 M EG-H4
and EG-D4 in 0.5 M H2SO4 at 0.2, 0.4 and 0.6 V.

We used a non-linear potential-dependent correlation between the IR absorbance of COad and
the COad coverage which was derived from simultaneous measurements of ATR-FTIR spectra
and the CO consumption from the electrolyte via DEMS upon admission of CO containing
electrolyte to the electrode, where the latter provides the COad coverage, to convert the COL
band absorbance into COad coverage [83]. The same approach was used in previous studies on
EG and glycerol electrooxidation [100;131].
First of all, the initial COad formation rates increase with increasing potential. At 0.6 V, COad
can be further oxidized to CO2, but this can be neglected in the initial phase because here
COad formation is much faster than the COad oxidation reaction [131]. This trend agrees well
with our previous findings for 0.1 M EG solutions [131], only the absolute rates are lower in
the present study due to the lower EG concentration (0.044 M). As stated above, COad
formation is slower for EG-D4 compared to EG-H4. Independent of the potential, we find a
KIE of ~3, indicating that the scission of C-H/C-D bonds is involved in the rate determining
step for the COad formation (see Fig. 5-3 for the reaction scheme). KIEs in the COad formation
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steps were also reported for ethanol [75] and formic acid [89] adsorption/electrooxidation. In
the case of ethanol (CH3CH2OH / CH3CD2OH), KIEs of 1.7 and 1.8 were reported for the
initial CO adsorption rates during adsorption/oxidation at 0.4 and 0.6 V, respectively. In the
case of formic acid (HCOOH / DCOOH), KIEs of 1.9 were found between 0.1 and 0.4 V. The
KIEs, measured for COad formation form the different organic molecules, are significantly
smaller than the value of about seven, which has been calculated for gas-phase C-H bond
breaking at room temperature [189]. The difference in the KIEs is explained by the different
transition states in these two situations. For the gas-phase reaction, the KIE was calculated
assuming that the transition state is close to a complete dissociation, which leaves the
difference in zero-point energies of the initial states as the difference in activation barrier for
the two isotopomers. Following these lines, the differences in the KIEs for (initial) COad
formation from EG and from ethanol or formic acid are attributed to subtle differences in the
transition state for the rate determining C-H bond breaking step.
The finding that the KIE in the initial COad formation from EG is independent of the
adsorption potential provides evidence that COad formation proceeds via the same precursor at
all potentials studied. We assume adsorbed 2-hydroxyacetyl to be this precursor species,
although it was only clearly detected at 0.4 V in the present study. In our previous study on
EG electrooxidation, 2-hydroxyacetyl was detected also at constant potentials of 0.3 and
0.5 V. The absence of 2-hydroxyacetyl IR bands in the spectra at 0.2 and 0.6 V in the present
study does not exclude that the reactions proceed via 2-hydroxyactyl and could can be
explained by a too low coverage, below the detection limit, due to a hindrance of the EG
adsorption at Hupd or OHad covered Pt surface, respectively, or a faster further
reaction/desorption compared to its formation. During adsorption of glycolaldehyde, 2hydroxyacetyl was also found at lower potentials down to 0.06 V [131].

5.3.4 COad coverage
The relative COad coverages resulting after 5 min admission of EG, relative to the saturation
COad coverage upon CO adsorption measured on the same electrode, are shown in Fig. 5-5.
These values are derived from adsorbate stripping experiments performed after the adsorption
transients. A figure depicting the Faradaic current, the ion current for m/z = 44 and the
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integrated absorbances of the COad related IR bands during COad stripping can be found in the
supporting material
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Fig. 5-5 COad coverages (relative to the COad saturation coverage after CO adsorption from CO saturated
0.5 M H2SO4) resulting from the potentiostatic bulk oxidation of EG-H4 (right columns, red, striped) and
EG-D4 (left columns, black, filled) at 0.2, 0.4 and 0.6 V for 5 min determined via subsequent adsorbate
stripping. (See supporting information)

. As COad is continuously oxidized to CO2 at 0.6 V, the potential was stepped to 0.06 V during
rinsing the cell with supporting electrolyte after the adsorption at 0.6 V to preserve the COad
coverage. As stated above, the adsorption time is not long enough to reach saturation COad
coverage at 0.2 V, neither for EG-H4 nor for EG-D4. Therefore, the difference in coverage at
this potential is mainly due to differences in the adsorption kinetics. The ratio between the
two coverages at 0.2 V is 1.7, which is somewhat lower than the KIE determined for the
initial COad formation rate. This discrepancy is explained by the self poisoning of the COad
formation reaction with increasing COad coverage, as can be deduced from the decreasing
slope of the COL absorbance – time relation in Fig. 5-2.

At 0.4 V, the resulting relative COad coverages of EG-H4 and EG-D4 are 0.65 and 0.51,
respectively. The almost constant COL absorbance at the end of the adsorption transient in
Fig. 5-2 indicates that the surface has almost reached its steady-state composition both for
EG-H4 and EG-D4. Obviously, the steady-state COad coverage is lower for EG-D4 than for
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EG-H4. Similar observations were reported for ethanol adsorption/oxidation (CH3CH2OH and
CH3CD2OH) [75]. As COad is continuously oxidized to CO2 at 0.6 V and since the COad
oxidation rate is independent of the H/D exchange in EG, the differences in steady-state COad
coverage must result from differences in the kinetics of COad formation. Similar to 0.2 V, the
differences in coverage are smaller than the KIE for initial COad formation due to the self
poisoning of COad formation.

5.3.5 Potentiodynamic EG oxidation
Fig. 5-6 compares the Faradaic current (a), the m/z = 44 ion current (b), the CCE (c) as well
as the integrated absorbances of the COL (d) and COM bands (e) during potentiodynamic bulk
oxidation of EG-D4 (left column) and EG-H4 (right column). The general characteristics of
the EG-H4 signals agree very well with findings in our previous study on EG electrooxidation
[131]. Remaining differences are caused by the lower EG concentration in the present study.
Before the potential scan was started, the pre-cleaned electrode was held at 0.06 V, while EG
was admitted for 0.5 min. Starting with the positive-going scan, a small current peak appears
at 0.26 V in the CV of the unlabeled EG-H4, accompanied by a steep increase in the COM
absorbance and the beginning of the increase in the COL absorbance. This was attributed to
the start of dissociative EG adsorption, as Hupd, which blocks the Pt surface at lower
potentials, is removed. Afterwards, the current decreases again due to self-poisoning by COad
[131]. In the case of EG-D4, the Faradaic current increases at the same potential, but the peak
is lower. This correlates well with the smaller slope of the COM signal and the absence of an
increase in the COL signal, since these processes are slowed down by KIEs. At potentials
above 0.4 V, the current for EG-D4 oxidation is higher than that of EG-H4 oxidation, which
can be explained by the lower COad coverage. As discussed above, similar observations were
made at the end of the adsorption transients at a constant potential of 0.4 V. At these
potentials, the main product is most likely glycolaldehyde [29;131]. COad oxidation, enabled
by OH-adsorption, sets in at potentials above 0.55 V [133], as evidenced by the onset of CO2
formation (Fig. 5-2b) and the decrease in the COL absorbance (Fig. 5-2d). At this potential,
the Faradaic current increases steeply, resulting in a peak at 0.72 V which is about equal in
height both for EG-H4 and EG-D4 oxidation. Distinct differences are measured in the
contributions from CO2 formation at this potential and consequently in the CCE (EG-D4:
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12%, EG-H4: 18%). The maximum CCEs (EG-D4: 14%, EG-H4: 21%) appear at 0.78 V. The
higher potential compared to the Faradaic current peak arises from the higher potential of the
m/z = 44 signal peak. It should be noted that the CCEs in these scans are overestimated. They
are calculated assuming that every CO2 molecule formed delivers 5 electrons. In reality,
however, oxidation of COad formed at lower potentials produces only 2 electrons which
contribute to the CO2 formation at higher potentials. Due to the higher COad coverage for EG-
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Fig. 5-6 a) CV, b) MSCV (m/z=44), c) CO2 current efficiency, d),e) integrated absorbances of linearly
bonded COL (d) and multiply bonded COM (e); v = 10 mV/s; electrolyte 0.044 M EG-D4 (left column) and
EG-H4 (right column) in 0.5 M H2SO4; black line, filled squares: first scan; red line, open circles:
following scans.
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With decreasing COad coverage, not only the CO2 formation and the CCE, but also the
Faradaic current of EG-H4 exceeds that for EG-D4 oxidation, indicating faster kinetics both
for the complete oxidation of EG-H4 to CO2 and for the formation of incomplete oxidation
products like glycolaldehyde and glycolic acid.
In the negative-going scan, CO2 formation sets in at about 0.85 V, with the reduction of PtO,
and passes a maximum at 0.72 V. Compared to the positive-going scans, CO2 formation in the
negative-going scan is much lower because there are no contributions from the oxidation of
preformed COad. At potentials between 0.85 and 0.75 V, the Pt surface is still largely free of
COad, as indicated by the low absorbance of the COad related bands. Obviously, COad
oxidation is faster than COad formation in this potential range. Therefore, the CO2 formation
rates of EG-H4 and EG-D4 can be compared without the interference of COad coverage
effects. If the CO2 production is assumed to proceed solely via COad oxidation, the rate
limiting step under these conditions is in the COad formation process. Between 0.85 and 0.75
V, CO2 formation from EG-H4 is by a factor of 2.5 to 2.8 faster than from EG-D4, as depicted
in Fig. 5-3. At lower potentials, the KIE decreases, most likely due to the influence of the
increasing COad coverage. This fits quite well to the KIE of 3 observed for the initial COad
formation rate at lower potentials (see section 5.3.3), which we interpret as evidence for a
mechanism where CO2 is mainly formed via COad oxidation. Another possible explanation
would be that both COad formation and CO2 formation involve the same rate determining
step.. Though we can not exclude this from the present data, it appears rather unlikely and is
not supported by other findings.
Since no preformed COad is involved in the CO2 formation in the negative-going scan, also
the CCEs are not affected by uncertainties in the number of electrons in this case. As
expected, they are much lower than in the positive-going scan (EG-D4: 4%. EG-H4: 8%).
During the potentiostatic EG electrooxidation at 0.6 V, the CCE for EG-H4 oxidation under
steady-state conditions was found to be higher than that for EG-D4 oxidation by a factor of 1.5
(see above). In that experiment, the CCE could be influenced, however, by differences in the
COad coverage due to the KIE in the COad formation, which can be excluded here. The lower
CCE in the electrooxidation of EG-D4 clearly shows that the formation of incomplete
oxidation products is less affected by KIEs than the complete oxidation to CO2 under similar
reaction conditions. This may be related to the fact that the formation of side products such as
glycolaldehyde and glycolic acid requires only part of the C-H/C-D bonds to be broken.
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Alternatively, the rate limiting step for CO2 formation may be different from that for the
formation of incompletely oxidized reaction products and result in a different KIE for CO2
formation than for the incomplete oxidation reactions. Considering the fact that for ethanol
oxidation on Pt adsorbed acetyl was identified as precursor for COad formation, but could be
ruled out as intermediate for acetaldehyde formation [75], we favor the second explanation.
At potentials below 0.75 V, the IR spectra show the build-up of COad, which results from the
decreasing COad oxidation rate due to a decreasing OHad formation. As expected from the
KIEs observed for the COad formation at constant potentials and in the positive-going scan,
this build-up is faster for unlabeled EG-H4. Similar to the adsorption transient at 0.4 V, not
only the COad formation rate, but also the saturation coverage is lower for EG-D4 than for EGH4.
The second and following positive-going potential scans show distinct differences to the first
scan both for EG-H4 and EG-D4. First of all, the COad coverage is higher compared to the first
scan, as indicated by the COad related absorbances. This causes further differences between
the positive-going scans [131]. The initial peak at 0.26 V is absent in the second scan and the
Faradaic currents are lower up to 0.95 V. At this point, the differences between the two
positive-going scans are overcome due to the complete removal of preformed COad. Similar to
the first positive-going scan, EG-D4 oxidation provides higher currents between 0.4 and
0.65 V than EG-H4 oxidation. The CO2 formation is lower despite of the higher COad
coverage in the second positive-going scan. This indicates that contributions to CO2 formation
from complete EG oxidation exceed the contributions to CO2 formation from the oxidation of
COad both for EG-D4 and EG-H4 oxidation. Similar to the first scan, the maximum CO2
formation rate of unlabeled EG-H4 is larger by a factor of about 1.6 than for EG-D4. The
inaccuracy in the CCE calculation caused by contributions of preformed COad to the CO2
signal (as discussed above) is even more severe in the second scan due to the higher COad
coverage. This may be responsible for the increased CCE in the second scan compared to the
first one.

5.3.6 Discussion
The IR spectra at 0.4 V showed the appearance of a band at 1630 cm-1, which we assigned to
adsorbed 2-hydroxyacetyl, since the absence of a band shift upon EG-H4 or EG-D4 adsorption
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points to the complete dehydrogenation at the carbonyl carbon atom. However, the second
carbon atom could also be (partly) dehydrogenated. In our recent publication on EG
electrooxidation we proposed that adsorbed 2-hydroxyacetyl is the precursor for the formation
of COad [131]. DFT studies on the decomposition of ethylene glycol on Pt(111) at the solidgas interface came to the conclusion that C-C bond splitting occurs from highly
dehydrogenated species [187]. Salciccioli et al. concluded from DFT calculations and TPD
experiments with EG and several deuterated forms of EG (EG-D2, EG-D4 and EG-D6) that
decomposition from adsorbed C2 to C1 species proceeds most likely via adsorbed HOCHCO,
OCCHO, HOCCO or OCCO [180], and that over 50% of the net decomposition at 400 K
proceeds via HOCHCO [180]. Kandoi et al. proposed that the number of H-atoms in the
intermediate that is split to C1 fragments is 3 or 4 [187]. They used microkinetic models to fit
their theoretical results to measurements of EG reforming over supported Pt catalysts in the
vapor and aqueous phase and concluded that the chemistry of the reactions is similar for both
phases. However, the environment in our experiments is more complex since it includes the
influence of charges and potentials. Therefore, the conclusions drawn from the theoretical
calculations discussed above cannot be easily transferred to the electrochemical experiments.
The formation of adsorbed 2-hydroxyacetyl or further dehydrogenated adsorbed intermediates
from EG-H4 or EG-D4 requires the scission of several C-H or C-D bonds and should therefore
be influenced by KIEs. If the decomposition of the precursor for COad formation were not
affected by deuteration, the KIE measured for the COad formation should arise solely from the
KIEs in its precursor formation. This would lead to the observation of similar KIEs for both
COad formation and its precursor formation, as it was found for dissociative adsorption of
CH3CH2OH and CH3CD2OH, where a KIE of 1.7 was measured both for acetyl formation and
for COad formation, while the acetyl decomposition rate was not affected since this species is
fully dehydrogenated at the α-carbon atom [75].
Unfortunately, in the present case of EG adsorption, the quantification of the adsorbed 2hydroxyacetyl bands is hampered by their low intensity. This is particularly problematic since
the bending modes of interfacial water displaced by COad and of water co-adsorbed with COad
also appear in the same wave number region [83;94;131] and overlap with the 2hydroxyacetyl band with increasing COad coverage. (These problems are less severe when
studying ethanol, since the decomposition of acetyl and the COad formation are slower,
resulting in higher coverages of acetyl and less interference of water coadsorbed with COad.)
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We detect the 2-hydroxyacetyl band at 0.4 V after 5-10 s upon both EG-H4 and EG-D4
adsorption. There is no significant difference in the band intensities for both cases, whereas
the KIE for the COad formation was found to be around 3. Despite the difficulties in
quantifying the band at 1630 cm-1, we would be able to resolve a difference by a factor of 3,
which would be expected if the decomposition of that species were independent of
deuteration. Since the difference in the band absorbance at 1630 cm-1 is lower, we conclude
that not only the formation of the precursor for COad formation, but also its further
decomposition is affected by H/D substitution. This implies that the species causing the band
at 1630 cm-1 contains at least one H/D atom, excluding OCCO as the major adsorbed acetyl
species. However, our experimental results do not allow distinguishing between adsorbed 2hydroxyacetyl (HOCH2CO) and adsorbed HOCHCO. In agreement with theoretical
predictions [180;180;187], the results also indicate that the C-C bond splitting is not the rate
determining step in the COad formation from EG on Pt since C-C bond scission as the rate
determining step should lead to similar decomposition rates of the COad precursor (2hydroxyacetyl) for EG-H4 and EG-D4, which was not found.
We did not only observe differences in the initial COad formation rate, but also in the COad
coverage resulting from EG-H4 and EG-D4 adsorption under steady-state conditions. This
might tentatively be attributed to glycolaldehyde formation from adsorbed 2-hydroxyacetyl,
which would consume part of the COad precursor. Since the decomposition of the COad
precursor is slower for EG-D4 than for EG-H4, the chance for a re-hydrogenation of the
precursor and hence for the formation and desorption of glycolaldehyde, might be higher than
for EG-H4 than for EG-D4. Glycolaldehyde is the main product of EG electrooxidation [29].
On the other hand, a comparative study of CH3CH2OH and CH3CD2OH oxidation showed
that the main pathway to form acetaldehyde is not via re-hydrogenation of adsorbed acetyl.
The observed ratio of 15:1 between deuterated and non-deuterated acetaldehyde detected via
DEMS was interpreted as evidence that acetaldehyde is formed first, which then splits off
another H/D atom, leading to the formation of adsorbed acetyl [75]. In the present case, this
question can not be resolved, since the detection of glycolaldehyde via DEMS is not possible
due to its low volatility.
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5.3.7 Conclusions
Combined electrochemical, in situ ATR-FTIR and online DEMS measurements on the
adsorption and electrooxidation of unlabeled (EG-H4) and deuterated (EG-D4) ethylene glycol
on a Pt-film electrode under continuous controlled electrolyte flow and electrode potential,
which allowed us to simultaneously follow the overall Faradaic current as well as the
formation of adsorbed intermediates and volatile products led us to the following conclusions
on the EG oxidation mechanism on Pt:
1. The absence of a band shift upon H/D substitution of the band previously detected at
1630 cm-1, which is also present during EG-D4 adsorption/oxidation, indicates that this
species, which is most likely the reaction intermediate for COad formation, is completely
dehydrogenated at the carbonyl carbon atom, in full agreement with the previous
assignment to 2-hydroxyacetyl.
2. From the similar intensity of the band at 1630 cm-1, which is related to the precursor for
COad formation, during EG-H4 and EG-D4 oxidation at 0.4 V in combination with the KIE
for COad formation in the initial states of EG adsorption/oxidation at 0.4 V of 3 we
conclude that i) this precursor carries at least one H (or D) atom at the second C atom and
that ii) C-C bond dissociation is not the rate determining step for COad formation.
3. Adsorbed glycolate, evidenced by bands at 1395 (νs(OCO) mode) and 1335 cm-1 (δs(CH2)
+ δ(OH) mode) and the shift of the latter band to 1145 cm-1 upon H/D substitution, is
formed as reaction side product /intermediate at potentials above 0.6 V. In acidic solution,
it exists in equilibrium with glycolic acid.
4. The potential dependence of the KIE for the overall reaction rate of EG electrooxidation
on adsorbate free surfaces, which decreases from ~2 at 0.4 V to ~1.2 at 0.6 V, both at the
beginning of the adsorption transients as well as in the high potential region of the
potentiodynamic experiments, reflects changes in the contribution of different reaction
pathways to the overall reaction rate (Faradaic current). Differences in the COad formation
and the COad coverage for EG-H4 and EG-D4 can over-compensate the differences in the
inherent activity, leading to slightly higher currents for EG-D4.
5. The selectivity toward complete oxidation of EG to CO2 is reduced by H/D substitution,
resulting in a KIE for the formation of CO2 at 0.6 V of about 1.8 (steady-state conditions).
6. The close similarity of the KIE for the initial COad formation, which was determined via
IR spectroscopy to be about 3, independent of the adsorption potential (0.2, 0.4 and 0.6
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V), and of the KIE for CO2 formation on a COad free surface at high potentials (0.75 and
0.85 V), determined from DEMS measurements to 2.5 - 2.8, provides strong evidence that
under these conditions CO2 is mainly formed via COad oxidation.
In total, the in situ spectro-electrochemical studies on the effects of H/D substitution in EG
adsorption / oxidation could provide detailed insight into elementary reaction steps during
interaction of EG with Pt, in particular on the formation of COad and the total oxidation
product CO2.
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Oxidation of 1-propanol on a Pt film
electrode studied by combined
electrochemical, in situ IR spectroscopy
and online mass spectrometry
measurements

The content of this chapter was submitted for publication to Electrochimica Acta [190]. The
experimental section (section 2 in the publication) was removed to avoid duplication. The
style as well as the numbering of the sections, the references and the figures have been
adapted to fit the layout of the thesis. For the same reason some spellings have been
uniformed.
The Figures from the supporting information are added at the end of the chapter.
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6.1 Abstract
The electrochemical adsorption and oxidation of 1-propanol and its incomplete oxidation
products propionaldehyde and propionic acid on Pt film electrodes in acidic solution were
studied using a combination of in situ Fourier transform infrared spectroscopy in an
attenuated total reflection configuration (ATR-FTIRS) and online differential electrochemical
mass spectrometry (DEMS). The potential dependent adlayer formation and volatile (side)
products were monitored simultaneously in potentiodynamic, potentiostatic and adsorbate
stripping

experiments

under

continuous,

controlled

electrolyte

flow.

Mechanistic

consequences derived from these measurements are discussed. Most important, we can
identify an adsorbed propionyl species, which is formed from 1-propanol and
propionaldehyde and which is likely to act as precursor for COad formation, and adsorbed
propionate. The latter is in adsorption-desorption equilibrium with propionic acid, which is
formed as a little active side product rather than representing an active intermediate in the 1propanol oxidation. Main product of 1-propanol oxidation is propionaldehyde; CO2 is a
minority product which is (almost) exclusively formed via COad oxidation. Contributions
from a direct reaction pathway to CO2 are negligible.

6.2 Introduction
The electrooxidation of small organic molecules is of considerable interest both from a
fundamental, mechanistic point of view and due to their potential application as fuel in fuel
cells. As the performance of 1-propanol in fuel cells is worse compared to that of shorter
chain alcohols [90], its electrooxidation was not studied as intensively as methanol or ethanol
electrooxidation. Nevertheless, this reaction is important, e.g., for the understanding of the
influence of the increasing C-C- bond breaking required for the total oxidation of 1-propanol
on the reaction characteristics. Therefore, a number of studies on the electrooxidation of 1propanol were performed in the past decades both in acidic [20;191-204] and in alkaline [205209] solutions mainly on Pt [20;191;193-197;199-204;206;207;209;210], but also on Au
[198;205] and Pd [207] electrodes, using electrochemical methods to get kinetic information.
In addition, in situ IR spectroscopy [44;195;197;199-201], differential electrochemical mass
spectrometry (DEMS) [90;197;201] and chromatography [191] have been used to obtain
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information on mechanistic aspects, in particular on reaction intermediates and adsorbed or
volatile (side) products. These studies revealed the formation of propionaldehyde as main
product and of CO2 as minority product during 1-propanol electrooxidation on Pt.
Furthermore, propionic acid and adsorbed CO were identified by in situ IR. Essential points
of the reaction mechanism, such as i) the role of propionaldehyde and propionic acid in the
reaction mechanism of 1-propanol electrooxidation - are these reactive intermediates or
byproducts which do not react further, ii) the precursor for COad formation or iii) the existence
of a direct pathway to CO2 other than via formation and oxidation of COad are still open.
These questions are topic of the present study, where we apply a combination of in situ IR
spectroscopy, in an attenuated total reflection (ATR) configuration (ATR-FTIRS), and online
DEMS to investigate the adsorption/oxidation of 1-propanol and its incomplete oxidation
products propionaldehyde and propionic acid on Pt film electrodes. In recent ATR-FTIRS
studies on the electrooxidation of C2 and C3 alcohols like ethanol [91;92], ethylene glycol
[131] and glycerol [100], bands at about 1630 to 1650 cm-1 were detected, that were not found
in IR studies performed under external reflection before and which could be assigned to the
C=O vibrations of adsorbed acetyl, 2-hydroxyacteyl and 2,3-dihyroxyacetyl species,
respectively. Furthermore, it was demonstrated by electrolyte exchange transients (see also
section 6.3.2), that these species represent the precursor to COad formation in the course of
adsorption/oxidation of the above mentioned alcohols. A comparable approach shall be
applied in the present study to answer questions on the nature of the pathway to COad
formation and its precursor. Additional mechanistic insight shall be gained by comparing the
adsorption/electrooxidation of 1-propanol with that of the incomplete oxidation products
propionaldehyde and propionic acid, which has hardly been studied so far.
Before starting with the experimental results, we will give a brief summary of relevant results
obtained so far. For 1-propanol adsorption/electrooxidation on Pt it was shown that the cyclic
voltammogram resembles that of other primary alcohols, with the suppression of the Hupd
peaks and anodic current peaks in the Pt oxide region in the positive-going scan (peak
maximum at ~1.1 and ~1.3 V) and in the double layer region in the negative-going scan (peak
maximum at ~0.6 V) [20]. Enhanced catalytic activity compared to Pt was found for
bimetallic catalysts such as PtRu [200], PtRh [201] or PtSn [202;203]. The addition of Ru to
Pt (Pt0.89Ru0.11) changes the product distribution to CO2 as the only oxidation product of 1propanol [200]. When Rh is added, the coverage of irreversibly adsorbed species, which
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resulted from dissociative 1-propanol adsorption at a constant potential of 0.35 V is about ten
times lower than on Pt [201]. These species could be removed reductively in the low potential
region of adsorbate stripping experiments, leading to formation of methane, ethane and
propane. Studying different compositions of carbon supported PtSn catalysts between Pt/C
and Pt1Sn1/C, Pt3Sn2/C showed a 6 times higher activity compared to Pt/C in the peak current
density in the positive-going scan of cyclic voltammograms [202]. In alkaline solutions, the
current density of 1-propanol electrooxidation was reported to be higher on Pd than on Pt.
In addition to classical electrochemical methods, IR spectroscopy [44;195;197;199-201],
differential electrochemical mass spectrometry (DEMS) [90;197;201] and chromatography
[191] have been used to obtain information on reaction intermediates and adsorbed or volatile
(side) products. CO2 and propionaldehyde were detected as volatile reaction (side) products
upon 1-propanol electrooxidation by DEMS [197]. Mass spectrometric analysis of the 1propanol oxidation products in a direct oxidation polymer-electrolyte fuel cell revealed
propionaldehyde as major product , with some CO2 [90]. The reduction of 1-propanol was
found to result in methane, ethane and propane formation [197]. Dissociative adsorption of 1propanol on Pt was evidenced by the detection of COad via IR spectroscopy [44], and bands in
the C-H stretch region proved the presence of adsorbates containing CH3 and CH2 groups
[195;197]. A band at 1713 cm-1 was assigned to the C=O stretch vibration of either
propionaldehyde or propionic acid [197]. Sun et al. detected bands at 1394 and 1216 cm-1,
which they assigned to the O-H bending and the C-O stretching of propionic acid,
respectively. By comparison with a transmission spectrum of propionic acid, Pastor et al.
showed that bands appearing in the course of 1-propanol electrooxidation at 1466, 1385 and
1226 cm-1 can be assigned to propionic acid dissolved in solution. A band at 1510 cm-1 was
assigned to the C=O stretching of a propionyl adsorbate [197] (note that the authors of that
reference used the term ‘acyl’ for this species). CO2 formation was indicated by a band
around 2340 cm-1 [195;197].
In the following we will, after a brief description of the experimental set-up and methods used
in this investigation (section 2), first characterize the adsorption and oxidation of 1-propanol
adsorption at constant potentials, in potentiostatic transients, monitoring the Faradaic current ,
the mass spectrometric signals at different m/z ratios (only sections 6.3.2 – 6.3.4) and the
evolution of adsorbed species via ATR-FTIRS (section 6.3.1). The COad formation rates will
be determined from the initial slope of the integrated COL absorbance during the 1-propanol
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adsorption transients. Adsorbate stripping experiments presented in section 6.3.2 will provide
quantitative information on the amount and nature of adsorbates formed during the adsorption
transients. In section 6.3.3, 6.3.4 and 6.3.5, we will discuss the results obtained from
potentiodynamic

in

situ

spectro-electrochemical

measurements

in

1-propanol,

propionaldehyde and propionic acid containing solutions, respectively, where the adsorption
and oxidation behavior is modified by the dynamic variation of the potential. Finally, the
main conclusions from these measurements are summarized and the reaction behavior is
compared with that of the closely related oxidation of ethanol.

6.3 Results and Discussion
6.3.1 Adsorption/oxidation of 1-propanol at constant potential
We will start with the very initial phase of the interaction of 1-propanol with the Pt film
electrode, where weakly adsorbed species or instable adsorbates are not yet displaced by
strongly adsorbing COad or decomposed. Fig. 6-1 shows a series of ATR-FTIR spectra
recorded about 2 s after the electrolyte was exchanged from supporting 0.5 M H2SO4 to a
0.1 M 1-propanol solution in 0.5 M H2SO4 at different constant potentials between 0.1 and
0.8 V. For every potential, a background IR spectrum was recorded in pure supporting
electrolyte prior to electrolyte exchange. At 0.1 and 0.2 V, no extra bands are detected,
indicating that the adsorption/oxidation of 1-propanol is too slow to form detectable amounts
of adsorbates within the first 2 s of alcohol admission under these conditions. Similar
observations were reported for other alcohols like ethanol [92], ethylene glycol [131], [181]
and glycerol [100]. The slow adsorption of alcohols on Pt under these conditions is commonly
explained by Hupd blocking of the Pt surface, which hinders the adsorption of the respective
alcohol molecules. At 0.3 V, bands at 2010 and 1850 cm-1 appear, which are assigned to
linearly and multiply bonded adsorbed CO. COad formation upon dissociative adsorption of 1propanol on Pt electrodes was already reported previously, using IR spectroscopy in an
external reflectance configuration [44;195;197;200]. Another band shows up at about
1640 cm-1, which is in the wave number region of the ν(C=O) vibration mode of carbonyl
groups and of the bending mode of water co-adsorbed with COad [94;138;176]. If water coadsorbed with COad were the origin of this band, we would expect a corresponding feature at
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about 3500-3600 cm-1, caused by the water stretching mode, which is not the case.
Furthermore, the bending mode of co-adsorbed water would be expected to be much weaker
than the main COad stretch vibration. This, however, is not the case. The absorbance of the
above mentioned band is comparable to that of the COad related bands. Therefore, we assign
the band at 1640 cm-1 to the ν(C=O) mode of an adsorbate containing a carbonyl group, most
likely an adsorbed propionyl species.
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Fig. 6-1 Set of IR spectra recorded during potentiostatic bulk oxidation of 1-propanol (0.9 s per spectrum)
at a Pt film electrode about 2 s after switching from 0.5 M H2SO4 to 0.1 M 1-propanol in 0.5 M H2SO4 at
different, constant potentials (reference spectra were recorded at the respective adsorption potentials in
0.5 M H2SO4); The upper spectrum (dotted line) was measured at 0.8 V during rinsing with 0.5 M H2SO4
after 5 minutes of 1-propanol adsorption.

Similar IR bands on Pt film electrodes at around 1630-1640 cm-1 were already detected in
ATR-FTIRS measurements during the electrooxidation of ethanol and acetaldehyde [91;92],
of glycerol and glyceraldehydes [100] as well as of ethylene glycol and glycolaldehyde [131].
These bands were assigned to adsorbed acetyl, 2,3-dihydroxypropionyl, and 2-hydroxyacetyl
species, respectively. For ethanol and ethylene glycol adsorption, the assignment to adsorbed
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acetyl or 2-hydroxyacetyl, with complete dehydrogenation of their carbonyl carrying carbon
atom, was based on the absence of any visible shift of the respective bands when deuterated
alcohols were adsorbed [75;181]. Assuming a similar decomposition process for 1-propanol,
we assign the band at 1640 cm-1 to adsorbed propionyl. Although this assumption is well
founded, we can not strictly rule out that this band at 1640 cm-1 arises from an adsorbed
propionaldehyde or related species. Pastor et al. observed a band at 1510 cm-1 at 0.22 V on a
polycrystalline Pt electrode, which they assigned to the C=O stretching vibration of a
propionyl adsorbate [197]. The differences in the spectra observed in the present study and by
Pastor et al., with characteristic vibration modes at 1640 or at 1510 cm-1, respectively, may be
explained by the different IR techniques used. The measurements by Pastor et al. were
performed in an external reflection configuration [22], which is very sensitive to the
accumulation of reaction intermediates and products in the entrapped electrolyte between the
electrode and the IR window, while in the flow cell ATR configuration these species are
transported away. Furthermore, ATR is by itself much less sensitive to dissolved species [76].
Pastor et al. proposed that the propionyl adsorbate can react further to adsorbed CO and ethyl
adsorbates [197]. In previous studies of the adsorption/oxidation of ethanol and ethylene
glycol, the respective adsorbed acetyl-type species where also suggested to be the precursor
for COad formation [75;92;131;181]. Similar conclusions can be drawn from the 1-propanol
adsorbate stripping experiments described below. A more detailed study on the role of
adsorbed propionyl in the mechanism of 1-propanol electrooxidation will be presented in a
forthcoming paper using isotope labeled 1-propanol [211].
The formation of adsorbed species upon admission of 1-propanol leads to the displacement of
the native adsorbates, which are present on the electrode surface in the supporting electrolyte,
i.e., interfacial water and anions. Displacement of interfacial water is indicated by the
negative band at about 3570 cm-1 [212], negative bands of displaced (bi-)sulfate appear at
1200 and 1120 cm-1 [138;176;177]. The latter are more pronounced during adsorption at
higher potentials, where the (bi)-sulfate coverage before 1-propanol admission is higher [127].
At 0.4 V, the same bands appear as at 0.3 V. The band assigned to adsorbed propionyl is
shifted to higher wave numbers (1650 cm-1).
To further support the assignment of the latter band, we performed similar experiments at
0.4 V with propionaldehyde and propionic acid, which were reported to be the main products
of 1-propanol electrooxidation [197] (see Fig. 6-2). When admitting propionaldehyde, the
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same bands appear as for 1-propanol, indicating that the band at 1650 cm-1 is due to the same
adsorbate, which is formed both from propionaldehyde and 1-propanol. This agrees well with
the assignment of an adsorbed propionyl species (see above).
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Fig. 6-2 Comparison of IR spectra (0.9 s per spectrum) recorded during potentiostatic bulk oxidation of 1propanol (lower spectrum, black line), propionaldehyde (middle spectrum, red line) and propionic acid
(upper spectrum, blue line) at a Pt film electrode about 2 s after switching from 0.5 M H2SO4 to 0.1 M
solutions of the respective molecules in 0.5 M H2SO4 at 0.4 V (reference spectra were recorded at 0.4 V in
0.5 M H2SO4).

For adsorption at potentials ≥ 0.5 V, we find additional bands at 1467, 1402, 1372 and
1304 cm-1 in the spectra in Fig. 6-1. Bands in this wave number region are typical of bridge
bonded carboxylates as reported for the adsorption/oxidation of a number of alcohols and
carboxylic acids such as ethanol/acetic acid [91;213], ethylene glycol/glycolic acid [131;142],
and glycerol/glyceric acid [100]. Fig. 6-3 compares ATR-FTIR spectra recorded about 2 s
after switching from supporting electrolyte to solutions of 1-propanol, propionaldehyde and
propionic acid at 0.7 V. The bands at 1467, 1402, 1372 and 1304 cm-1 appear in all three
cases after admission of the respective molecules to the Pt electrode, and we assign these
bands to adsorbed propionate, which is formed by partial oxidation of the functional group of
1-propanol and propionaldehyde or from deprotonation of propionic acid.
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Fig. 6-3 Comparison of IR spectra (0.9 s per spectrum) recorded during potentiostatic bulk oxidation of 1propanol (lower spectrum, black line), propionaldehyde (middle spectrum, red line) and propionic acid
(upper spectrum, blue line) at a Pt film electrode about 2 s after switching from 0.5 M H2SO4 to 0.1 M
solutions of the respective molecules in 0.5 M H2SO4 at 0.7 V (reference spectra were recorded at 0.7 V in
0.5 M H2SO4).

As shown in Fig. 6-2, propionate can adsorb at potentials below 0.5 V, when propionic acid is
admitted to the Pt surface. Possible reasons for the absence of adsorbed propionate during 1propanol and propionaldehyde adsorption/oxidation at potentials below 0.5 V (see Fig.s 1 and
2) are i) the higher COad surface coverage compared to propionic acid adsorption/oxidation,
which will block propionate adsorption, and/or ii) propionate is not formed from 1-propanol
and propionaldehyde at the lower potentials due to the lack of OHad species. Sun et al. and
Pastor et al. also showed IR spectroscopic evidence for the formation of propionic acid in the
course of 1-propanol electrooxidation [195;197]. The wave numbers of the reported bands
differ from our observations, which can tentatively be explained by the different IR
spectroscopy techniques used as already mentioned above. When the IR beam is guided
through the electrolyte as it is the case in the external reflection configuration used in the
former studies, propionic acid in the electrolyte solution trapped in the thin layer between the
electrode and the IR window can also be detected, which is not the case in the ATR
configuration [76]. Hence, in their case, the spectra may mainly result from dissolved
propionic acid rather than from adsorbed propionate species.
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For 1-propanol adsorption/oxidation at 0.6 V, the same bands appear as at 0.5 V. The
absorbances of the propionate related bands are higher, while the absorbances of the COad and
of the propionyl bands are decreased. At the highest potentials, 0.7 and 0.8 V, COad and
adsorbed propionyl are no longer detected, which points to a faster oxidation reaction
compared to their formation under these conditions.
At these two potentials, a broad band at about 1570 cm-1 slowly evolves with time, as shown
in the topmost spectrum of Fig. 6-1. The latter spectrum was measured during rinsing with
supporting electrolyte at 0.8 V after the end of the 1-propanol admission. The position of this
band also points to a C=O bond containing species. As the position and the temporal
appearance of this band (it is not detected at the beginning of the adsorption) clearly differ
from the band assigned to adsorbed propionyl, it is most likely due to some other strongly
bound adsorbate (see also end of section 6.3.2).
A sequence of spectra showing the temporal evolution of the adsorbate layer upon 1-propanol
admission onto the Pt electrode at 0.4 V is depicted in Fig. 6-4. The band at 1650 cm-1
assigned to propionyl appears in the spectrum at t = 1 s. At that time, linearly bonded COad is
not yet detected and the absorbance of the COM band at 1800 cm-1 is very low, supporting the
above conclusion that the band at 1650 cm-1 formed at the early stages of 1-propanol
adsorption/oxidation is not due to water co-adsorbed with COad. The COad bands increase
with time, reflecting the increase of COad coverage, which is also evident from the shift of the
COL wave number from 2013 cm-1 at t = 2 s to 2020 cm-1 at t = 9 s. Accordingly, the negative
bands of displaced (bi)-sulfate at 1200 and 1115 cm-1 [138;176;177] and the band of the
stretching mode of interfacial water at 3545 cm-1 [94] increase. Therefore, contributions of the
bending mode of water to the band at 1650 cm-1 cannot be excluded in the later stages of 1propanol adsorption. However, the absorbance of the band at 1650 cm-1 is still significantly
larger than what is expected for the bending mode of water co-adsorbed with COad, which
indicates that also under these conditions adsorbed propionyl is still the major cause for that
band. A more quantitative evaluation of the kinetics of COad formation is presented in section
6.3.2.
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Fig. 6-4 Temporal evolution of IR spectra recorded during potentiostatic bulk oxidation of 1-propanol
(0.9 s per spectrum) at a Pt film electrode after switching from 0.5 M H2SO4 to 0.1 M 1-propanol in 0.5 M
H2SO4 at 0.4 V (reference spectrum was recorded at 0.4 V in 0.5 M H2SO4).

To relate the IR spectroscopic information to the current response upon electrolyte exchange
from supporting 0.5 M H2SO4 to 0.1 M 1-propanol containing solution (Fig. 6-5a), the
temporal evolution of the integrated absorbances of linearly and multiply bonded COad (Figs.
5b, c) and of adsorbed propionyl (Fig. 6-5d) and propionate (Fig. 6-5e) are shown in Fig. 6-5
for constant potentials between 0.1 and 0.8 V. At 0.1 V, no anodic current is measured, and
the COad related bands grow very slowly. As discussed before, this can be explained by Hupd
surface blocking, which largely hinders the 1-propanol adsorption (see also similar
observation for a number of other alcohols such as ethanol [134], ethylene glycol [135] or
glycerol [100]). At the higher potentials, an initial steep current increase is followed by a
roughly exponential decay. This decay results from the increasing adsorbate coverage of the
electrode surface, indicated by the increasing absorbance of the COM and COL bands. At 0.1
and 0.2 V, the increase is so slow that the surface is not COad saturated within the 5 min of 1propanol admission, as can be deduced from the still increasing COL absorbance at the end of
the transient. This supports, that the dissociative adsorption of 1-propanol is hindered by Hupd,
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as already concluded from the low current at these potentials. The COad absorbances at 0.2 V
are the highest of all potential measured. This does not necessarily mean, however, that also
the COad coverage is highest at this potential, since the COad absorbance at a given coverage
increases with decreasing potential [83]. (A quantitative determination of the COad coverage
based on adsorbate stripping experiments is given in section 6.3.2.) At higher potentials
between 0.2 and 0.6 V, the COad absorbances grow increasingly steeply during the first 10 s,
followed by a slow approach to the respective steady-state values. The onset of OH adsorption
at potentials above 0.5 V [133] enables the further oxidation of COad to CO2, which results in
lower steady-state COad coverages. This is also reflected by the higher steady-state currents
measured for the highest potentials.
The temporal evolution of the adsorbed propionyl band is different from that of the COad
bands. The integrated propionyl absorbance rises much more steeply at the beginning of the 1propanol admission, before it subsequently decreases slightly with time. (As discussed above,
an unambiguous assignment of absorptions around 1650 cm-1 to adsorbed propionyl is only
possible at low COad coverages, due to the interference of the bending mode of water coadsorbed with COad.) The absorbance of adsorbed propionyl is highest at 0.3 and 0.4 V and
lower again at 0.5 and 0.6 V. At 0.7 and 0.8 V, this signal is no more detected, which either
might be due to a decreased adsorption/formation rate or to faster further reaction of adsorbed
propionyl. The latter explanation seems to be more reasonable, since the overall reaction rate
also increases, as evidenced by the Faradaic current, and the formation of propionic acid
monitored indirectly by the adsorption of propionate might open another pathway for further
reaction of adsorbed propionyl.
The highest integrated absorbances of adsorbed propionate are detected at the very beginning
of the adsorption/oxidation of 1-propanol, before propionate is displaced by COad and
possibly by some other, more strongly adsorbing species (see Fig. 6-1, E=0.8 V topmost
spectrum). As there is no COad accumulated with time at 0.8 V (due to further oxidation of
COad to CO2 as discussed above), propionate is not displaced at this potential. When the
electrolyte is switched back from 1-propanol containing solution to the pure supporting
electrolyte (0.5 M H2SO4), the absorbance of propionate decreases at t = 300 s, indicating that
adsorbed propionate is in an adsorption/desorption equilibrium with propionic acid. As will be
discussed in more detail below (see section 6.3.3), adsorbed propionate/propionic acid is most
likely a side product and not a reactive intermediate of 1-propanol electrooxidation.
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Fig. 6-5 Transients recorded during potentiostatic 1-propanol bulk oxidation at a Pt film electrode; a)
Faradaic current density; b-e) integrated absorbance of linearly bonded COL (b), multiply bonded COM
(c), adsorbed propionyl (d) and adsorbed propionate (e) (electrolyte 0.1 M 1-propanol in 0.5 M H2SO4;
adsorption potential as indicated in the figure).

To quantitatively relate the COL band absorbance to the COad coverage, the latter must be
determined independently, which is possible having both IR spectroscopy and mass
spectrometry in a single configuration. This was demonstrated recently when studying the
adsorption of CO dissolved in 0.5 M H2SO4 with the combined DEMS/ATR-FTIR set-up,
which allows to simultaneously determine the COad coverage via online mass spectrometry,
monitoring the CO consumption upon CO adsorption at different constant potentials, and the
absorbance of the COad related IR bands [83]. Based on those measurements, we could
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establish a nonlinear, potential-dependent correlation between the integrated absorbance of
the COL band and the COad coverage on the Pt film electrodes, which is valid for relative
COad coverages of about 8 to 70% of the saturation coverage obtained this way [75]. This
correlation was already employed to convert the IR absorbance of the COL band into COad
coverage resulting from the dissociative adsorption of glycerol [100] and ethylene glycol
[131;181], assuming that the correlation is only slightly influenced by the presence of other
adsorbates resulting from the adsorption of the alcohols, which was supported by the
consistency of the steady state COad coverages determined via IR spectroscopy and in the
subsequently performed adsorbate stripping experiments. The initial slope of the COad
coverage plotted versus adsorption time reflects the initial COad formation rate in monolayers
per second. The potential dependence of the initial COad formation rates is shown in Fig. 6-6.
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Fig. 6-6 Initial COad formation rates at a Pt film electrode at different constant potentials (electrolyte
0.1 M 1-propanol in 0.5 M H2SO4).

The rates increase from about 1.5 × 10-4 ML s-1 at 0.1 V to the maximum of 0.019 ML s-1 at
0.4 V and then decrease with further increasing potential. The formation rates are comparable
to those reported for the dissociative adsorption of ethanol [75], while for ethylene glycol
[131] and glycerol [100] adsorption they are significantly higher. From that it could be
suggested that the ability to form COad in the polyols is enhanced compared to the primary
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alcohols due to a larger number of functional alcohol groups, which enables COad formation
without the need for forming additional C-O bonds from all carbon atoms upon C-C bond
dissociation.

6.3.2 Potentiodynamic stripping of 1-propanol adsorbates
Further information on the coverage and nature of the adsorbed species that result from the
adsorption/oxidation of 1-propanol at the respective potentials can be gained from adsorbate
oxidation (‘stripping’) experiments performed after the adsorption transients. The
simultaneously measured CV (Fig. 6-7a), mass spectrometric CVs of m/z = 44 (Fig. 6-7b),
m/z = 42 (Fig. 6-7c) and m/z = 58 (Fig. 6-7d), and the integrated absorbances of the COL (Fig.
6-7e), COM (Fig. 6-7f) and adsorbed propionate signals (1600 - 1700 cm-1, Fig. 6-7h) as well
as the wave number of the COL band (Fig. 6-7g) are shown in Fig. 6-7. Starting at the
respective adsorption potentials, the potential cycle was started in the negative direction, in
order to detect possible products formed by reductive desorption. The typical Hupd features on
Pt are suppressed in the first cycle of the CVs by the presence of other stable adsorbates as
evidenced by the COad and propionyl signals. During cycling through the Hupd region, both the
COL and the COM absorbance increase (compared to the values obtained at the end of
adsorption) for adsorption potentials between 0.2 and 0.5 V. In contrast, the propionyl
absorbance decreases at the same time for the adsorption potentials between 0.3 and 0.5 V
(Fig. 6-7h). The increasing COad absorbances closely resembles previous findings for
adsorbate stripping experiments after the adsorption of ethanol or acetaldehyde [92] or
glycerol and glyceraldehyde [100], whereas this was not observed in the case of ethylene
glycol [131]. Adsorbing 1-propanol at 0.35 V and comparing the IR spectra of the resulting
adsorbate layer at 0.35 V with and without an additional step to 0.05 V, Pastor et al. also
detected an increased COL absorbance, by about 28% [197] and explained this observation by
the presence of other oxygenated species co-adsorbed with COad. Their decomposition results
in additional COad formation and a reductive desorption of their hydrocarbon part at the low
potentials. In the case of ethanol/acetaldehyde adsorbates, co-adsorbed acetyl was found to be
a precursor for the COad formation, whose decomposition gives rise to the additional COad
formation when cycling into the Hupd region [92]. Following these lines, we here propose that
adsorbed propionyl acts as precursor for COad formation during 1-propanol electrooxidation.
The additional COad formation upon the potential excursion to the Hupd region can be
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explained by the need of adjacent empty Pt sites necessary for the propionyl decomposition.
These can, e.g., be generated by reductive desorption of alkane species in the low potential
region. Desorption of methane [197], ethane [197], and propane [197] was indeed observed
by DEMS during the initial negative-going potential scan. Also in this work, the DEMS signal
at m/z = 42 (Fig. 6-7c) indicates propane formation/desorption. In addition, the m/z = 58
signal (Fig. 6-7d) points to formation and desorption of propionaldehyde, which may be
explained by the recombination of adsorbed propionyl with co-adsorbed Hupd. These
desorption processes result in additional free surface sites, which facilitate propionyl
decomposition. From the relation between the COL intensity and the COad coverage (see
above), we can estimate the (relative) increase in COad coverage, which is about 20%, from
0.43 to 0.52 of the COad saturation coverage obtained by exposure to gaseous CO.
An increased COad coverage should result also in an increased COL wave number. At 0.4 V, a
shift of about 5 cm-1 was observed for the COad coverage increase from 0.43 to 0.52 upon CO
admission [83]. However, as shown in Fig. 6-7h, the COL wave number is not changed
significantly except of the potential induced, reversible changes (Stark tuning). This can be
explained by lower coverages of other adsorbates, resulting from alkane and propionaldehyde
desorption, which may counteract the wave number increase by relaxing the COad layer.
The main anodic current peak appears between 0.5 and 0.82 V (Fig. 6-7a). It is accompanied
by a m/z = 44 peak (Fig. 6-7b) and a steep decrease of the COad IR absorbances (Fig. 6-7e,f),
indicating that the current peak is mainly due to the oxidation of COad to CO2. In that case, the
number of electrons transferred per CO2 molecule formed should be 2. As listed in Tab. 6-1,
the number of electrons per CO2 molecule formation in this potential region (below 0.82 V) is
indeed close to 2 for all adsorption potentials. The relative COad coverages (see above)
calculated from the charge at potentials below 0.82 V are also shown in Tab. 6-1. For
adsorption at 0.1 V, the COad coverage is lowest, in agreement with the low COad IR
absorbance at this potential. For adsorption at higher potentials, the COad coverage is between
0.45 and 0.55. A COad coverage of 0.45 was determined by Leung and Weaver for adsorption
from 50 mM 1-propanol solution in 0.1 M HClO4 from the intensity of the CO related IR
band [44]. At potentials above 0.82 V, the current exceeds the current of the Pt base CV.
Simultaneously, CO2 formation is detected via DEMS. The number of electrons per CO2
molecule in this potential region is significantly higher than 2, indicating that the carbon
atoms in the adsorbates being oxidized to CO2 is in a lower oxidation state than in COad, as it

6. 1-Propanol electrooxidation

140

would be the case, e.g., in adsorbed hydrocarbons. Similar observations and conclusions were
reported by Pastor et al. for the adsorbate stripping CV and MSCV (m/z=44) performed after
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Fig. 6-7 Adsorbate stripping potential cycles after potentiostatic 1-propanol adsorption/oxidation at a Pt
film electrode at constant potentials for 5 min (see Fig. 5); a) CV; b-d) MSCVs of m/z=44 (b), m/z=42 (c)
and m/z=58 (d); integrated absorbances of linearly bonded COL (e) and multiply bonded COM (f); g) wave
number of linearly bonded COL; h) integrated absorbance of adsorbed propionyl (v = 10 mV s-1;
electrolyte 0.5 M H2SO4; adsorption potential as indicated in the figure).

As shown in Tab. 6-1, the charge of the m/z=44 signal in the potential region above 0.82 V is
about twice the charge of the potential region below 0.82 V, except of adsorption at 0.1 V,
where about similar charges are observed for both potential regions. Additional peaks in the
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m/z = 44 signal appear in the negative-going scan and in the second positive-going scan,
indicating the presence of very stable adsorbates, whose oxidation is rather slow. This is in
good agreement with earlier reports that the complete oxidation of the 1-propanol adsorbates
needs at least two potential cycles to 1.55 V [197]. The presence of another stable adsorbate
agrees also with the appearance of IR bands (adsorbate stripping spectra not shown) in the
wave number region around 1570 cm-1 upon interaction with 1-propanol at high potentials
(0.7 - 0.8 V, see Fig. 6-1). The nature of this adsorbed species, however, is not yet clear.
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Tab. 6-1 Results of the adsorbate stripping experiment. Ead: adsorption potential; n(e-): number of
electrons generated per CO2 molecule formed; θrel: COad relative coverage (normalized to a saturated
COad layer), evaluated from the mass spectrometric charge at m/z = 44; E<0.82 V: integration of the
currents up to 0.82 V; E>0.82 V: integration of the currents from 0.82 V up to the upper potential limit.

In total, the adsorbate stripping experiments clearly showed that COad is not the only
adsorbate which is sufficiently stable to remain on the Pt surface after rinsing with supporting
electrolyte. Other adsorbates identified via IR spectroscopy include adsorbed propionyl,
which is presumably decomposed in the Hupd region, resulting in further COad formation,
adsorbed propionate, which exists in an adsorption-desorption equilibrium with propionic acid
(see 3.5), and the so far unknown adsorbate with a characteristic IR band at around 1570 cm-1.
The presence of adsorbates other than COad, adsorbed propionyl and adsorbed propionate is
supported also by the observation of propane formation at cathodic potentials, in the Hupd
region, or oxidative CO2 formation at high potentials, above the potential regime
characteristioc for COad oxidation.
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6.3.3 Potentiodynamic oxidation of 1-propanol
In this section, we illustrate the consequences of a dynamic modification of the potential and
hence of the composition of the adlayer on the adsorption and reaction behavior of 1propanol. Fig. 6-8 shows the Faradaic current (Fig. 6-8a), the mass spectrometric currents of
m/z = 44 (CO2, Fig. 6-8b) and m/z = 58 (propionaldehyde, Fig. 6-8c) as well as the integrated
absorbances of the IR bands assigned to COL (Fig. 6-8d), COM (Fig. 6-8e) and propionate
(Fig. 6-8f) adsorbed on the Pt film electrode during cycling the potential between 0.06 and
1.3 V in 1-propanol containing sulfuric acid solution. The onset of the Faradaic current in the
positive-going scan is at about 0.4 V. The current passes a peak at 0.88 V and a local
minimum at 1.06 V, before it increases again and reaches the highest current of the positive
going-scan at the upper potential limit. When the potential scan is reversed, the current
decreases between 1.3 and 0.9 V, followed by an increase to the highest overall current at
0.69 V. In the low potential region, the Hupd features are largely suppressed, similar to the
observations in the stripping experiment. The general shape of the CV agrees well with those
reported earlier [20;195;199].
The onset of CO2 formation, as monitored by the mass spectrometric current of the m/z = 44
signal, is at about 0.5 V in the positive-going scan (Fig. 6-8b). The maximum CO2 formation
rate is detected at 0.81 V. In the negative-going scan, CO2 is formed at potentials above 0.5 V,
with a peak at 0.71 V. This is significantly lower than the peak maximum in the positivegoing scan. In the Hupd region, we find a very small increase of the m/z = 44 signal, which
most likely indicates reductive propane desorption rather than CO2 formation.
The m/z = 58 ion current (Fig. 6-8c) mirrors the Faradaic current, with the exception of the
Hupd features (Fig. 6-8a). The onset of propionaldehyde formation is at about 0.3 V.
The COL absorbance increases slightly between 0.06 and 0.5 V, before it steeply decreases
with increasing potential (Fig. 6-8d). In the negative-going scan, the COL absorbance is
essentially zero at potentials above 0.75 V, and then it increases with decreasing potential, to
finally reach its maximum absorbance at the cathodic potential limit. The COM band
absorbance (Fig. 6-8e) follows that of the COL band with the exception that it decreases
earlier in the positive going-scan, which we attribute to a potential dependent structural
rearrangement in the CO adlayer [126].
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Fig. 6-8 Potentiodynamic 1-propanol oxidation at a Pt film electrode; a) CV (black, solid line) and partial
current for propionaldehyde formation (red, dashed line); b,c) MSCVs of m/z=44 (b) and m/z=58 (c); d-f)
integrated absorbances of linearly bonded COL (d) multiply bonded COM (e) and adsorbed propionate (f),
v = 10 mV s-1; electrolyte 0.1 M 1-propanol in 0.5 M H2SO4

The propionate IR absorbance (Fig. 6-8f) appears at 0.6 V in the positive-going scan and
increases between 0.6 and 1 V. The following decrease in the high potential region points to
either a decreasing propionic acid formation or to a displacement of anions due to oxide
formation on the Pt surface, as it was reported for sulphate adsorption [127]. Since a decrease
in the propionate absorbance is observed also when propionic acid is directly admitted (see
section 6.3.5), the decrease in absorbance in Fig. 6-8f is most likely not related to a lower
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propionic acid formation rate at high potentials, but rather reflects a displacement of the
adsorbed species. When the Pt oxide is reduced in the negative-going, this signal grows in
again, resulting in a peak at 0.7 V followed by a steady decrease to essentially zero at the
lower potential limit. Hence, after surface oxygen removal propionate can adsorb again, until
it is desorbed or no longer formed at more cathodic potentials.
In the following, we will discuss the complementary information gained via DEMS and ATRFTIRS to explain the 1-propanol adsorption/oxidation in detail. In the low potential region of
the positive-going scan, 1-propanol oxidation is largely hindered by the high surface coverage
of poisoning adsorbates, mainly COad, as indicated by the COad related absorbances. The
small peak at m/z = 44 at the lower potential limit is attributed to propane formation and
points to the presence of other adsorbates, other than COad, as already discussed in section
6.3.2 which desorb in the Hupd region. This could also explain the low COad intensity
compared to adsorption of other alcohols such as ethylene glycol under similar conditions
[131]. When the surface is activated by the oxidative removal of COad, which is
simultaneously detected by the decrease of the IR absorbance and by CO2 formation, the
current rises steeply. The peak of the CO2 formation appears at lower potentials than the
Faradaic current peak, as the oxidation of COad preformed at the lower potentials contributes
to the CO2 formation. The contribution of other oxidation reactions is evident also from the
rather low CO2 current efficiency, i.e., the fraction of the Faradaic current attributed to the
complete oxidation of 1-propanol to CO2, which at this point is only about 30%. This value is
even overestimated, due to the lower number of electrons (2) released during oxidation of preformed COad, which was generated at lower potentials or in the preceding negative-going
reaction scan. For comparison, complete oxidation of 1-propanol provides 6 electrons per CO2
molecule. Hence, if CO2 was purely formed from pre-adsorbed COad, the CO2 current
efficiency would be 1/3 of the above mentioned value, i.e., 10%. The CO2 signal in the
presence of 1-propanol exceeds the CO2 signal of the adsorbate stripping experiment after the
adsorption of 1-propanol at constant potentials by about 25% (0.05 nA cm-2) (section 6.3.2,
Fig. 6-7b), indicating that CO2 is also continuously formed from 1-propanol. The main
product of 1-propanol oxidation was reported to be propionaldehyde [90;197]. To quantify the
formation of propionaldehyde, the calibration constant (K* = 2 IMS/IF, where 2 is the electron
number for oxidation of 1-propanol to propionaldehyde, multiplied by the ratio of mass
spectrometric and Faradaic current) is determined by assuming that in the potential region up
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to 0.5 V of the positive potential scan, where no other products (CO2 or propionic acid) are
formed in 1-propanol oxidation, the Faradaic current is entirely due to propionaldehyde
formation. Contributions to the current from 1-propanol dissociation forming COad can be
neglected in the positive-going scan, since the Pt surface is already saturated with COad
formed during the preceding negative-going scan, as indicated by the COad related IR bands.
This calibration constant can then be used to convert the m/z = 58 mass spectrometric current
to the partial Faradaic current for propionaldehyde formation, which is plotted as red dotted
line in Fig. 6-8a. In agreement with the low CO2 current efficiency and the previous reports
that propionaldehyde is the main product of 1-propanol oxidation, the propionaldehyde
formation current accounts for the majority of the Faradaic current. At 0.74 V, the potential
where the maximum CO2 current efficiency is measured (30% when assuming 6 electrons per
CO2 molecule, 10% when assuming 2 electrons), the propionaldehyde current efficiency is
about 90%, confirming that at this potential the number of electrons per CO2 molecule is 2
and that the major contribution to CO2 formation at this potential is the oxidation of
preformed COad. A Fig. showing the partial currents for CO2 and propionaldehyde formation
and the respective current efficiencies is included in the supporting information (Fig. 6-11).
Another product is propionic acid. However, it is not volatile enough to be detected via
DMES. Propionic acid is monitored indirectly because it is in an adsorption/desorption
equilibrium with adsorbed propionate but therefore it can only be detected when the surface is
not blocked by more strongly adsorbing species such as COad.
At the highest potentials in the positive-going scan, CO2 is still formed, while COad is no more
visible in the IR spectra. This could either be explained by CO2 formation from 1-propanol
via a pathway circumventing COad or, more likely, by faster COad oxidation than COad
formation resulting in a COad surface coverage below the detection limit. As shown at the
adsorbate stripping experiments (section 6.3.2), also the oxidation of adsorbates different
from COad, which are formed at lower potentials, contributes to the CO2 signal at these
potentials. Also in the high potential region, the main product is propionaldehyde, as
evidenced by its partial current. As already stated above, the decreasing propionate
absorbance at the highest potentials does not mean that propionic acid is not formed under
these conditions. This is supported also by the difference between the Faradaic current and the
propionaldehyde partial current, which is larger than can be explained by Pt oxide formation
and CO2 formation (see the figure in the supporting information showing the partial currents
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and a base CV for comparison). Hence, there must be another oxidation pathway leading to a
reaction product other than these species, which most likely is propionic acid.
When Pt-oxide is reduced in the negative-going scan, the activity for 1-propanol
electrooxidation is higher than anywhere else in the entire potential scan. This is easily
understood from the fact that under these conditions the surface is essentially free of reaction
poisoning adsorbates. On the other hand, the absence of preformed COad results in an even
lower CO2 formation compared to the positive-going scan, and propionaldehyde is again the
major product. At 0.74 V, the COad formation rate exceeds the COad oxidation rate, evidenced
by the appearance of the COad related IR bands, while the Faradaic current, the
propionaldehyde formation rate and the propionate absorbance decrease due to poisoning of
the electrode surface with COad.

6.3.4 Potentiodynamic oxidation of propionaldehyde
As it was found to be the major product of 1-propanol electrooxidation (see above), we also
characterized the adsorption/oxidation of propionaldehyde in similar potentiodynamic
measurements as shown above for 1-propanol oxidation. Fig. 6-9 shows the CV (Fig. 6-9a),
the MSCVs of m/z = 44 (CO2, Fig. 6-9b) and m/z = 43 (propane, Fig. 6-9c) and the integrated
absorbances of the COL (Fig. 6-9d), COM (Fig. 6-9e) and adsorbed propionate (Fig. 6-9f)
related IR bands, recorded during potential cycling in 0.1 M propionaldehyde in 0.5 M
H2SO4. The onset of the Faradaic current in the positive going scan is at about 0.7 V,
simultaneously with the onset of CO2 formation (m/z = 44) and the decrease of the
absorbances of the COad related bands. The Faradaic current passes a shoulder at 0.9 V,
followed by a further increase towards the upper potential limit. A rather similar shape of the
Faradaic current response was observed for the adsorption/oxidation of acetaldehyde on
carbon supported Pt and on Pt-film electrodes [92;214]. The CO2 signal during
propionaldehyde oxidation resembles that of 1-propanol oxidation (Fig. 6-8b). The steep
decrease of the COad band absorbances, which accompanies the CO2 peak, indicates that the
oxidation of COad, which results from the dissociative adsorption of propionaldehyde at lower
potentials, contributes to the CO2 formation at these potentials. CO2 formation at higher
potentials can result also from continuous direct propionaldehyde oxidation to CO2 (direct
oxidation pathway) and from the oxidation of adsorbates other than COad, which were formed
at lower potentials (see 1-propanol adsorbate stripping, section 6.3.2). Since the CO2 signal
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decreases in the high potential region while the Faradaic current is increasing, CO2 can not be
the major product of propionaldehyde electrooxidation at these potentials. The major product
is instead propionic acid, whose formation is indirectly monitored via the IR band of adsorbed
propionate (Fig. 6-9f). The shape of the absorbance-potential curve is similar to that observed
in the course of 1-propanol electrooxidation; it does not directly follow the curve of the
Faradaic current due to the displacement of adsorbed propionate at higher potentials by OH
adsorption / Pt oxide formation as stated above. This will be also shown in section 6.3.5,
when propionic acid is directly present in the solution. Finally it should be noted that the
direct measurement of propionic acid via DEMS is not possible due to its low volatility.
In the negative-going scan, a broad Faradaic current peak appears between 0.88 and 0.44 V,
which is lower than the current in the positive-going scan. It is accompanied by a very low
CO2 signal, whose low intensity is most easily explained by the absence of preformed COad.
In the same potential region, the appearance of the band related to adsorbed propionate
indicates propionic acid formation. With further decreasing potential, propionate is displaced
by the increasing COad coverage, which is evidenced by the COL and COM absorbance at
decreasing potential. For the same reason, the Hupd features at the lowest potentials are largely
suppressed. The appearance of the m/z = 43 signal at the low potential limit shows the
formation/desorption of propane, in agreement with earlier reports, where this was detected
by gas chromatography measurements [215].
Similarly as for 1-propanol oxidation, one can assume that the CO2 formation is dominated by
oxidation of COad, which was formed during the potential excursion to lower values
(negative-going scan). In this case, neglecting minor contributions from the oxidation of other
adsorbates at high potentials, one can convert the m/z = 44 ion current to the partial current
for CO2 formation in propionaldehyde oxidation (red dashed line, Fig. 6-9a). Clearly, the
onset of the Faradaic current below 0.85 V during the positive-going scan is dominated by the
COad stripping, whereas at higher potentials and in the negative-going scan, oxidation of
propionaldehyde to CO2 has a negligible contribution, as evidenced by comparison of the
partial current for CO2 formation and the measured Faradaic current.
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Fig. 6-9 Potentiodynamic propionaldehyde oxidation at a Pt film electrode; a) CV and partial current for
CO2 formation assuming 2 electrons per CO2 molecule (red dashed line); b,c) MSCVs of m/z=44 (b) and
m/z=43 (c); d-f) integrated absorbances of linearly bonded COL (d) multiply bonded COM (e) and
adsorbed propionate (f), v = 10 mV s-1; electrolyte 0.1 M propionaldehyde in 0.5 M H2SO4

While the curve shapes of the CO2, the COL, COM and propionate signals are similar to those
found for 1-propanol, the Faradaic current response is different. The differences in the
Faradaic current can be explained by the formation of propionaldehyde as major product of 1propanol electrooxidation. The similarities in the other signals show that propionaldehyde is
an active intermediate and that its formation upon 1-propanol oxidation results in further
reaction to COad, CO2 and propionic acid.
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6.3.5 Potentiodynamic oxidation of propionic acid
The potentiodynamic adsorption/oxidation of propionic acid on the thin film Pt electrode was
investigated in the same way and from similar reasons as that of propionaldehyde. The CV
(Fig. 6-10a), the MSCVs of m/z = 44 (Fig. 6-10b) and m/z = 43 (Fig. 6-10c) and the
integrated absorbances of the COL (Fig. 6-10d), COM (Fig. 6-10e) and adsorbed propionate
(Fig. 6-10f) related IR bands obtained during the potentiodynamic oxidation of 0.1 M
propionic acid in 0.5 M H2SO4 are shown in Fig. 6-10. Fig. 6-10a also includes the base CV
in supporting electrolyte for comparison. The presence of propionic acid leads to the
following characteristic changes in the base CV: i) the Had oxidation features in the low
potential region of the positive-going scan are largely suppressed. ii) At potentials above
0.55 V in the positive-going scan, the anodic current exceeds the current for oxygen
adsorption / Pt surface oxide formation. iii) In the negative-going scan, the current for the
reduction of the Pt surface oxide / oxygen desorption is decreased, while the peak position is
not affected. iv) In the double-layer region of the negative-going scan, small additional anodic
currents are measured; and v) the first peak of Hupd deposition is suppressed, while at the
lowest potentials an additional current is measured.
The suppression of the Hupd features (i) and v)) is due to the formation of COad via
dissociative adsorption of propionic acid, as shown in Figs. 10d and 10e. COad accumulation
takes place mainly in the negative-going scan at potentials below 0.55 V, where COad is not
further oxidized to CO2. The measured COL absorbance is only about half of that measured in
1-propanol and propionaldehyde solution (see Figs 8 and 9, respectively), indicating that the
tendency of propionic acid to form COad is lower compared to that of the aldehyde and the
alcohol. This is also evident in Fig. 6-3, where IR spectra of the three molecules recorded
about 2 s after admission at 0.4 V are shown. At this early stage of the adsorption transient, no
COad from propionic acid is detected, in contrast to 1-propanol and propionaldehyde.
Since the functional group of propionic acid can not be oxidized further, the anodic current
above 0.55 V (ii) mainly results from the oxidation of adsorbates formed at lower potentials.
This is supported by the detection of CO2, which is accompanied by the decrease of the COad
related absorbances in this potential region. The CO2 formation at higher potentials (≥ 1.0 V)
results from oxidation of adsorbates other than COad (alkane residues) and from the
continuous oxidation of propionic acid. In the negative-going scan, the lower cathodic
currents in the presence of propionic acid compared to the base CV (iii and iv) indicate the
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superposition of Pt surface oxide reduction with an oxidative process, i.e., with the oxidation
of propionic acid. CO2 is also formed in the negative-going scan, but at a significantly lower
extent, most likely due to the lack of preformed COad.
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Fig. 6-10 Potentiodynamic propionic acid oxidation at a Pt film electrode; a) CV; b,c) MSCVs of m/z=44
(b) and m/z=43 (c); d-f) integrated absorbances of linearly bonded COL (d) multiply bonded COM (e) and
adsorbed propionate (f), v = 10 mV s-1; electrolyte 0.1 M propionic acid in 0.5 M H2SO4

The suppression of the first peak of the Hupd (v) is again due to COad blocking of the electrode
surface. The additional cathodic current is most likely due to the reduction of propionic acid
to propane, as detected by DEMS via the m/z = 43 signal (the major fragment of propane).
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Propane formation can also explain the small increase in the m/z = 44 signal at the lower
potential limit.
The integrated propionate absorbance in the positive-going scan increases between 0.6 and
1.0 V, before it decreases due to oxygen adsorption / Pt surface oxide formation. After the
oxygen desorption / reduction of the Pt surface oxide in the negative-going scan, the
propionate absorbance increases again, as typical for the adsorption of anions such as sulphate
or acetate [48;92]. At potentials below 0.6 V, the propionate absorbance decreases, reflecting
the potential induced desorption and the displacement by formation of COad, which adsorbs
more strongly. Different from acetate or sulphate, propionate adsorption is largely suppressed
at potentials below 0.6 V due to the presence of COad, which is not the case for the other two
acids (as discussed below) [92]. Compared to the potentiodynamic adsorption/oxidation of 1propanol and propionaldehyde, a much higher absorbance of adsorbed propionate at potentials
below 0.8 V is detected when propionic acid is directly admitted, because of the much higher
concentration of the acid in solution. In addition, one may speculate that the lower COad
formation rate during propionic acid adsorption leaves more free surface sites for the
adsorption of propionate in the initial phase of the reaction.
As stated above, propionic acid is able to adsorb dissociatively on the Pt electrode,
decomposing to COad. This is in complete contrast to acetic acid, which is essentially inert
und present reaction conditions [92], although the difference in both molecules is just the
length of the hydrocarbon chain. Acetic acid was reported to bond to the surface via the two
oxygen atoms of the carboxylic group [48;91;92;216]. In this adsorption geometry, the second
carbon atom points away from the surface, which could hinder the splitting of the C-C bond.
Assuming the same adsorption geometry for propionic acid adsorption, one may speculate
that the longer hydrocarbon chain enables the interaction of the third carbon atom with the
surface and thus enhances the ability to decompose and form COad. For comparison,
formation of COad was also found during Pt interaction with glyceric acid, glycolic acid and
glyoxylic acid [100]. These latter molecules, however, have additional functional groups,
which may further affect the decomposition behaviour.
The low activity of propionic acid compared to 1-propanol is mainly due to the fact that the
latter mainly results in propionaldehyde and propionic formation. However, not only the
Faradaic current is low during potentiodynamic propionic acid oxidation compared to 1propanol oxidation, but also the COad and CO2 formation rate, indicating that propionic acid is
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rather a side product than an intermediate for the electrooxidation of 1-propanol on Pt. This
resembles previous conclusions on the role of the respective acids in the electrooxidation of
alcohols such as ethanol (acetic acid) [92], ethylene glycol (glycolic acid) [137], and glycerol
(glyceric acid) [100].

6.4 Conclusions
Combined electrochemical, in situ ATR-FTIR and online DEMS measurements on the
adsorption and electrooxidation of 1-propanol and its partially oxidized intermediates
propionaldehyde and propionic acid on Pt-film electrodes, which were performed under
continuous controlled electrolyte flow and which allowed us to simultaneously follow the
overall Faradaic current as well as the formation of adsorbed intermediates and volatile
products, led us to the following conclusions:
1. 1-propanol, propionaldehyde and propionic acid adsorb dissociatively on Pt, as evidenced
by the appearance of IR bands related to the formation of COad, adsorbed propionate
species, and adsorbed propionyl species (1-propanol and 1-propionaldehyde only). The
measurements indicate that the stable oxidation product CO2 is exclusively formed by
oxidation of COad rather than by direct oxidation pathways.
2. An IR band at 1650 cm-1, which appears rapidly upon exposure to 1-propanol at potentials
between 0.3 and 0.5 V, is assigned to adsorbed propionyl, in accordance with the IR
spectrum of propionaldehyde adsorption at 0.4 V. Adsorbed propionyl remains on the
surface even after rinsing with supporting electrolyte and can decompose into COad.,
indicating that it represents the precursor for COad formation.
3. IR bands at 1467, 1402, 1372 and 1304 cm-1, which appear at potentials ≥0.5 V upon 1propanol adsorption/oxidation, are assigned to adsorbed propionate. This is supported by
the observation of similar bands after propionic acid adsorption at 0.7 V. Adsorbed
propionate is also formed upon propionaldehyde and propionic acid adsorption, it is in an
adsorption-desorption equilibrium with propionic acid.
4. The adsorption of 1-propanol results also in adsorbates other than the above species, these
adsorbates may be related to a band near 1570 cm-1. They can be removed reductively at
low potentials (< 0.2 V) and oxidatively at high potentials (> 0.8 V), forming propane and
CO2, respectively. The reactivity of at least one of these adsorbates is rather low, and it
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takes more than one potential cycle between 0.06 and 1.3 V to completely remove them
from the Pt surface.
5. The potential dependence of the initial COad formation rates, determined from the slopes
of the COL absorbance – time curves, shows an increase from 0.1 to 0.4 V, with further
increasing potential the rates decrease. On an absolute scale, the COad formation
(dissociative adsorption) rates are comparable to those reported for ethanol adsorption.
They are considerably lower than those obtained for the polyols ethylene glycol and
glycerol, where the presence of more than one functional OH group leads to an additional
activation of C-C bond breaking
6. Propionaldehyde is the main product of 1-propanol electrooxidation. It is formed at
potentials above 0.3 V, with average current efficiencies for propionaldehyde formation
always above 80% in potentiodynamic measurements.
7. In agreement with the findings from 1-propanol adsorbate stripping, 1-propanol,
propionaldehyde and propionic acid are reduced to propane at 0.06 V during potential
cycling in the presence of the respective molecules.
8. The potential dependence of the CO2, the COL, COM and propionate signals during the
potentiodynamic oxidation of propionaldehyde closely resembles that determined for 1propanol oxidation, showing that propionaldehyde is not only the main product of 1propanol oxidation, but is also able to act as an active intermediate which can be oxidized
further.
9. Propionic acid is largely inactive under present reaction conditions and can therefore be
regarded as a side product rather than a reactive intermediate in the 1-propanol
electrooxidation on Pt.

In total, the adsorption/oxidation of 1-propanol on Pt very much resembles that of ethanol,
with a slightly lower overall oxidation activity, presumably due to the larger number of C-C
bonds, and a higher selectivity for aldehyde formation rather than partial oxidation to the
corresponding acid. CO2 formation proceeds (almost) exclusively via oxidation of COad
preformed during the reaction, while for ethanol oxidation a direct oxidation pathway seem to
contribute as well. For both reactants, COad formation proceeds via formation and
decomposition of the related acetyl/propionyl species, and in both cases the low activity of the
respective acids makes them act as inactive side product.
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These mechanistic conclusions provide a detailed basis for theoretical studies, which in
particular should be able to reproduce the differences and similarities between ethanol and
propanol adsorption/oxidation.
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6.5 Supporting information
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Fig. 6-11 Potentiodynamic 1-propanol oxidation at a Pt film electrode; a) partial currents of CO2
formation assuming 2 electrons per CO2 molecule (black, open squares) and of propionaldehyde (PA)
formation (red, filled circles), sum of the two partial currents (dark yellow, filled triangles) and Faradaic
current (blue, open triangles); base cyclic voltammogram (magenta, crosses) b) current efficiencies of CO2
formation assuming 2 electrons per CO2 molecule (black, open squares), of propionaldehyde formation
(red, filled circles), and of propionic acid (positive-going scan), calculated from the difference between the
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contributions from the Pt base CV (green, filled triangles) v = 10 mV s-1; electrolyte 0.1 M 1-propanol in
0.5 M H2SO4.
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Electrooxidation of 1-propanol on Pt Mechanistic insights from a spectroelectrochemical study using isotope
labeling

The content of this chapter was submitted for publication to the Journal of Physical Chemistry
C [211]. The experimental section (section 2 in the publication) was removed to avoid
duplication. The style as well as the numbering of the sections, the references and the figures
have been adapted to fit the layout of the thesis. For the same reason some spellings have
been uniformed.
The Figures from the supporting information are added at the end of the chapter.
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7.1 Abstract
A combination of in situ Fourier transform infrared spectroscopy in an attenuated total
reflection configuration (ATR-FTIRS) and online differential electrochemical mass
spectrometry (DEMS) was used to investigate the electrooxidation of 1-propanol on Pt film
electrodes, focusing on the unambiguous confirmation of adsorbed propionyl as reaction
intermediate and on its role in the adsorption / oxidation reaction. Using unlabeled and

13

C

labeled 1-propanol, with the C1 atom being labeled, and employing mainly potentiostatic
transient and adsorbate stripping experiments, we arrive at the following conclusions: i) The
shift of the band at 1650 cm-1, which was tentatively assigned to adsorbed propionyl, to
1605 cm-1 upon

13

C labeling confirms the above assignment. ii) Adsorbed propionyl is the

main precursor for COad formation, at least for COad from the carbon atom carrying the OH
group (C1atom). iii) Upon dissociative adsorption of 1-propanol at 0.2 V only the C1 carbon
atom forms COad, further reaction of the alkyl chain as second propionyl decomposition
product is inhibited. iv) At 0.4 V and 0.6 V, COad formation from the alkyl chain (12COad
formation) is possible but proceeds slower than from the functional group. Mechanistic trends
are summarized in a reaction scheme.

7.2 Introduction
Because of their potential use as fuels for fuel cells, the electrooxidation of short chain alcohols such as methanol, ethanol and 1-propanol (1-PrOH) has attracted considerable interest.
Excellent reviews of the first two reactions can be found, e.g., in refs. [23;25;26;217].
Recently, we reported results of a comprehensive study of 1-PrOH oxidation on a Pt film
electrode by combined in-situ IR spectroscopy and online mass spectrometry study, [190]
which also includes an overview of previous studies on and relevant for 1-PrOH
electrooxidation.
In the latter study, dissociative adsorption of 1-PrOH was observed to give rise to the
detection of IR bands assigned to COad, adsorbed propionyl and adsorbed propionate. The
potential dependence of the initial COad formation rate was determined and found to be
similar to that observed for ethanol dissociative adsorption under identical conditions [75]. A
band detected at 1650 cm-1 between 0.3 and 0.6 V was assigned to adsorbed propionyl by
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comparison with the appearance of a similar band in the course of propionaldehyde adsorption
and in analogy to findings in the course of the adsorption / oxidation of ethanol [91;92]
ethylene glycol [131] and glycerol [100]. This species is irreversibly adsorbed and still
present on the Pt surface after removing 1-PrOH from the flow cell. Performing adsorbate
stripping experiments, we could show that the intensity of the propionyl band decreased when
cycling the potential in the Hupd region, accompanied by a corresponding increase in the COad
band intensity and the desorption of propane and propionaldehyde. This was interpreted as an
indication that adsorbed propionyl can dissociate and form COad, and therefore, adsorbed
propionyl is considered as precursor to COad formation. Alternatively, it can be desorbed
reductively. Adsorbed propionate was found to be in an adsorption-desorption equilibrium
with propionic acid and detected at potentials ≥0.5 V via bands at 1467, 1402, 1372 and
1304 cm-1, which were assigned by comparison with IR spectra recorded during the
adsorption of propionic acid. The electrocatalytic activity of propionic acid was found to be
very low, reflected also in the rather low activity towards COad or CO2 formation; therefore it
was identified as a side product rather than an active intermediate in 1-PrOH electrooxidation.
Incomplete oxidation of 1-PrOH to propionaldehyde is the main reaction pathway with
current efficiencies above 80%., while the complete oxidation of 1-PrOH to CO2 was found to
be only a minor contribution to the overall current. Propionaldehyde can act as an active
intermediate, since it is able to react further to COad, CO2 and adsorbed propionate. The
presence of additional stable adsorbates resulting from 1-PrOH adsorption, other than COad,
adsorbed propionyl and adsorbate propionate, was demonstrated in adsorbate stripping
experiments by reductive desorption in the Hupd region, leading to the formation of propane in
addition to propionaldehyde (from adsorbed propionyl) and by oxidation to CO2 in the Ptoxide region.
Deeper insight into the electrooxidation of 1-PrOH can be gained by using

13

C-labeled 1-

PrOH (1-propanol-1-13C, 13C-PrOH). The use of 13C-labelling is helpful as the wave numbers
of IR bands of adsorbates containing the labeled C-atom are shifted correspondingly, which
facilitates their unambiguous assignment. If only a specific carbon atom is labeled, it is also
possible to determine the origin of the COad (via IR spectroscopy) and CO2 (via mass
spectrometric techniques) species formed during the reaction. In studies on the
electrooxidation of ethanol,

13

C labeling was successfully used to identify under which

conditions the CH3 group and the CH2OH group are converted to COad and CO2
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[59;75;218;219]. It was shown that COad and CO2 formation from both carbon atoms is
possible, but that it is more difficult to oxidize the CH3 group, since COad formation from the
-CH3 group needs higher potentials than that from the -CH2OH group, and also the amount of
COad and CO2 from the -CH3 group is lower, at least after limited adsorption times.
Employing

13

C labeled glycerol (13CH2OH-12CHOH-13CH2OH), it was shown that glycerol

can completely dissociate on Pt, resulting in

12

CO2 and

13

CO2 formation, but CO2 formation

from the terminal groups prevails [220].
Following these lines, we here want to address the following questions: Can we provide more
direct support for i) the assignment of the band at 1650 cm-1 to adsorbed propionyl and for ii)
the identification of propionyl as precursor for COad formation? iii) Is it possible to form COad
and CO2 from the alkyl chain of 1-PrOH, and if so, under which conditions and to which extent? To answer these questions, we compared the adsorption and electrooxidation of unlabeled and

13

C isotope labeled 1-PrOH (13C-PrOH), where only the carbon atom carrying the

OH group was labeled, in spectro-electrochemical measurements, by combined in situ IR
spectroscopy in an attenuated total reflection configuration (ATR-FTIRS) and online differential electrochemical mass spectrometry (DEMS) measurements. The measurements were
performed on a Pt film electrode under continuous and controlled electrolyte flow. We will
first compare spectra of labeled and unlabeled 1-PrOH obtained after interaction of 1-PrOH
with a Pt film electrode for short times and at constant potentials (section 7.3.1). Then we will
focus on possible correlations between the adsorbed propionyl band and the COad band upon
admission of unlabeled 1-PrOH for different times at 0.4 V. This is followed by the temporal
evolution of spectra of

13

C-PrOH at 0.2 V, 0.4 V and 0.6 V and the respective stripping

experiments. In section 7.3.4, we will explore the potentiodynamic bulk oxidation of

13

C-

PrOH, where temporal and potential effects are convoluted. Finally, we summarize the
findings in a reaction scheme.

7.3 Results and discussion
7.3.1 Effect of 13C labeling on the IR spectra of 1-PrOH adsorbates
In our recent study on 1-PrOH electrooxidation, adsorbed propionyl and adsorbed propionate
were detected at potentials between 0.3 and 0.6 V and above 0.5 V, respectively. To identify
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the origin of the COad formed by 1-PrOH decomposition, we recorded IR spectra 2 s after the
electrolyte was exchanged from supporting 0.5 M H2SO4 to solutions containing

12

C-PrOH

and 13C-PrOH solutions in 0.5 M H2SO4 at constant potentials of 0.6 (Fig. 7-1, left panel) and
0.4 V (Fig. 7-1, right panel). At this time, the COad coverage is still small and does not affect
the adsorption of other species [190]. The spectra in Fig. 7-1 clearly show the effect of isotope
labeling of the C1 atom carrying the -OH functional group on the respective IR bands. As
reported previously for

12

C-PrOH at 0.6 V, the bands assigned to bridge-bonded adsorbed

propionate appear at 1467, 1402, 1372 and 1304 cm-1. Upon 13C1 labeling, all of the bands are
shifted to lower wave numbers and appear at 1462, 1388, 1362 and 1294 cm-1, respectively,
which agrees fully with the behavior expected for substituting 12C by 13C at C1.
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Fig. 7-1 Comparison of IR spectra (0.9 s/spectrum) of 1-PrOH (lower spectra / black line) and 13C-PrOH
(upper spectra / red line) about 2 s after switching from 0.5 M H2SO4 to solution of the respective
molecules in 0.5 M H2SO4 at 0.6 V (left panel) and 0.4 V (right panel); reference spectra were recorded at
the respective adsorption potentials in 0.5 M H2SO4.
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At 0.4 V, the band previously assigned to adsorbed propionyl appears at 1640 cm-1 when 12CPrOH is admitted. To assign this band to adsorbed propionyl and to discriminate it from the
bending mode of water co-adsorbed with COad, which appears in the same wave number region [94;138;176], we had previously argued that in the initial stages of 1-PrOH adsorption,
when the COad coverage and, accordingly, also the coverage of co-adsorbed water is low, the
significant intensity in this band can not be due to co-adsorbed water [190]. This was
supported also by the absence of the related water stretching band [190]. The spectra in Fig.
7-1 show that the band appearing at 1640 cm-1 upon
1610 cm-1 upon

13

12

C-PrOH admission is shifted to

C-PrOH adsorption. This provides direct proof that the above band is not

caused by the bending mode of water co-adsorbed with COad. A similar shift from 1635 to
1605 cm-1 of bands assigned to adsorbed acetyl was reported for ethanol adsorption when
changing from CH3CH2OH to CH313CH2OH adsorption [75].
Finally, also the bands of linearly (COL) and multiply (COM) bonded COad, resulting from the
dissociative adsorption of

12

C-PrOH and

13

C-PrOH, are shifted from 2016 to 1972 cm-1 and

from 1802 to 1760 cm-1, respectively. This clearly shows that in the initial stages of 13C-PrOH
adsorption, 13COad is formed almost exclusively. Hence, under these conditions, COad formation from the carbon atom carrying the OH group is much faster than that from the other C
atoms.

7.3.2 Correlation between COad build-up and propionyl decomposition
In our recent study, we concluded from the increase in the COad absorbances after the potential excursion to the Hupd region in pure supporting electrolyte and the simultaneous decrease
in of the propionyl band that adsorbed propionyl can decompose to COad [190]. To further
investigate this process and support this proposal, we performed three different electrolyte
exchange experiments, changing from 0.5 M H2SO4 to 0.044 M unlabeled 1-PrOH in 0.5 M
H2SO4 and back at a potential of 0.4 V, as described in the experimental section (expts. #1 #3). Fig. 7-2 compares the Faradaic current density (Fig. 7-2a), the integrated COL absorbance
(Fig. 7-2b) and the integrated absorbance of adsorbed propionyl (1710-1520 cm-1) (Fig. 7-2c)
in these three electrolyte exchange experiments at the same adsorption potential of 0.4 V. The
corresponding IR spectra are given in the supporting information. Since all of the three electrolyte exchange experiments are identical in the first 10 s, the Faradaic current density, the
integrated COL absorbance and the integrated absorbance of adsorbed propionyl show the
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same response upon electrolyte exchange from supporting sulfuric acid to 1-PrOH containing
solution in these first 10 s (up to t = 47 s, 10 s after the initial electrolyte exchange). The
Faradaic current density rises steeply, passes through a maximum and then decreases due to
surface poisoning mainly with COad. When 1-PrOH supply is interrupted after 10 s (at t =
47 s) at constant potential (expt. #2), the current decreases steeply, while a potential step to
0.06 V (expt. #3) simultaneously with the electrolyte exchange causes a negative current
peak, which is attributed to a combination of pseudo-capacitive charging and reduction of the
adsorbates formed in the initial phase. This is followed by a decrease of the negative current,
small negative currents, however, are still measured after 5 min, indicating continuous
reduction of 1-PrOH adsorbates [197].
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Fig. 7-2 Transients recorded during potentiostatic 1-PrOH bulk oxidation at 0.4 V; a) Faradaic current
density; b-c) integrated absorbance of linearly bonded COL (b), adsorbed propionyl (c); admission of
0.044 M 1-PrOH in 0.5 M H2SO4 for 5 min (filled triangles / blue line), 10 s (filled squares / black line),
10 s in combination with a potential step to 0.06 V after 1-PrOH admission (open circles / red line)

The total COL absorbance increases continuously when 1-PrOH is admitted for 5 min. When
1-PrOH is admitted only for 10 s, a further increase in the COL absorbance is observed even
in 1-PrOH free electrolyte (we assume that the cell is free of 1-PrOH latest 5 s after switching
to the supporting electrolyte [26], and the COL absorbance reaches almost the same final
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value as for the longer time 1-PrOH admission. However, the increase is less steep and the
final absorbance is slightly below of that for the continuous alcohol supply. In the third
experiment, the potential step causes also a step in the COL absorbance due to the increase in
absorbance at lower potentials [83]. After the potential step and electrolyte exchange, the COL
absorbance remains almost constant.
The maximum propionyl absorbance is reached at the beginning of the three adsorption transients, and it is identical in all three cases. Subsequently, when 1-PrOH is continued to be
admitted, the propionyl absorbance slowly decreases. Nevertheless, the propionyl band is still
present after 5 min. In the case of the short (10 s) 1-PrOH adsorption (expt. #2), the propionyl
absorbance decreases significantly steeper upon exchange to 1-PrOH free electrolyte and
almost reaches the zero line after 5 min. Since (with increasing COad coverage) the bending
mode of water co-adsorbed with COad may also increasingly contribute to the integrated
absorbance in this wave number region, a precise estimate of the band intensity related to
adsorbed propionyl is not possible [212]. However, since the COad coverages at the end of the
transients of the 1st and 2nd experiment are quite similar, as indicated by the COL absorbance
(only slightly lower for 10 s adsorption, see also section 7.3.3), the difference in the propionyl
band absorbance between the two experiments with different 1-PrOH admission times must
be significant and cannot be simply attributed to the co-adsorbed water bending mode. The
potential step to 0.06 V in the third experiment causes a step to higher absorbance, most likely
due to a potential induced increase in the absorption cross-section, similar to the behavior of
the COL band. This is accompanied by changes in the potential-dependent structure of interfacial water [212], which interferes with the propionyl band and increases the absorbance in this
wave number region further. Subsequently, the propionyl absorbance decreases rapidly,
reaching an essentially constant value, which is slightly above that of the 2nd experiment,
about 5 s after the potential step.
The increase in the COad coverage in 1-PrOH-free electrolyte in the 2nd experiment (after the
exchange back to the supporting electrolyte) at constant potential clearly shows that (part of)
the adsorbed species present on the surface can decompose to COad. The decrease in the
propionyl signal accompanying the COL increase strongly supports the suggestion that adsorbed propionyl acts as precursor for COad formation. Another possibility to explain the
simultaneous increase in COL absorbance and decrease in propionyl absorbance could be the
COad formation from some different precursor (which is not detectable via ATR-FTIRS),
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while propionyl is desorbing. However, this is in contrast to the stable propionyl absorbance
observed upon rinsing the cell with supporting electrolyte after 5 min of 1-PrOH admission
(expt. #1). It should be noted, however, that the existence of an additional adsorbed precursor
species for COad formation cannot be ruled out from these data, although we have no evidence
for that.
The pronounced difference in the decrease of the propionyl absorbance after re-exchange
back to 1-PrOH-free electrolyte between 1-PrOH adsorption for 10 s and 5 min as well as the
observation that the propionyl absorbance decreases upon potential cycling in the Hupd region
[190] in combination indicate that the decomposition of adsorbed propionyl is only possible if
adjacent free sites are present on the surface. When 1-PrOH is admitted only for 10 s, there
are sufficient free sites available to decompose adsorbed propionyl to COad because of the low
COad coverage at that point, which leads to the decrease of the respective propionyl related IR
absorbance. When 1-PrOH is admitted for 5 min, additional propionyl can be adsorbed
simultaneously with its decomposition during the extended adsorption time. However, since
the increase in COad coverage reduces the number of free sites for further propionyl
adsorption, the propionyl coverage decreases steadily during the adsorption transient. Finally,
a steady-state is reached at which the COad and propionyl coverage is stable due to the lack of
free sites, which inhibits further propionyl decomposition. Apparently, this state is already
reached after 5 min adsorption. From the same reason, the remaining adsorbed propionyl is
essentially stable after changing back to 1-PrOH-free electrolyte after 5 min (at t=307 s) in the
first experiment.
This is different in adsorbate stripping experiments or 1-PrOH bulk oxidation, when cycling
the potential into the Hupd region leads to desorption of alkanes and propionaldehyde
[190;197], which provides free sites for further propionyl decomposition (see also section
7.3.3 for the results of adsorbate stripping experiments). In the third experiment, with the
potential step to 0.06 V simultaneously with the electrolyte exchange to supporting electrolyte
after 10 s of propionyl admission, the constant absorbances of COL and propionyl after the
electrolyte exchange and the potential step can be explained by two effects: i) by the reductive
desorption of propionyl (and possible other adsorbed COad precursors) and ii) by a
pronounced potential dependence for the decomposition of adsorbed propionyl to COad, with
very low rates at the low potential. Reason i) is supported by the decrease in the propionyl
absorbance and the detection of a m/z = 30 signal via DEMS during the potential step, which
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we relate to alkane or propionaldehyde desorption. This agrees also well with the finding that
the coverage of non-COad adsorbates, as determined by subsequent adsorbate stripping
experiments (see section 7.3.3), is lower in this case than after adsorption without the
potential step. The second reason ii) is supported by the potential dependence for COad
formation from propionaldehyde (data not shown) with the lowest COad formation rate at 0.06
V, whereas the initial intensity of the propionyl IR band is similar or even higher than at more
positive potentials. Similar observations were reported for the potential dependence of the
adsorption and decomposition of acetaldehyde via adsorbed acetyl [92].
It can be noted, that in similar experiments performed for ethanol adsorption / rinsing, formation of COad in alcohol-free solution after short admission of ethanol was also detected [75],
in combination with the disappearance of a band assigned to adsorbed acetyl.
To gain further information on the origin of COad and the reaction pathway / mechanism for
propionyl decomposition to COad, we performed similar electrolyte exchange experiments
with

13

C-PrOH. Fig. 7-3 shows the temporal evolution of the ATR-FTIR spectra recorded

during the admission of
When admitting
13

13

13

C-PrOH at 0.4 V for 5 min (Fig. 7-3a) and for 10 s (Fig. 7-3b).

C-PrOH for 5 min, in addition to adsorbed propionyl at 1610 cm-1, only

COM (1760 cm-1) and

13

COL (1972 cm-1) are detected during the first 2 s. With increasing

adsorption time, a shoulder accompanying the

13

COL band evolves at higher wave numbers,

which slowly develops into an overlapping band centered at about 2015 cm-1. This points to
an increasing coverage of 12COad. The 12COL and 13COL bands are about equal in height after
120 s and at the end of the adsorption run, the 12COL band is even higher than the 13COL band.
In contrast to COL, the increasing contribution of the 12COM signal does not lead to the formation of a distinguishable band or shoulder because of the width of the COM band. Instead, it
causes further broadening of the COM band and a shift of the COM wave number from
1760 cm-1 to about 1780 cm-1.
When

13

C-PrOH is admitted only for 10 s (see Fig. 7-3b), two important differences to the

5 min admission experiment can be noted: First, as expected from the behavior of adsorbed
propionyl during the corresponding experiment with 12C-PrOH (Fig. 7-2, 2nd experiment), the
band of adsorbed propionyl decreases with time and is almost vanished after 300 s. Second,
the absorbance of 12COL in the later stages and at the end of the experiment is larger than that
of 13COL, indicating a relatively larger contribution of 12COad to the CO-adlayer. The temporal
evolution of the COL bands clearly shows that initially the formation of

13

COad prevails, but
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12

COad formation, i.e., the dissociative oxidation of the alkyl chain, takes place as well

and eventually, after 60 – 100 s, becomes increasingly stronger than the 13COad signal.
12
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Fig. 7-3 Temporal evolution of IR spectra recorded during potentiostatic admission of 13C-PrOH
(0.9 s/spectrum) after switching from 0.5 M H2SO4 to 0.044 M 13C-PrOH in 0.5 M H2SO4 at 0.4 V for a)
5 min, b) 10 s and c) 10 s with a subsequent potential step to 0.06 V (reference spectra were recorded at
0.4 V in 0.5 M H2SO4).

Finally, when the short admission of
upon rinsing (expt. #3),

13

C-PrOH is combined with a potential step to 0.06 V

12

COad is only hardly detected as a shoulder to the 13COad band (see

Fig. 7-3c). This indicates that i) 12COad formation is too slow to form IRS detectable amounts
within the first 10 s of 1-PrOH admission, and that ii) the subsequent potential step to 0.06 V
simultaneously with rinsing leads to desorption of the COad precursors. This agrees fully with
the observation in Fig. 7-2 showing a rather stable COad coverage after the potential step.
In an attempt to quantify the evolution of 13COL and 12COL intensity, we fitted the COL bands
by two Gaussian peaks. It should be noted that this can only be semi-quantitative, due to the
dipole-dipole coupling between

12

COad and

13

COad. First this leads to an intensity transfer

from the lower to the higher frequency band, which enhances the
pense of the
the

12

12

COL intensity at the ex-

13

COL intensity [175;221;222], and second it results in an asymmetric shape of

COad band. Fitting this with a symmetric band results in a broader band for

13

COad,

t/s
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giving this more intensity than actually present in this component. Nevertheless, this yields
valuable information on the trends during adsorption, especially in the initial period of

13

C-

PrOH decomposition where the COad coverage is still low. Two spectra recorded at t = 5 and
270 s during 5 min 13C-PrOH admission with the fitted bands are shown exemplarily in Fig.
7-4. Even though the 12COad appears to be higher in the latter spectrum, the area of the fitted
13

COad band is larger than that of the fitted

12

COad band since the fitted

13

COad band is

broader.
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Fig. 7-4 Examples for the fit of Gauss peaks to the IR spectra recorded during potentiostatic admission of
13

C-PrOH (0.9 s/spectrum) a) 5 s and b) 270 s after switching from 0.5 M H2SO4 to 0.044 M 13C-PrOH in

0.5 M H2SO4 at 0.4 V. Raw spectra: open circles / blue line; fitted 12COad peak: dotted, green line; fitted
13

COad peak: solid, red line; superposition of the two fitted peaks: bold, black line

The temporal evolution of the band intensities (Fig. 7-5a and b) and band centers (Fig. 7-5c
and d) as determined by this fit procedure are presented in Fig. 7-5. Initially, the area of the
13

COL band grows clearly faster than that of the

12

COL band, which indicates that COad

formation from the alkyl chain is significantly slower than that from the first (C1) carbon
atom. To estimate the

12

COad and

13

COad formation rates, we applied the method for

calculating the COad coverage from the integrated COL absorbance derived previously [75],
which results in initial rates of about 0.004 ML s-1 for 12COad and 0.016 ML s-1 for 13COad.
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Fig. 7-5 Area (a+b) and center (c+d) of the fitted 13COad (a+c) and 12COad (b+d) peaks during adsorption
of 0.044 M 13C-PrOH in 0.5 M H2SO4 at 0.4 V for 5 min (filled triangles / blue line) and for 10 s (filled
squares / black line) and at 0.6 V for 5 min with a subsequent step to 0.06 V (open inversed triangles / red
line).

This difference reflects the chemical neighborhoods of the respective carbon atoms. As the
13

C -atom is already bound to oxygen of the hydroxyl group, only dehydrogenation is needed

to form

13

COad from adsorbed propionyl, besides splitting the C-C bond. In contrast, an

additional C-O bond must be formed at the second (C2) or third (C3) carbon atoms. If
adsorbed propionyl is the precursor to COad, splitting the C-C bond between C1 and C2 would
lead to

13

COad and

12

C2H5,ad (or more generally

12

C2Hx,ad). Decomposition of adsorbed

propionyl (the authors of ref. [197] named it an “acyl” species) into COad and C2H5,ad was
already proposed by Pastor et al. [197]. However, those authors did not consider further
oxidation of the C2H5,ad fragment, including the formation of a C-O bond, which would be
required to explain 12COad formation from 13C-PrOH. Similar ideas were proposed for ethanol
oxidation / adsorption [75;219]. In studies with

12

CH313CH2OH (13C labeled ethanol) on Pt,

employing or ATR-FTIRS [75] or broad band sum-frequency generation spectroscopy [219],
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COad and

13

COad was also observed, with
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13

COad having the higher

coverage at adsorption potentials of 0.4 V or below. Heinen et al. could show that adsorbed
acetyl is the precursor to COad formation, they tentatively proposed that it has two
possibilities for reaction: i) decomposition into COad and CHx,ad and ii) a concerted reaction
with water from the electrolyte into COad and CHxOad [75]. They suggested that CHxOad can
be further dehydrogenated to COad, while CHx,ad is stable towards conversion to COad at
0.4 V. Basis for this proposal was the conclusion that the difference in the initial 12COad and
13

COad formation rates at 0.4 V was too small to explain that the CH3 group is not completely

converted to COad [75]. Kutz et al. proposed that scission of the C-C bond occurs directly
from adsorbed ethanol, without a distinct precursor species such adsorbed acetyl, and that this
results in adsorbed -CHx and -CHxO fragments. While COad is easily formed from the -CHxO
fragment, most of the -CHx fragment persist on the surface and only a small fraction is
oxidized further to COad [219].
Transferring these ideas to the 1-PrOH / propionyl case would mean that decomposition of
propionyl could result in C2HxOad, which could then further dissociate into COad, while
C2Hx,ad reaction products would be stable. However, also in the first case an additional carbon-oxygen formation and an additional C-C bond breaking step are needed to form COad.
Alternatively, propionyl decomposition leads only to C2Hx,ad, in addition to COad, whose further oxidation is possible but slow. Both pathways explains the observation of 12COad formation at 0.4 V as well as the lower 12COad formation rate compared to 13COad formation.
As already mentioned above, the contributions of 12COL are larger when the 13C-PrOH supply
is stopped after 10 s than after admission for 5 min. From the fitted bands we can now estimate the final relative 12COad and 13COad coverages, θ(COad, rel.), relative to the coverage resulting from adsorption of gaseous CO. For 5 min admission at 0.4 V, θ(12COad, rel) is about
0.25 and θ(13COad, rel) is about 0.29; hence, 0.47 of the total COad coverage consists of 12COad.
For 10 s admission (and 300 s rinsing), θ(12COad, rel) and θ(13COad, rel) are about 0.32 and 0.31,
respectively, resulting in 0.51 of

12

COad in the total COad coverage. The resulting adsorbate

coverages will be discussed further in section 7.3.3, together with the adsorbate stripping data.
The higher 12COad content after the short 13C-PrOH admission can be explained by the formation and decomposition characteristics of adsorbed propionyl as precursor for COad formation
(directly for COad formation from the C1 atom and indirectly for COad formation from the C2
and C3 atoms), independent of the further pathway for COad formation from the C2 and C3
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12

COad precursor(s) (C2Hx,ad or C2HxOad)

can slowly decompose, leading to a relatively high content of

12

COad. In contrast, when 1-

PrOH is continuously admitted, additional propionyl is delivered and the faster decomposition
into 13COad results in a higher content of 13COad.
The band center of both COL peaks (Fig. 7-5c and 5d) shift to higher wave numbers with increasing adsorption time as expected for the increasing COad coverage.
Assuming that the decomposition of adsorbed propionyl leads directly to

13

COad formation,

the propionyl decomposition rate should be equal to the 13COad formation rate when the cell is
free of

13

C-PrOH. Shortly after switching back to the supporting H2SO4 solution, and ne-

glecting small amounts of 13C-PrOH still present in the cell, the propionyl decomposition rate
is estimated to 0.004 ML s-1 at 0.4 V. This can be correlated with the decrease of the propionyl band (neglecting contributions from the bending mode of adsorbed water) upon rinsing
the cell. Assuming a linear correlation between the propionyl absorbance and its coverage,
which is reasonable for not too high propionyl coverages, we can determine a coverage-toabsorbance relation for adsorbed propionyl in these spectra of about 5 ML cm at 0.4 V. Using
this relation, we can estimate the maximum propionyl coverage shortly after 1-PrOH
admission to ~0.3 ± 0.1 ML. (Possible errors resulting from the fit procedure will be
discussed in the next section.) To gain further information, the adsorption / oxidation of 13CPrOH was also followed at 0.2 and 0.6 V. The temporal evolution of the CO adlayer and of
adsorbed propionyl resulting from the admission of

13

C-PrOH for 5 min at 0.2 and 0.6 V is

shown in the sets of IR spectra in Fig. 7-6.
For adsorption at 0.2 V (Fig. 7-6a), bands at about 1965 and 1750 cm-1 related to

13

COL and

13

COM appear. With increasing COad coverage, these bands shift to higher wave numbers due

to repulsive interactions between the COad dipoles. In contrast to what is observed at 0.4 V, no
spectral features of 12COad are detected, indicating that at 0.2 V the amount of alkyl chain oxidation to COad is below the detection limit. This agrees with findings for the adsorption of 13C
labeled ethanol (12CH3-13CH2OH) on a Pt film electrode in an similar electrolyte exchange
measurements at 0.2 V, where also no

12

COad was detected by ATR-FTIRS, indicating that

the –CHx,ad fragment of ethanol is not oxidized to COad at this potential [75]. In contrast, Kutz
et al. detected

12

COad by broad-band sum-frequency generation spectroscopy at potentials

down to 0.05 V, and concluded that adsorbed –CHx fragments can be oxidized under these
conditions and form COad [219]. This discrepancy, however, is likely to result from
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experimental differences, since these latter measurements were performed during
potentiodynamic scans, where the presence of

12

COad at low potentials can result from COad

formation at higher potentials.
In agreement with our observations using unlabeled 0.1 M 1-PrOH solution [190], no
adsorbed propionyl is detected at 0.2 V at the lower 1-PrOH concentration (0.044 M) in the
present measurements: The slight increase in the background signal over a broad spectral
range is due to displaced / co-adsorbed water. The slower, but nevertheless clearly visible
COad formation at 0.2 V, which is obviously possible although adsorbed propionyl can not be
detected, could be explained by a significantly faster propionyl decomposition (higher rate
constant for propionyl decomposition) compared to its formation (lower rate for 1-PrOH
adsorption or for 1-PrOH dehydrogenation to adsorbed propionyl), which results in a
propionyl coverage below the detection limit. On an absolute scale, both of these rates are
significantly lower than at higher potential.
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Fig. 7-6 Sequence of IR spectra recorded during potentiostatic admission of 13C-PrOH for 5 min
(0.9 s/spectrum) after switching from 0.5 M H2SO4 to 0.044 M 13C-PrOH in 0.5 M H2SO4 at a) 0.2 V and b)
0.6 V (reference spectra were recorded at 0.2 and 0.6 V in 0.5 M H2SO4, respectively).
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The temporal evolution of the COad bands at 0.6 V (Fig. 7-6b) in the initial phase is quite
similar to that at 0.4 V. Mainly 13COad is detected at t <5 s, while an increasing coverage of
12

COad in the later stages of 13C-PrOH adsorption causes an additional

12

COL band at higher

wave numbers and leads to a broadening of the COM band at higher wave numbers. Unlike
13

C-PrOH adsorption at 0.4 V, the 12COL band at 0.6 V is equally intense as the 13COL band

already after about 20 s. The temporal evolution of the peak areas (Fig. 7-5a and 5b) and
positions (Figs. 5c and 5d) resulting from the fitting of Gauss peaks to the IR spectra are also
shown in Fig. 7-5 for adsorption at 0.6 V. The 12COad band intensity increases about equally
fast as at 0.4 V, whereas the 13COad band grows clearly slower. The initial 12COad and 13COad
formation rates are estimated to about 0.005 ML s-1 and 0.008 ML s-1, respectively. In
agreement with the observation with unlabeled 1-PrOH, the total COad formation rate at 0.6 V
is below that at 0.4 V. Apparently, the difference in the total COad formation rate between 0.6
and 0.4 V is mainly due to the lower 13COad formation rate, which means that fewer 1-PrOH
molecules undergo C-C bond dissociation. This might be due to the increasing formation of
propionic acid as competing reaction pathway, which is detected at 0.6 V [190]. Also the band
of adsorbed propionyl appears to be smaller at 0.6 V. The comparable magnitude of the rates
for 12COad formation at 0.6 V and at 0.4 V despite the lower rate for propionyl decomposition
(= rate for

13

COad formation) and hence for alkyl fragment formation indicates that once the

first C-C bond is broken, the formation of 12COad is enhanced with increasing potential. This
agrees fully with expectations for oxidative processes, since the increasing rate for OHad
formation on platinum at 0.6 V [133] facilitates the addition of oxygen to the fragments of the
alkyl chain of 1-PrOH upon breaking the second C-C bond. Apparently, breaking the C-C
bond in this adsorbed alkyl (or C2HxO) fragment is less of a problem, although on would
expect a decreasing efficiency at higher potentials for this as well, similar to splitting the first
C-C bond in adsorbed propionyl, or the C-C bond in adsorbed acetyl [75]. Finally, the step
both in the band areas and band positions at t= 300 s is due to a potential step to 0.06 V
performed to preserve the COad coverage, avoiding losses due to COad oxidation during
rinsing the cell with supporting electrolyte in preparation of the subsequent adsorbate
stripping experiment.
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7.3.3 Potentiodynamic stripping of 1-PrOH adsorbates
Adsorbate stripping experiments can provide additional information on the nature and
coverage of the adsorbed species formed during the adsorption / oxidation of 1-PrOH. Fig. 77 compares the Faradaic current density (Fig. 7-7a), the integrated absorbance of the COL
bands (Fig. 7-7b) and of adsorbed propionyl (1670-1500 cm-1, Fig. 7-7c), the mass
spectrometric CVs of m/z = 15 (Fig. 7-7d), m/z = 44 (Fig. 7-7e), and m/z = 45 (Fig. 7-7f), the
number of electrons gained per CO2 molecule (Fig. 7-7g) as well as the fraction of 12CO2 to
the total CO2 formation (sum of

12

CO2 and

13

CO2, Fig. 7-7h) in adsorbate stripping

experiments following the three electrolyte exchange experiments for 13C-PrOH adsorption at
0.4 V described above. When

13

C-PrOH was adsorbed for 5 min, two stripping experiments

were performed: one starting the potential scan in the negative-going direction, and the other
one starting in the positive-going direction, whereas the adsorbate stripping experiments
following the 1-PrOH admission for 10 s (expt.#2) was started in the negative-going direction
only. Since expt. #3 was finished with a potential step to 0.06 V, the subsequent stripping was
of course started in the positive-going direction. To reduce the number of overlapping curves
in the CV (Fig. 7-7a), only the initial cycles until the upper potential limit is reached are
shown for all experiments, while the subsequent negative-going scan and the second positivegoing scan are only shown for one stripping experiment because they are essentially identical
for all measurements.
The results of the first negative-going adsorbate stripping measurement after 5 min 1-PrOH
adsorption closely resemble those of the similar experiment with 0.1 M 1-PrOH solution
presented previously for 12C-PrOH, and shall therefore not be discussed again in detail [190].
Instead, we will focus in the following on the comparison of the different types of stripping
experiments performed in the present study. In the initial negative-going scan after 5 min
(expt. #1) and also after 10 s of 1-PrOH admission (expt. #2) at 0.4 V, the typical Hupd peaks
in the Faradaic current are suppressed, indicating a substantial coverage of adsorbed species.
At the lower potential limit, an additional reductive current appears, which is more
pronounced after adsorption for 5 min than after 10 s. This is accompanied by the mass
spectrometric detection of m/z = 15 and m/z = 44 signals, indicating reductive desorption of
alkanes (methane, propane) [197]. These signals are also more pronounced for the longer
admission time. Apparently, the coverage of reducible adsorbates is higher in that case. Next,
also the integrated COL band intensity increases during the potential excursion through the
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Hupd region, at least for the 5 min admission experiment, while after 10 s admission and
subsequent rinsing with 1-PrOH-free electrolyte it essentially remains constant. Finally, the
signal related to adsorbed propionyl decreases during the potential excursion after 5 min
adsorption, while after the short admission time (10 s) the propionyl signal had decayed
already to essentially zero absorbance during rinsing with 1-PrOH-free electrolyte. The
remaining signal intensity in this wave number region is attributed to changes in the water
background. Such increase of the COL absorbance and a corresponding decrease of the
adsorbed propionyl signal were already observed during adsorbate stripping experiments in
our recent study, and we had interpreted that as evidence of additional COad formation by
propionyl decomposition, which sets in after formation of free surface sites via the reductive
desorption of other adsorbates (alkanes) [190]. In the stripping experiment starting at 0.06 V
after 10 s adsorption, followed by rinsing at 0.06 V (expt. #3), the features of Hupd desorption
are visible in the first positive-going scan, indicative of a relatively low coverage of other
adsorbates. Changes in the COL and in the wave number region of the propionyl band are
caused by rearrangements in the adlayer, as they were also observed for adsorption from
gaseous CO [126]. The remaining intensity in the propionyl band region in expt. #3, which
despite of the proposed desorption of adsorbed propionyl at 0.06 V is even above that of expt.
#2, is an artifact resulting from the interference with the water bending mode in this wave
number region, which was already observed in Fig.2 for the unlabelled 1-PrOH.
The main oxidation peak in the CV (Fig. 7-7a) starts at about 0.5 V (in the positive-going
scan) for the first negative-going stripping experiments, while for starting directly with the
positive-going scan, the onset potential is slightly shifted to about 0.55 V. This potential shift
is also reproduced in the mass spectrometric signals of 12CO2 (Fig. 7-7d) and

13

CO2 (Fig. 7-

7e). After the main oxidation peak, oxidation of adsorbed species continues up to the upper
potential limit, indicating the oxidation of adsorbates other than COad. The Faradaic current in
this region is highest for the stripping measurement starting directly in the positive-going
direction, which points to a higher coverage of these adsorbates in this potential region
compared to those obtained in the stripping experiments starting with a negative-going
potential excursion. The additional presence of non-COad type adsorbates may also explain
the shift of the onset of the main oxidation peak, since these adsorbates block the adsorption
of the oxygen containing species required for COad oxidation (see also Tab. 7-1). The higher
coverage of non-COad adsorbates in the high potential region observed in this case supports
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that these are either desorbed or further decomposed during cycling the potential in the Hupd
region, which is not possible in the stripping experiment missing this step.
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Fig. 7-7 Adsorbate stripping after the potentiostatic 13C-PrOH adsorption/oxidation at 0.4 V for 5 min,
starting the potential scan in the negative direction (filled triangles / blue line), 10 s starting the potential
scan in the negative-going direction (filled squares / black line), 10 s + potential step to 0.06 V (open circles
red line), 5 min starting the potential scan in the positive direction (open triangles / green line); a) CV; bc) integrated absorbances of linearly bonded COL (b) and adsorbed propionyl (c); d-f) MSCVs of m/z=15
(d), m/z=44 (e) and m/z=45 (f); g) number of electrons gained per CO2 molecule formed, ) fraction of
12

CO2 to the sum of 12CO2 + 13CO2 (v = 10 mV s-1; electrolyte 0.5 M H2SO4).
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When 1-PrOH is only admitted for 10 s and the potential is directly stepped to 0.06 V (expt.
#3), the Faradaic current in the high potential regime is lowest. Hence, also the coverage of
the non-COad adsorbates must be lowest here (see below). In the subsequent negative-going
scan of these stripping cycles, no 13CO2 formation is detected in any of the experiments, while
small amounts of 12CO2 appear. This indicates that the non-COad adsorbates are stable enough
to partly survive the initial positive-going potential scan, which is further supported by the
subsequent detection of m/z = 15 in the Hupd region in the stripping experiments the after 1PrOH adsorption for 5 min.
More detailed information comes from the MSCVs for CO2 formation, and in particular from
the difference between the traces for

13

CO2 and

12

CO2 formation and their relation to the

absorbance of the COL signal. In the positive-going potential scan, where most of the CO2
formation occurs, the signals show pronounced differences between
formation. First, while the

13

13

CO2 and

12

CO2

CO2 peaks are identical in intensity for the different

measurements, except for the peak obtained after 10 s adsorption and subsequent rinsing at
0.06 V (expt. #3), the

12

CO2 signals vary considerably in intensity. Furthermore, the

13

CO2

peak is essentially symmetric, with a maximum at 0.71 V (first negative-going scan) or
0.76 V (first positive-going scan), while the

12

CO2 formation signal shows a distinct double

peak structure, with the second peak ranging from 0.84 V to the positive potential limit. The
13

CO2 signals show very low intensity in this range (discussion see below). For 10 s

adsorption and subsequent rinsing at 0.06 V (expt. #3), the 12CO2 intensity is negligible both
in the first and in the second peak, indicating that the species responsible for 12CO2 formation
were reductively desorbed while holding the potential at 0.06 V for 5 min. The first peak
essentially coincides with the decay of the COL signal, confirming our above assumption that
this peak is mainly due to the oxidation of COad formed before the stripping experiments or
during the potential excursion to 0.06 V (5 min adsorption experiment). IR spectra recorded
during the initial positive-going scan after adsorption for 5 min (Fig. 7-8) show that the decay
of the 12COL and 13COL IR signals proceeds almost equally for both contributions. This is also
the case for the other stripping experiments (spectra not shown). Similarly, the onset of the
12

CO2 (Fig. 7-7e) signal coincides with that of 13CO2 (Fig. 7-7f) for all experiments. Also the

peak maximum of

12

CO2 and

13

CO2 appears simultaneously except for the direct positive-

going stripping experiment, where the

12

CO2 peak maximum is shifted to higher potentials

due to the superposition with the second peak.
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Fig. 7-8 Series of IR spectra (4.8 s/spectrum) recorded during the adsorbate stripping (v = 10 mV s-1) after
the potentiostatic 13C-PrOH adsorption / oxidation at 0.4 V for 5 min starting the potential scan in the
positive-going direction (reference spectrum was recorded at 0.4 V in 0.5 M H2SO4).

Based on the absence of any significant COL signal, the second peak, which is visible almost
exclusively in the 12CO2 signal, must be due to oxidation of non-COad adsorbate species. This
is also reflected in the number of electrons per CO2 molecule formed (Fig. 7-7g), which is
significantly above 2, as typical for the oxidation of adsorbates in lower oxidation states than
COad. As mentioned above, 12CO2 formation in this range is lowest after 10 s adsorption and
subsequent rinsing at 0.06 V (expt. #3), which fits well to our interpretation of a reductive
desorption of non-COad adsorbed fragmentation products. The intensity is higher after
stripping starting with the negative-going scan, and here again higher for 10 s than after 5 min
adsorption. Apparently, the short time spent in the low potential regime during the excursion
to 0.06 V is not sufficient to completely desorb those species responsible for the

12

CO2

formation in the high potential range in the subsequent positive-going stripping scan.

12

CO2
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formation is highest after 5 min adsorption and stripping starting with a positive-going scan,
where reductive desorption of non-COad species is excluded. For this stripping experiment,
also the

13

CO2 formation in the second peak is larger compared to the other stripping

experiments. This might partly be due to oxidative decomposition of adsorbed propionyl,
which was present on the surface at the end of the 5 min adsorption run, and which can
decompose only after oxidative removal of other adsorbates created free surface sites (see
above). This interpretation is supported by the stable signal of adsorbed propionyl up to 0.7 V
in Figs. 7c and 8. At E > 0.7 V, a broad band at about 1570 cm-1 evolves, which shifts to
higher wave numbers with further increasing potentials and overlaps with the propionyl band,
hindering the unambiguous detection of adsorbed propionyl at the highest potentials. Since
the position of this band is the same as we observe in experiments with unlabelled 1-PrOH
(not shown) the according adsorbate does not contain the 13C atom. It is most likely related to
an oxygenated species, which could be an intermediate of the oxidation of alkyl fragments to
12

CO2. In agreement with our observations on the coverage of non-COad adsorbates (high

potential shoulder in the m/z = 44 MSCV in Fig. 7-7e), this band is most intense for the direct
positive-going stripping experiment shown in Fig. 7-7c.
More quantitative information on the relative extent to which C1 or the other carbon atoms
contribute to COad and to the other adsorbates is obtained from the plot in Fig. 7-7g, which
shows the relative contribution of

12

CO2 to the total CO2 formation signal. In all cases, the

fraction of 12CO2 is low in the range of the first CO2 formation peak up to about 0.7 V. Since
the oxidation of COad is the main source of CO2 at these potentials, as indicated by the steep
decrease in the integrated COL absorbance shown in Fig. 7-7b (see above) and also by the
number of electrons released per CO2 molecule formed in this potential range (Fig. 7-7g, Tab.
7-1), this yields information on the fraction of 12COad present on the surface right before the
beginning of its oxidative removal. The lowest fraction of
observed after admission of

13

12

CO2 (about 0.16 of all CO2) is

C-PrOH for 10 s and subsequent rinsing at 0.06 V (expt. #3).

This coincides with the low intensity of the 12COad bands in the IR spectra (Fig. 7-5) recorded
during the adsorption in the first seconds. Note that also during rinsing at 0.06 V in expt. #3
no additional

12

COad is detected in the IR spectra (not shown) As already discussed above,

COad formation from the C1 carbon atom is faster than from the other C atoms, and the
potential step to 0.06 V inhibits further COad formation, both due to the lower decomposition
rate and due to the desorption of the adsorbed propionyl precursor for COad formation. Since
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the COad coverage and the composition of the CO adlayer (12COad and 13COad) reached after
10 s 13C-PrOH admission are frozen by the potential step, it is possible to conclude from the
resulting fraction of

12

CO2 in the stripping experiment on the ratio of the initial

12

COad and

13

COad formation rates (during the first 10 s). Considering that the ratio of 12C to 13C in 13C-

PrOH is 2:1 and the resulting ratio of 12COad to 13COad is about 1:5.25 (= 0.16 : 0.84; Fig. 77h), COad formation from the C1 carbon atom can be estimated to be about 10 times faster
than that from the C2 or C3 atoms. This agrees rather well with the estimation based on the
increase of the fitted IR bands presented in section 7.3.2, where

13

COad formation was

evaluated to be 4 times faster than 12COad formation, which corresponds to a factor of 8 when
accounting for the number of

13

C and

12

C atoms in

13

C-PrOH. The discrepancy is mostly

attributed to the problems in the intensity evaluation of the isotopomers due to dynamic
dipole-coupling as discussed in section 7.3.2.
When 13C-PrOH was adsorbed for 5 min and the subsequent adsorbate stripping was started in
the negative-going direction, the fraction of 12CO2 is initially (at the onset of CO2 formation
where we assume that CO2 formation is only caused by COad oxidation and not yet disturbed
by oxidation of non-COad adsorbates) about 0.35; it is about 0.40, when the stripping was
started in the positive-going direction. This difference in initial CO2 composition is easily
explained by the kinetics of COad formation in the Hupd region. Since, as discussed above,
COad formation by propionyl decomposition [190] is faster from the C1 atom than from the
C2 and C3 atoms, the COad additionally formed during the potential excursion to the Hupd
region is mainly 13COad, which reduces the fraction of 12CO2 detected in the adsorbate. Based
on the above fits of the COL bands, the fraction of 12COad was estimated in section 7.3.2 to be
0.47 at the end of the adsorption. This can best be compared to the initial value gained in the
stripping starting in the positive-going direction, since in that case there is no additional COad
formation during the stripping scan that could modify the COad composition, which yields a
12

CO2 fraction of 0.40 (Fig 7h). Obviously, the

12

COad content derived from the COL band

fitting is overestimated. This agrees with the trend expected from dipole coupling, which
enhances the

12

COad intensity at the expense of the

13

COad band intensity [221] and which

seems to overcompensate effects arising from the neglect of the asymmetry in the peak shape
which causes an underestimate of the relative 12COad intensity.
The highest initial

12

CO2 fraction of about 0.46 (Fig. 7-7h) is observed after 1-PrOH

admission for 10 s and rinsing at the adsorption potential (expt. #2). The effect of different

7. 1-Propanol electrooxidation – 13C labeling

180

admission times agrees well with the IR spectra shown in Fig. 7-3b, where the 12COad signal
was also higher at the later stages of the adsorption transient compared to the longer
admission / adsorption time, which resulted in an estimated 12COad fraction of 0.51 based on
the IR spectra evaluation for expt. #2 at the end of the transient (300 s). (Again this value is
overestimated due to dipole coupling). Nevertheless, 0.46 or 0.51 is still far below the value
of 0.67 that would be expected from the number of

12

C (two) and

13

C (one) atoms in

13

C-

PrOH, if the decomposition of the C-C bonds in 1-PrOH and subsequent COad formation had
similar probabilities for all C atoms.
With increasing potential, the fraction of

12

CO2 increases for all adsorbate stripping

experiments. In all cases except for adsorbate stripping after 10 s adsorption and subsequent
rinsing at 0.06 V (expt. #3), it reaches a maximum value of about 0.9, which remains constant
up to the upper potential limit. Hence, the non-COad adsorbates not only contain the C2 and
C3 atoms, but also some C1 carbon atoms. It should be noted that based on the IR spectra
measurable amounts of COad can be ruled out in this potential regime. When integrating the
CO2 formation over the complete positive-going scan (see Tab. 7-1), the fraction of 12CO2 is
0.65, when the adsorbate stripping is started directly in the positive-going direction. This is
essentially what would be expected for the complete oxidation of

13

C-PrOH. The remaining

difference may be explained by the fact that the adsorbates are not completely removed within
the first positive potential-going potential scan, as shown by the m/z = 15 signal in the
subsequent negative-going scan and the m/z = 44 signal in the second positive-going scan.
The fractions of

12

CO2 in the complete first positive-going scan of the other stripping

experiments, after the potential excursion to 0.06 V (expts. #1 and #2) or after rinsing at 0.06
V (expt. #3), are 0.57, 0.6 and 0.34, respectively. This further supports the assumption that
those adsorbates, which are desorbed at low potentials, mainly consist of fragments
containing the C2 and C3 atoms.
Next we performed similar stripping experiments after 5 min adsorption of 13C-PrOH at 0.2 V
and 0.6 V, respectively. Fig. 7-9 shows the Faradaic current density (Fig. 7-9a), the integrated
absorbance of the COL bands (Fig. 7-9b) and of the bands in the region of adsorbed propionyl
(1670-1500 cm-1, Fig. 7-9c), the mass spectrometric CVs of m/z = 15 (Fig. 7-9d), m/z = 44
(Fig. 7-9e), and m/z = 45 (Fig. 7-9f), the number of electrons gained per CO2 molecule (Fig.
7-9g) as well as the fraction of 12CO2 in the total CO2 formation (Fig. 7-9h) in the adsorbate
stripping experiments. Since COad is oxidized at 0.6 V, the potential was stepped to 0.06 V

7. 1-Propanol electrooxidation – 13C labeling

181

simultaneously with the electrolyte exchange back to 1-PrOH-free electrolyte at the end of the
5 min adsorption transient at 0.6 V, i.e., at the beginning of the rinsing procedure, to maintain
the COad coverage.
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Fig. 7-9 Adsorbate stripping after the potentiostatic 13C-PrOH adsorption/oxidation at 0.2 V for 5 min
starting the potential scan in the negative direction (filled squares / black line), 0.6 V for 5 min + potential
step to 0.06 V (open circles / red line); a) CV; b-c) integrated absorbances of linearly bonded COL (b) and
adsorbed propionyl (c); d-f) MSCVs of m/z=15 (d), m/z=44 (e) and m/z=45 (f); g) number of electrons
gained per CO2 molecule formed, ) fraction of 12CO2 to the sum of 12CO2 + 13CO2 (v = 10 mV s-1;
electrolyte 0.5 M H2SO4).
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The stripping experiment after adsorption of

182
13

C-PrOH at 0.2 V was started in the negative-

going direction. During the potential excursion to 0.06 V, signals of m/z = 15, m/z = 44 and
m/z = 45 are detected. The m/z = 15 signal is lower compared to the equivalent experiment
after adsorption at 0.4 V, while the signals of m/z = 44 and m/z = 45 are higher (the latter is
below the detection limit after adsorption at 0.4 V). Hence, more propane is desorbed after the
adsorption at 0.2 V, while desorption of shorter alkanes (methane or ethane, which both show
m/z=15 fragments) is more pronounced after the adsorption at 0.4 V. This may be explained
by the hindered dissociative adsorption of 1-PrOH on a Hupd covered surface at 0.2 V.
Irreversible changes in the COL absorbance upon cycling in the Hupd region are negligible, in
good agreement with the observation that no adsorbed propionyl is detected during the
adsorption of 1-PrOH at 0.2 V. The negative signal observed when integrating over the wave
number region of adsorbed propionyl (Fig. 7-9c) is due to intensity changes in the bending
mode of displaced interfacial water. Compared to the onset potential for
(0.5 V), the onset for

13

CO2 formation

12

CO2 formation occurs at 70 mV higher potential. Since the carbon

labeling should not affect the onset potential for COad oxidation, as also shown by the
simultaneous onset of 12CO2 and 13CO2 formation in the adsorbate stripping experiments after
adsorption at 0.4 and 0.6 V (see below), we conclude that there was no

12

COad present after

the adsorption of 13C-PrOH at 0.2 V and the subsequent potential scan to the lower potential
limit, which can be explained by the reductive desorption of the alkane fragments without
their conversion to COad.
Before continuing the discussion of Fig. 7-9, we will now look at the 12COad/12CO2 formation
in more detail. Fig. 7-10 shows a series of IR spectra recorded during adsorbate stripping after
adsorption of

13

C-PrOH at 0.2 V. At 0.39 V, the COM band at 1767 cm-1 and a single COL

band at 1985 cm-1 are detected, indicating that at this stage only

13

COad is present. The two

COad bands shift towards higher wave numbers with increasing potential due to the Stark
effect. Additionally, the COL band develops a shoulder at higher wave numbers at potentials
above 0.53 V, reflecting the formation of
spectra fits well to the onset of
oxidation of

12

12

12

COad. The onset of

12

COad detection in the IR

CO2 detection via DEMS (Fig. 7-9d). Hence, the further

COad starts as soon as it is formed. With further increasing potential, the

shoulder becomes more pronounced, while the overall COad intensity decreases due to the
increasing COad oxidation rate. The appearance of

12

COad at potentials above 0.53 V can be
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explained by the oxidation of alkane fragments, facilitated by the onset of OH adsorption on
the Pt surface at these potentials.
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Fig. 7-10 Series of IR spectra (4.8 s/spectrum) recorded during the adsorbate stripping (v = 10 mV s-1)
after the potentiostatic 13C-PrOH adsorption/oxidation at 0.2 V for 5 min starting the potential scan in the
negative direction (reference spectrum was recorded at 0.2 V in 0.5 M H2SO4).

It shows that the oxidation of these adsorbates to CO2 at least partly proceeds via COad and
that initially their decomposition to COad is faster than the further oxidation to CO2. When
12

CO2 formation sets in, its contribution to the overall amount of CO2 (Fig. 7-9h) is about

0.13. Not only the onset of the 12CO2 and 13CO2 signals is different, but also their peak shape.
Similar to the observations during stripping after adsorption at 0.4 V, 13CO2 formation results
in an essentially symmetric peak centered at 0.72 V, only little

13

CO2 is detected in the Pt

surface-oxide region. In contrast, 12CO2 formation does not show a very distinct first peak and
continues to the upper potential limit, reflecting the oxidation of non-COad adsorbates. This

7. 1-Propanol electrooxidation – 13C labeling

184

conclusion is supported also by the number of electrons released per CO2 molecules, which is
significantly above 2 in this potential region (Fig. 7-9g). Consequently, the 12CO2 contribution
to the total CO2 formation increases with potential and eventually reaches about 0.9, similar to
findings after adsorption at 0.4 V. Hence, also for adsorption at 0.2 V the non-COad
adsorbates mainly result from the C2 and C3 atoms. The mass spectrometric CO2 charge in
the potential region above 0.82 V after adsorption at 0.2 V (Tab. 7-1) is even higher than in
the equivalent stripping measurement after adsorption at 0.4 V. This agrees well with the
observation that the alkyl chain has not been transformed to

12

COad during adsorption at

0.2 V, in agreement with the absence of the respective IR bands. Similar to the stripping
experiment after adsorption at 0.4 V, a band at about 1570 cm-1 evolves at potentials > 0.7 V
(Fig. 7-9c) which, however, is hardly discernible in the spectra of Fig. 7-10 due to the
overlapping negative water band. The same band was shown more clearly in Fig. 7-8, where
this band appears with a higher intensity (adsorption potential 0.4 V). As proposed above, this
band may be related to an oxygenated intermediate in the oxidation of non-COad adsorbates.
When 1-PrOH is adsorbed at 0.6 V, COad is continuously oxidized to CO2. This results in a
rather low adsorbate coverage at the end of the adsorption run, which is reflected also in the
subsequent adsorbate stripping. The data reveal clear Hupd desorption peaks in the CV, a low
intensity of the COL IR band and low signals for 12CO2 and 13CO2 formation in the MSCVs.
The maximum CO2 formation is detected at 0.66 V both for 12CO2 and 13CO2, it is attributed
to COad oxidation based on the number of electrons released per CO2 molecule and on the
simultaneously decreasing COL absorbance. The fraction of
which corresponds to the fraction of

12

12

CO2 at this potential (0.66 V),

COad formed during the adsorption transient, is 0.53,

which is the highest value of all experiments performed in this study. Similar to the
experiment after adsorption at 0.4 V and subsequent rinsing at 0.06 V (expt. #3), hardly any
CO2 is detected in the Pt surface-oxide region, resulting from oxidation of non-COad
adsorbates. Hence, most of those adsorbates are desorbed while holding the potential at
0.06 V (prior to the positive-going scan). The small amount of the non-COad adsorbates,
which is still detected anyhow, mainly consist of the
evidenced by the

12

12

C-atoms of the alkyl chain, as

CO2 fraction in this potential range, in agreement with the other

experiments.
The results of the quantitative charge evaluation of the adsorbate stripping experiments after
adsorption at 0.2, 0.4 and 0.6 V are summarized in Tab. 7-1.
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0.4 V,

0.4 V,

0.4 V,

0.4 V,

0.2 V,

0.6 V,

5 min, neg

5 min, pos

10 s, neg

10 s, step

5 min, neg

5 min, step

2.4

2.3

2.6

2.5

1.7

1.6

2.6

2.8

4.2

4.8

3.0

3.8

0.44

0.47

0.39

0.15

0.48

0.29

3.10

6.89

1.53

0.58

4.73

0.92

9.03

13.22

6.79

2.62

11.31

4.92

0.43

0.49

0.51

0.21

0.24

0.55

0.84

0.80

0.90

0.77

0.83

0.82

0.57

0.65

0.60

0.34
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0.60

0.35

0.40

0.46

0.16

0
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0.25

0.32

-

-

-
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-

-

-
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E>0.82 V
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E<0.82 V (DEMS)
QMS (m/z=44 + 45) / nC
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QMS (m/z=44 + 45) / nC
total pos. scan
fraction of 12CO2
E<0.82 V
fraction of 12CO2
E>0.82 V
fraction of 12CO2
total pos. scan
fraction of 12CO2 at onset
of CO2 formation
Θ(12COad, rel.)
E<0.82 V (IR)
Θ(13COad, rel.)
E<0.82 V (IR)
Tab. 7-1 Experiment: adsorption potential, admission time, initial scan direction; n(e-)/CO2: number of
electrons generated per CO2 molecule formed; θ(COad, rel.) (DEMS): relative coverage with respect to a
saturated COad layer, evaluated from the sum of the mass spectrometric charges at m/z = 44 and m/z = 45;
Θ(12COad, rel.) and Θ(13COad, rel.) (IR) relative coverage with respect to a saturated COad layer, evaluated
from the fit to the IR spectra at the end of rinsing after the adsorption transients
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The integration of the Faradaic and mass spectrometric currents was split into two potential
regions, below and above 0.82 V. The region below this potential contains the main oxidation
peak. The number of electrons per CO2 molecule in this region is about 2 for all stripping
experiments, which supports the assumption that the adsorbate oxidized at these potentials is
mainly COad. In contrast, in the high potential region, the number of electrons per CO2
molecule is significantly above 2, indicating that the adsorbates being oxidized here are in
lower oxidation states than COad. However, it is not possible to strictly separate the oxidation
of COad and other adsorbates because of the peak overlap. Therefore, the relative COad
coverage (relative to that of a COad saturated electrode comparing the mass spectrometric
charges) can only be estimated, assuming that COad oxidation takes place exclusively and
completely below 0.82 V. At the higher potentials and for the complete positive-going scan,
only the sum of the integrated charges of m/z = 44 and m/z = 45 and not relative COad
coverages are given in Tab. 7-1, because CO2 formation in this potential region mainly
originates from the oxidation of non-COad adsorbates. Obviously, stepping the potential to
0.06 V after the adsorption transients leads to low coverages of all adsorbates both in the
potential region below and above 0.82 V. While the COad coverage resulting from 1-PrOH
adsorption for 10 s is comparable adsorbing to that of the adsorption for 5 min, the charge of
non-COad adsorbate oxidation is significantly lower.
In total, the adsorbate stripping experiments enabled us to determine the composition of the
COad layer resulting from the different adsorption transients. The

12

COad fraction, resulting

from the C2 and C3 carbon atoms, does not only depend on the adsorption potential, but also
on the admission time and on the initial scan direction in the stripping experiment. Under all
conditions studied, the 12COad fraction is below its isotopic abundance in

13

C-PrOH, proving

the more facile COad formation from the C-atom carrying the functional group. Other stable
adsorbates, which are oxidized to CO2 in the Pt surface oxide regime, well above the onset
potential for COad oxidation, are mainly composed of the carbon atoms of the alkyl chain.

7.3.4 Potentiodynamic oxidation of 1-PrOH-1
In this section, we focus on differences between the reaction behavior of 1-PrOH adsorbates,
which was topic of the last section, and the reaction behavior in reactant solution during
potential cycling, where vacated adsorption sites, due to desorbing reaction products, can be
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continuously replenished. Fig. 7-11 shows ATR/FTIR spectra recorded during continuous
potential cycling in 0.044 M 13C-PrOH containing electrolyte.
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Fig. 7-11 Series of IR spectra (4.8 s/spectrum) recorded during the potentiodynamic (v = 10 mV s-1)
adsorption/oxidation of 0.044 M 13C-PrOH in 0.5 M H2SO4 (reference spectrum was recorded at 0.6 V in
0.5 M H2SO4).

COad is detected between 0.1 and 0.8 V in the positive-going scan and between 0.6 and 0.1 V
in the negative-going scan. Both 12COL (2002 – 2038 cm-1) and 13COL (1966 – 1992 cm-1) are
detected as overlapping bands at all potentials where COad is present. The wave number shifts
with the potential as a result of the Stark effect and changes in the COad coverage. In the
positive-going scan, the 13COad peak is initially slightly higher than the 12COad peak, but with
increasing potential, this difference disappears and at ca. 0.6 V both peaks are about equally
high. At further increasing potential, both peaks decrease in parallel due to COad oxidation
(CO2 formation). In the negative-going scan, both COad peaks appear simultaneously at a
potential around 0.7 V, with a slightly faster growth of the 13COad peak, in agreement with the
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faster 13COad formation discussed above. This results in the slightly higher 13COad peak at the
lower potential limit. The COM band (1756 – 1808 cm-1) is broad and contributions of 12COad
and

13

COad cannot be distinguished. The detection of 12COL at potentials below 0.4 V seems

to be in contrast to the spectra recorded at a constant potential of 0.2 V (Fig. 7-6a), where only
a 13COL signal appeared. The reason for this discrepancy is that the COad detected at the low
potentials in the potentiodynamic experiment was formed already at higher potentials, during
the preceding negative-going scan, whereas for constant potential adsorption at 0.2 V, COad
formation is hindered as discussed above. Adsorbed propionyl is detected via a band at
1610 cm-1 between 0.1 and 0.6 V. However an unambiguous assignment of this band to
adsorbed propionyl is hindered by the overlap with interfacial water [212]. This renders a
quantitative evaluation of the adsorbed propionyl related band impossible. Another broad
band, which partly overlaps with the water band [212], appears at high potentials (1500 –
1700 cm-1), when the COad bands decrease or are absent. It shifts towards higher wave
numbers (or is replaced by the band of another adsorbed species) with increasing potential
and vanishes in the negative–going scan when the COad coverage increases. A similar band in
the same wave number region was also observed in the stripping experiments. Since the
potential dependence of this band is different from that of the band assigned to adsorbed
propionyl, it is most likely is caused by another adsorbate. As already proposed in section
7.3.3, this band could be related to an intermediate in the oxidation of the alkyl part of
propionyl. The wave number of this band, which depending on the potential lies between
1500 and 1700 cm-1 points to the vibration of a carbonyl group, which is in agreement of an
oxygenated intermediate of alkyl oxidation. It should be noted that this shift is most likely due
to the potential dependent disappearance of one peak and build up of another peak.
The corresponding CV (Fig. 7-12a), the MSCVs of m/z = 44 (Fig. 7-12c) and m/z = 45 (Fig.
7-12d) as well as the fraction of 12CO2 in the total CO2 formation (sum of 12CO2 and 13CO2,
Fig. 7-12b) are shown in Fig. 7-12. The shape of the CV agrees well with previous reports on
1-PrOH oxidation [20;190;195;199]. A detailed discussion on the formation of adsorbates
such as COad, propionate and volatile (by)products such as propionaldehyde simultaneously
monitored using the combined ATR-FTIRS and DEMS set-up was given recently [190]. In
the present study we will focus on the origin / distribution of the CO2 formed from the
differently labeled C-atoms.
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Fig. 7-12 Potentiodynamic (v = 10 mV s-1) adsorption/oxidation of 0.044 M 13C-PrOH in 0.5 M H2SO4, a)
CV, b) fraction of 12CO2 to the sum of 12CO2 + 13CO2, c-d) MSCVs of m/z=44 (c) and m/z=45 (d).

The m/z = 44 and m/z = 45 signals at the lower potential limit result from propane formation
rather than indicating CO2 formation. The latter starts at about 0.6 V in the positive-going
scan. Both 12CO2 and 13CO2 are detected. The fraction of 12CO2 of about 0.35 is similar to that
found in the adsorbate stripping starting in the negative-going direction, after the adsorption
of

13

C-PrOH at 0.4 V for 5 min (0.35). Since the oxidation of adsorbates formed at lower

potentials plays an important role in the positive-going scan, the fraction of

12

CO2 increases

with increasing potential when the oxidation of non-COad adsorbates sets in, which
predominantly contain the unlabeled C2 and C3 atoms, as discussed above for the adsorbate
stripping experiments. The maximum fraction of 12CO2 of about 0.8 is reached between 1 and
1.25 V. This is less than what was observed in the stripping experiments. Most likely, this
lower value results from the continuous oxidation of
cannot result in a

13

C-PrOH from the solution, which

12

CO2 fraction above 0.67 and which proceeds simultaneously with the

oxidation of pre-formed adsorbates, as evidenced by the higher CO2 formation rates compared
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to the adsorbate stripping experiments. Above 1.25 V, the fraction of

12

CO2 decreases, and

this continues in the negative-going scan until 1.15 V. This decay may be explained by the
depletion of pre-formed adsorbates. The CO2 formation is very low in this potential region,
which hampers the precise determination of the

12

CO2 fraction. The latter drops to values

slightly below 0.67 in the negative-going scan at potentials above 1 V. Afterwards, at
potentials below 1 V, when the reduction of Pt-oxide sets in, CO2 formation and the fraction
of

12

CO2 increase again, leading to a maximum content of

12

CO2 of about 0.7 between 0.9-

0.8 V. Assuming that contributions from the oxidation of pre-formed adsorbates are negligible
in this potential region, we interpret this

12

CO2 content as indicative of a complete oxidation

of all three carbon atoms of 1-PrOH once the first C-C bond (between C1 and C2 in adsorbed
propionyl) was split. Note that CO2 formation is only a minor contribution to the
electrooxidation of 1-PrOH, the formation of incomplete oxidation products, mainly
propionaldehyde, prevails [190]. With further decreasing potential, the

12

CO2 content is also

lowered, which indicates that the oxidation of the alkyl chain to CO2 is more and more
hindered. This is also reflected by the faster build-up of

13

COad in the formation of a new

COad layer. The trend of a less efficient oxidation of the alkyl chain with decreasing potential
is in a good agreement with differences between the results for

13

C-PrOH adsorption at

constant potentials of 0.4 and 0.6 V. Similar to the potentiostatic transient experiments
presented in the previous sections, it is not possible to discriminate between

12

CO2 from the

C2 or C3 atom of the alkyl chain. Their ratio may also be potential dependent and influence
the contribution of 12CO2 to the overall CO2 formation rate. In a study on the electrooxidation
of glycerol with 13C labeled terminal CH2OH groups, Fernández et al. detected CO2 formation
via IR spectroscopy from all three carbon atoms, indicating that glycerol can be completely
decomposed to CO2 on polycrystalline Pt in acidic solution during potential cycling.
was found to appear in larger amounts compared to

12

13

CO2

CO2 (above the values of the isotopic

abundance in the labeled glycerol), showing that in their case the oxidation of the terminal
groups prevailed. However, these results can not be easily transferred to the electrooxidation
of 1-PrOH, since in that case the C3 atom is not functionalized.
Overall, the reaction behavior during potentiodynamic

13

C-PrOH oxidation, specifically the

ratio of 13COad to 12COad and of 13CO2 to 13CO2 formation, was found to deviate significantly
from that during the adsorbate stripping experiments (section 7.3.3), showing that the
adsorption and decomposition of 1-PrOH occurs with rate constants comparable or higher
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than the adsorbate reduction or oxidation rate constants, at least at not too high potentials (<
0.7 V). On the other hand, comparing with potentiostatic adsorption / oxidation transients
(sections 7.3.1 and 7.3.2), the observation of adsorbates or gaseous reaction products at
potentials where they were not observed in the transient experiments underlines the role of
pre-formed adsorbates formed at different potentials for the understanding of the reaction
during potential cycles.

7.3.5 Reaction scheme for 1-PrOH oxidation on Pt
In the following, we want to summarize the findings discussed above and reported previously
(see [190] and references therein), in a tentative reaction scheme, which is presented in Fig. 713. The grey bars represent the Pt surface, the width and position of the bars illustrates at
which potential the respective adsorbates are present or the processes depicted occur. The
reaction progress is from top to bottom. Adsorbates, which we did not detect via ATR-FTIRS,
are shown with a dashed bond to the surface. To allow tracking the C1 atom, it is marked with
an asterisk. The scheme focuses on the dissociative adsorption and oxidation and therefore
does not include details of the partial oxidation to propionaldehyde and propionic acid /
adsorbed propionate. The latter were discussed in more detail earlier [190;197].
As starting point, PrOH adsorbs molecularly, where the exact bonding can only be speculated.
In a next step, adsorption proceeds to adsorbed propionyl, which can either occur via
dehydrogenation of the initially adsorbed PrOH or via dissociative adsorption of
propionaldehyde, which has been formed by oxidation of PrOH. At very low potentials,
adsorption of PrOH is hindered by adsorbed Hupd, but not completely inhibited. The further
reaction depends on the electrode potential. At potentials around 0.1 V and below, part of the
adsorbed propionyl is reductively desorbed as propane or propionaldehyde, another part of it
decomposes by splitting the C-C bond between the first and second carbon atom, leading to
adsorbed *COad and an adsorbed alkyl fragment (C2Hy). Formation of adsorbed propionyl
under these conditions is sufficiently slow that this species itself is not detected, but the
reaction product *COad and the desorption product. At higher potentials, the adsorbed
propionyl is more stable and can be identified by ATR-FTIRS. Nevertheless, also under these
conditions it decomposes to *COad and an adsorbed alkyl species. (In this scheme the
alternative pathway via a concerted reaction with water, leading to an oxygenated alkyl
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fragment as discussed above is not depicted). The alkyl fragment can be reductively desorbed
at the lowest potentials, it is stable adsorbed at intermediate potentials and slowly decomposes
to COad at higher potentials, leaving adsorbed CHx as the most likely fragment. For the latter
fragment, we assume the same behavior as for C2Hy. COad and *COad are oxidized at
potentials above 0.55 V, while the oxidation of the remaining alkyl fragments needs potentials
above 0.7 V (in potentiostatic reaction transients).

Fig. 7-13 Tentative reaction scheme for the dissociative adsorption / oxidation of 1-PrOH on a Pt electrode
at different potentials.

In total, the reaction characteristics very much resembles that of ethanol adsorption /oxidation
on Pt [23;26], with the exception that the oxidation of the alkyl fragment is even less facile
than for ethanol, most likely due to the additional C-C bond.
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7.4 Conclusions
Based on combined and simultaneous electrochemical, in situ ATR-FTIRS and online DEMS
measurements on the formation of adsorbed intermediates and volatile reaction products
under continuous controlled electrolyte flow and exploiting isotope labeling techniques, we
arrive on the following conclusions on the adsorption and electrooxidation of 1-PrOH on Ptfilm electrodes:
1. The presence of adsorbed propionyl during the electrooxidation of 1-PrOH on Pt, which
was proposed recently based on the detection of a band at 1650 cm-1, could be further
supported by the shift of this band to 1610 cm-1 upon 13C labeling.
2. The simultaneous decrease of the adsorbed propionyl IR band and increase of the COad
related IR bands in 1-PrOH adsorption transients upon changing back to 1-PrOH free
electrolyte at a constant potential of 0.4 V, after short adsorption times (10 s), indicates
that adsorbed propionyl can decompose to COad if free Pt sites are available. Hence,
adsorbed propionyl acts as precursor for COad formation, in particular for COad formation
from the C atom carrying the functional group. The decomposition of adsorbed propionyl
at this potential depends on the presence of free adsorption sites, since after 5 min
adsorption, where the surface is covered with COad formed during adsorption, the
decomposition of adsorbed propionyl upon electrolyte exchange to 1-PrOH-free
electrolyte is prohibited.
3. Adsorbed propionyl is desorbed reductively at low potentials (0.06 V), which prevents
further COad formation from adsorbed propionyl in 1-PrOH free electrolyte under these
conditions.
4. COad formation via 1-PrOH decomposition at 0.4 V is possible both from the carbon atom
carrying the OH functional group and from the carbon atoms of the alkyl chain. However,
initial COad formation from the functional group is about 10 times faster than that from the
alkyl chain, as concluded from the initial build-up of the respective COad species
evidenced by the initial slope of the 13COL and 12COL bands intensities. This is supported
also by the 13CO2 to 12CO2 ratio in a stripping experiment after 10 s adsorption, where the
COad composition was frozen by a potential step to 0.06 V during rinsing.
5. Decomposition and further oxidation (to COad) of the adsorbed alkyl fragment resulting
from adsorbed propionyl decomposition is strongly potential dependent, being completely
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hindered at 0.2 V, slow (relative to COad formation from the C1 atom carrying the
functional group) at 0.4 V and facile (almost comparable to COad formation from the C1
atom) at 0.6 V.
6. Adsorbates other than COad , formed, e.g., upon decomposition of adsorbed propionyl, are
desorbed reductively at low potentials and oxidatively at high potentials (CO2 formation).
These adsorbates are predominantly composed of the

12

C atoms of the alkyl chain of 1-

PrOH.
7. A tentative reaction scheme has been developed, which reflects these reaction
characteristics and is in agreement also with trends from the adsorption / oxidation of
ethanol and higher alcohols on Pt.
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Summary/Zusammenfassung

8.1 English version
The adsorption and electrooxidation of the C2 and C3 alcohols ethylene glycol, 1-propanol
and glycerol was studied on Pt film electrodes. To further elucidate the underlying reaction
network, the adsorption/oxidation of their partly oxidized intermediates glycolaldehyde,
glyceraldehyde, glyceric acid, propionaldehyde and propionic acid was investigated as well.
Detailed kinetic and mechanistic information was gained by the use of a combination of in
situ ATR-FTIRS and online DEMS, which allowed following the adlayer formation and the
formation of volatile or gaseous (side-) products simultaneously. Additional insight into the
reaction networks was gained by the use of isotope (D and

13

C) labeling. The systematic

studies of C2 and C3 molecules, which can be categorized into monofunctional and
polyfunctional molecules, showed characteristic similarities and differences. These will be
summarized in the following, together with previous results on the adsorption/oxidation of
other small organic molecules like ethanol, methanol and their oxidative intermediates.
The dissociative adsorption of alcohols studied within the thesis (ethylene glycol, glycerol and
1-propanol) is hindered in the Hupd region, in contrast to that of the corresponding aldehydes
(glycolaldehyde, glyceraldehyde and propionaldehyde). This is in good agreement with the
behavior of other alcohols and their corresponding aldehydes like methanol/formaldehyde and
ethanol/acetaldehyde, it appears to be a general characteristic of the respective functional
groups.
In the course of the adsorption/oxidation of these alcohols and aldehydes, IR bands at wave
numbers between 1630 and 1650 cm-1 appear. A similar band was also found in previous in
situ IR studies on ethanol and acetaldehyde adsorption. In the present thesis,

13

C labeled

1-propanol was used to unambiguously discriminate this band from that of adsorbed water,
which appears at similar wave numbers. In the case of ethylene glycol, it was concluded from
the lack of a band shift upon H/D substitution that the adsorbate, which is detected by the
band at 1630 cm-1, is completely dehydrogenated at the carbonyl carbon atom; it was
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therefore assigned to adsorbed 2-hydroxyacetyl rather than to molecularly adsorbed
glycolaldehyde. Similar observations were reported previously for

13

C-labeled ethanol

(12CH3-13CH2OH), where a band shift was observed, and D-labeled ethanol (CH3-CD2OH),
where no shift was observed. Those findings led to the assignment of the respective band to
adsorbed acetyl. Since the appearance of bands between 1630 and 1650 cm-1 seems to be a
general phenomenon for the adsorption/oxidation of primary alcohols and aldehydes, the
bands for the adsorption of the other C2 and C3 molecules in the present thesis were assigned
accordingly, namely to adsorbed glyceroyl and propionyl.
To study the decomposition of the carbonyl species, experiments with short admission times
were performed. In the case of glycolaldehyde and 1-propanol it was shown that the decrease
of the 2-hydroxyacetyl or propionyl bands in alcohol free solution is accompanied by a further
increase in the COad coverage, which was interpreted as clear evidence that they are
precursors to COad formation. Again, this is consistent with observations and conclusions
made previously for the adsorption/oxidation of ethanol. This led to the conclusion that the
respective carbonyl species act as precursors for COad formation for the other C2 and C3
molecules, too. The decomposition of adsorbed acetyl and adsorbed propionyl during the
adsorption/oxidation of ethanol and 1-propanol is slow enough to be followed via in situ IR
spectroscopy. In contrast, in the case of ethylene glycol and glycerol as well as in the case of
their related aldehydes, the band of the adsorbed carbonyl can only be detected in the very
initial stages of the adsorption. The quantitative evaluation of kinetic isotope effects
comparing the differences in the formation rates of 2-hodroxyacetyl and COad in the course of
ethylene glycol and deuterated ethylene glycol decomposition revealed that the scission of the
C-C bond is not the rate limiting step for the COad formation. The decomposition of the
carbonyl adsorbates is more facile during the electrooxidation of the polyols, i.e., the scission
of the C-C bond proceeds more easily due to the neighboring OH group. While the
appearance of a carbonyl adsorbate and its role as COad precursor seems to be a common
characteristic of the electrooxidation of primary C2 and C3 alcohols and aldehydes, the
corresponding formyl band has not yet been detected in ATR-FTIRS studies on methanol and
formaldehyde adsorption/oxidation. This discrepancy could either be explained by a reaction
mechanism for C1 molecule adsorption/oxidation different from that of the longer chain
molecules or by a similar reaction mechanism with the formyl coverage being below the
detection limit. The latter could be caused by a short lifetime of the formyl intermediate due
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to a more facile breaking of the C-H bond for formyl decomposition as compared to C-C bond
splitting required for the decomposition of the respective carbonyl adsorbates of the C2 and
C3 alcohols.
The initial COad formation rates at different potentials (from adsorbed carbonyl
decomposition) upon exchange from the supporting electrolyte to solutions containing
ethylene glycol, glycerol and 1-propanol are summarized in Fig. 8-1. The two polyols show
comparable initial COad formation rates, which are significantly higher than those for 1propanol. The latter in turn is similar to that found previously for ethanol
adsorption/oxidation. This shows that the influence of the additional hydroxyl groups on the
COad formation rates is more pronounced than the influence of the length of the carbon chain.
Presumably, the OH group at the β-C atom plays the major role for the faster COad formation
rate. A possibility to check this assumption would be performing similar measurements with
1,3-propanediol and 1,2-propanediol. The higher COad formation rates of the polyols
compared to that of the monofunctional alcohols are consistent with the differences in the

initial COad formation rate / ML s

-1

decomposition rates of the respective carbonyl precursors as discussed above.
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Fig. 8-1 Comparison of the overall inital COad formation rates determined for ethylene glycol, glycerol
and 1-propanol

8. Summary/Zusammenfassung

198

In the course of the oxidation of the various alcohols and aldehydes studied, bands
characteristic for the adsorption of carboxylates are observed between 1467 and 1304 cm-1.
By comparison with the IR spectra of the related carboxylic acids, these bands could be
assigned to glycolic acid, glyceric acid and propionic acid, respectively. The acids studied
themselves were found to be rather inactive towards electrooxidation on Pt and are therefore
considered as (side-) products in all cases. The appearance of carboxylic acids as stable (side-)
products can be regarded as a general characteristic of alcohol electrooxidation on Pt and was
for instance also observed previously for ethanol adsorption/oxidation. In the case of the
polyols ethylene glycol and glycerol, the according carboxylic acids glycolic acid and glyceric
acid still contain one or two hydroxyl groups. The low reactivity of these multifunctional
acids compared to that of the alcohols indicates that their electrochemical behavior on Pt
electrodes is dominated by the carboxylic group rather than by the hydroxyl groups. Different
from the rather inert character of the C2 and C3 carboxylic acids described above, formic acid
can easily be oxidized to CO2. Similar to the discussion about formyl decomposition this can
be explained by the more facile C-H bond scission in the case of formic acid oxidation to CO2
compared to the C-C bond dissociation needed for the higher carboxylic acids.
While for ethylene glycol adsorption/oxidation COad was found to be the only adsorbate
stable enough to be present on the Pt surface after rinsing with the supporting electrolyte, this
is different in the case of the C3 alcohols 1-propanol and glycerol. Here, the reductive
desorption of alkanes in the Hupd region and the CO2 formation in the high potential region of
adsorbate stripping experiments showed that stable adsorbates other than COad are formed in
addition. It was shown via

13

C labeling for 1-propanol that the carbon atoms of these non-

COad adsorbates are mainly those which originally did not carry the hydroxyl group.
Furthermore, it was also demonstrated by 13C labeling that at low potentials, COad formation
from the carbon atom carrying the OH group prevails. At higher potentials, COad formation
from the other carbon atoms (having no OH functional group) is also possible and the
differences between the COad formation rates from the different carbon atoms decrease with
increasing potential. This is again consistent with previous findings on the potential
dependence of the CH3 group of ethanol to be oxidized to COad.
Under the present experimental conditions, the CO2 current efficiency of all the alcohols
studied is low and the formation of incomplete oxidation products prevails, in good agreement
with the product distribution of ethanol electrooxidation. Again, methanol is an exception in
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that respect and shows significantly higher CO2 current efficiencies since only C-H bonds and
no C-C bonds need to be split in that case.
In total, the electrooxidation of the C2 and C3 alcohols showed a coherent picture with close
similarities with respect to the formation of adsorbed carbonyl species acting as COad
precursors, the formation and adsorption of rather inactive carboxylic acids and the low
selectivity towards complete oxidation to CO2. The faster decomposition of the carbonyl
adsorbates and the faster COad formation rates of the polyols compared to the monofunctional
alcohols showed that the hydroxyl groups accelerate the dissociative adsorption. This agrees
also with the different rates for COad formation from the C atom carrying the OH group and
from the C atoms of the alkyl chain in the monofunctional alcohols.
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8.2 Deutsche Fassung
Die Adsorption und Elektrooxidation der C2 und C3 Alkohole Ethylenglykol, 1-Propanol und
Glycerin

wurde

Reaktionsnetzwerk

auf

Pt-Filmelektroden

weiter aufzuklären,

untersucht.
wurde auch

Um

das

zugrunde

liegende

die Adsorption/Oxidation

der

unvollständig oxidierten Zwischenprodukte dieser Alkohole erforscht. Detaillierte kinetische
und mechanistische Informationen konnten durch die Verwendung einer Kombination aus in
situ ATR-FTIRS und online DEMS gewonnen werden, die es erlaubte, den Aufbau der
Adsorbatschicht sowie die Bildung flüchtiger oder gasförmiger (Neben-) Produkte
gleichzeitig zu verfolgen. Zusätzliche Einblicke in die Reaktionsnetzwerke wurden durch
Isotopenmarkierung (D und

13

C) erzielt. Die systematische Untersuchung der C2 und C3

Moleküle, die in monofunktionelle und polyfunktionelle Moleküle eingeteilt werden können,
zeigte charakteristische Gemeinsamkeiten und Unterschiede. Diese werden im Folgenden
zusammen mit früheren Ergebnissen zur Adsorption/Oxidation von anderen kleinen
organischen Molekülen wie Ethanol, Methanol und von deren oxidierten Zwischenprodukten,
zusammengefasst.
Die dissoziative Adsorption der Alkohole, die im Rahmen dieser Arbeit untersucht wurden
(Ethylenglykol, Glycerin und 1-Propanol), ist im Hupd Bereich gehemmt, im Gegensatz zu den
entsprechenden Aldehyden (Glykolaldehyd, Glyceraldehyd und Propionaldehyd). Dies stimmt
gut mit dem Verhalten anderer Alkohole und der entsprechenden Aldehyde wie
Methanol/Formaldehyd und Ethanol/Acetaldehyd überein, es scheint eine generelle
Eigenschaft der jeweiligen funktionellen Gruppen zu sein.
Im Verlauf der Adsorption/Oxidation der Alkohole und Aldehyde treten IR Banden bei
Wellenzahlen zwischen 1630 und 1650 cm-1 auf. Eine ähnliche Bande wurde zuvor auch bei
in situ IR Untersuchungen zur Adsorption von Ethanol und Acetaldehyd gefunden. In der
vorliegenden Arbeit wurde 13C markiertes 1-Propanol verwendet um diese Bande zweifelsfrei
von der Bande von adsorbiertem Wasser, die bei ähnlichen Wellenzahlen auftritt, zu
unterscheiden. Dass die Bande um 1630 cm-1 beim Austausch von H/D in Ethylenglykol
keine Isotopenverschiebung aufweist, führte zur Schlussfolgerung, dass das entsprechende
Adsorbat am Carbonylkohlenstoffatom vollständig dehydriert ist; es wurde daher
adsorbiertem 2-Hydroxyacetyl und nicht molekular adsorbiertem Glykolaldehyd zugeordnet.
Ähnliche Beobachtungen wurden zuvor für 13C-markiertes Ethanol(12CH3-13CH2OH), wo eine
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Verschiebung der Bande auftrat, und deuteriertes Ethanol (CH3-CD2OH), wo keine
Verschiebung auftrat, berichtet. Diese Ergebnisse führten dazu, dass die entsprechende Bande
adsorbiertem Acetyl zugeordnet wurde. Da das Auftreten der Banden zwischen 1630 und
1650 cm-1 ein allgemeines Phänomen der Adsorption/Oxidation primärer Alkohole und
Aldehyde zu sein scheint, wurden die Banden bei der Adsorption der anderen C2 und C3
Moleküle in der vorliegenden Arbeit entsprechend zugeordnet und zwar zu adsorbiertem
Glyceroyl und Propionyl.
Um die Zersetzung der Carbonyladsorbate zu untersuchen, wurden Experimente mit
kurzzeitiger Zugabe durchgeführt. Im Fall von Glykolaldehyd und 1-Propanol wurde gezeigt,
dass die Abnahme der 2-Hydroxyacetyl- oder Propionylbanden in alkoholfreier Lösung von
einem weiteren Anstieg der COad Bedeckung begleitet ist, was als deutlicher Hinweis darauf
interpretiert wurde, dass sie die Vorstufe zur COad Bildung sind. Dies steht erneut im
Einklang

mit

Beobachtungen

und

Schlussfolgerungen,

die

zuvor

bei

der

Adsorption/Oxidation von Ethanol gemacht wurden, und führte zum Schluss, dass die
entsprechenden Carbonyladsorbate auch bei den anderen C2 und C3 Molekülen die Rolle als
Vorstufe zur COad Bildung übernehmen. Der Zerfall von adsorbiertem Acetyl und
adsorbiertem Propionyl während der Adsorption/Oxidation von Ethanol und 1-Propanol ist
langsam genug um mittels in situ IR Spektroskopie verfolgt zu werden. Im Gegensatz dazu
kann die Bande des adsorbierten Carbonyls sowohl im Fall von Ethylenglykol und Glycerin
als auch im Fall der davon abgeleiteten Aldehyde nur ganz am Anfang der Adsorption
detektiert werden. Die quantitative Auswertung kinetischer Isotopeneffekte, wobei die
Bildungsraten von 2-Hydroxyacetyl und COad bei der Zersetzung von Ethylenglykol und
deuteriertem Ethylenglykol verglichen wurden, zeigte, dass die Spaltung der C-C Bindung
nicht der geschwindigkeitsbestimmende Schritt für die COad Bildung ist. Die Zersetzung der
Carbonyladsorbate bei der Elektrooxidation der Polyole geht leichter von statten, das
bedeutet, die Spaltung der C-C Bindung auf Grund der benachbarten OH Gruppe ist
einfacher. Während das Auftreten eines Carbonyladsorbats und dessen Rolle als COad
Vorstufe eine Gemeinsamkeit der Elektrooxidation primärer C2 und C2 Alkohole und
Aldehyde zu sein scheint, konnte eine entsprechende Bande in ATR-FTIRS Studien zur
Adsorption/Oxidation von Methanol und Formaldehyd noch nicht detektiert werden. Dieser
Unterschied

könnte

entweder

durch

einen

Reaktionsmechanismus

für

die

Adsorption/Oxidation der C1 Moleküle, der sich von dem der Moleküle mit längerer
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erklärt

werden,

oder

durch

einen

ähnlichen

Reaktionsmechanismus, bei dem die Formylbedeckung jedoch unter der Nachweisgrenze
liegt. Letzteres könnte durch eine kurze Lebensdauer der Formylzwischenstufe hervorgerufen
werden, bedingt durch den leichteren Bruch der C-H Bindung bei der Formylzersetzung im
Vergleich zur Spaltung der C-C Bindung, die bei der Zersetzung der entsprechenden
Carbonyladsorbate der C2 und C3 Alkohole notwendig ist.
Die anfänglichen COad Bildungsraten (durch die Zersetzung der adsorbierten Carbonyle) beim
Austausch vom Basiselektrolyt zu Lösungen von Ethylenglykol, Glycerin und 1-Propanol
sind in Fig. 8-1 für verschiedene Potentiale dargestellt. Die beiden Polyole zeigen
vergleichbare anfängliche COad Bildungsraten, die deutlich höher sind als diejenigen bei 1Propanol. Letztere wiederum ist ähnlich wie die COad Bildungsrate, die zuvor bei der
Adsorption/Oxidation von Ethanol gefunden wurde. Dies zeigt, dass der Einfluss der
zusätzlichen Hydroxylgruppen auf die COad Bildungsrate stärker ausgeprägt ist als der
Einfluss der Länge der Kohlenstoffkette. Vermutlich spielt die OH-Gruppe am β-C Atom die
Hauptrolle bei der Beschleunigung der COad Bildung. Eine Möglichkeit diese Vermutung zu
überprüfen wäre, entsprechende Messungen mit 1,3-Propandiol und 1,2-Propandiol
durchzuführen. Wie oben diskutiert, passen die höheren COad Bildungsraten der Polyole
verglichen mit den monofunktionellen Alkoholen zu den Unterschieden in den
Zersetzungsraten der Carbonylvorstufen.
Im Verlauf der Oxidation der verschiedenen, untersuchten Alkohole und Aldehyde werden
Banden, die charakteristisch für die Adsorption von Carboxylaten sind zwischen 1497 und
1304 cm-1 beobachtet. Durch den Vergleich mit IR Spektren der abgeleiteten Carbonsäuren
konnten diese Banden jeweils Glycolsäure, Glycerinsäure und Propionsäure zugeordnet
werden. Bei Untersuchungen der Säuren selbst wurde festgestellt, dass sie alle
vergleichsweise inaktiv bezüglich der Elektrooxidation auf Pt sind und somit als (Neben-)
Produkte gelten können. Das Auftreten von Carbonsäuren als stabile (Neben-) Produkte kann
als generelle Eigenschaft der Alkoholelektrooxidation auf Pt angesehen werden und wurde
zuvor zum Beispiel auch bei der Adsorption/Oxidation von Ethanol beobachtet. Im Fall der
Polyole Ethylenglykol und Glycerin tragen die entsprechenden Carbonsäuren noch eine oder
zwei Hydroxylgruppen. Die geringe Reaktivität dieser multifunktionellen Säuren im
Vergleich mit den Alkoholen deutet darauf hin, dass ihr elektrochemisches Verhalten auf Pt
von der Carboxylgruppe und nicht von den Hydroxylgruppen bestimmt ist. Im Gegensatz zum
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oben beschriebenen, eher inerten Charakter der C2 und C3 Carbonsäuren kann Ameisensäure
leicht zu CO2 oxidiert werden. Dies kann, ähnlich wie bei der Diskussion der
Formylzersetzung, mit einer leichteren Spaltung der C-H Bindung im Fall der Oxidation von
Ameisensäure zu CO2 im Vergleich zur Spaltung der C-C Bindung, die zur Oxidation der
höheren Carbonsäuren notwendig ist, erklärt werden.
Während bei der Adsorption/Oxidation von Ethylenglykol COad als einziges Adsorbat auftritt,
das stabil genug ist, um auch nach dem Spülen mit dem Basiselektrolyten noch auf der Pt
Oberfläche adsorbiert zu sein, ist dies im Fall der C3 Alkohole 1-Propanol und Glycerin
anders. Hier zeigte die reduktive Desorption von Alkanen im Hupd Bereich und die CO2
Bildung im Bereich hoher Potentiale des Adsorbatstrippingexperiments, dass zusätzlich zu
COad auch andere stabile Adsorbate gebildet werden. Bei 1-Propanol wurde durch

13

C

Markierung gezeigt, dass die Kohlenstoffatome dieser Adsorbate hauptsächlich diejenigen
sind, die ursprünglich keine OH Gruppe getragen haben. Zudem wurde durch 13C Markierung
nachgewiesen, dass bei tiefen Potentialen COad Bildung vom Kohlenstoffatom, das die OH
Gruppe trägt, überwiegt. Bei höheren Potentialen ist COad Bildung von den anderen
Kohlenstoffatomen (die keine OH Gruppe tragen) ebenfalls möglich und die Unterschiede in
den COad Bildungsraten von den verschiedenen Kohlenstoffatomen nehmen mit steigendem
Potential ab. Dies steht erneut mit der Potentialabhängigkeit der COad Bildung aus der CH3
Gruppe bei Ethanol im Einklang.
Unter den verwendeten experimentellen Bedingungen ist die Stromausbeute der CO2 Bildung
gering

und

die

Bildung

unvollständig

oxidierter

Produkte

überwiegt,

in

guter

Übereinstimmung mit der Produktverteilung der Ethanolelektrooxidation. Auch hier nimmt
Methanol eine Sonderrolle ein und zeigt deutlich höhere CO2 Stromausbeuten, da hierbei nur
C-H und keine C-C Bindungen gebrochen werden müssen.
Alles in allem zeigte die Elektrooxidation der C2 und C3 Alkohole ein schlüssiges Bild mit
großen Ähnlichkeiten im Hinblick auf die Bildung von Carbonyladsorbaten, welche die
Vorstufe zur COad Bildung darstellen, die Bildung und Adsorption eher inaktiver
Carbonsäuren und die geringe Selektivität bezüglich der vollständigen Oxidation zu CO2. Die
schnellere Zersetzung der Carbonyladsorbate und die höheren COad Bildungsraten der Polyole
verglichen mit denen der monofunktionellen Alkohole zeigte, dass die Hydroxylgruppen die
dissoziative Adsorption beschleunigen. Dies stimmt auch mit den unterschiedlichen COad
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Bildungsraten des C Atoms, das die OH Gruppe trägt, und der anderen C Atome der
Alkylkette der monofunktionellen Alkohole überein.

9. References

9

205

References

1. L. P. L. Carrette, K. A. Friedrich, M. Huber, and U. Stimming, Phys. Chem. Chem. Phys., 3 (2001) 320324.
2. V. S. Bagotzky, Y. B. Vassiliev, and O. A. Khazova, J. Electroanal. Chem., 81 (1977) 229-238.
3. R. Parsons and T. VanderNoot, J. Electroanal. Chem., 257 (1988) 9-45.
4. B. Beden, J.-M. Léger, and C. Lamy, in J.O.Bockris, B.E.Conway, and R.E.White (Eds.), Plenum Press,
New York, 1992.
5. N. M. Markovic and P. N. Ross Jr., Surf. Sci. Rept., 45 (2002) 117-229.
6. Z. Jusys and R. J. Behm, J. Phys. Chem. B, 105 (2001) 10874-10883.
7. H. Wang, Z. Jusys, and R. J. Behm, J. Phys. Chem. B, 108 (2004) 19413-19424.
8. D. Kardash and C. Korzeniewski, Langmuir, 16 (2000) 8419-8425.
9. Y.-X. Chen, S. Ye, M. Heinen, Z. Jusys, M. Osawa, and R. J. Behm, J. Phys. Chem. B, 110 (2006) 95349544.
10. B. Ren, X.-B. Lian, J.-F. Li, P.-P. Fang, Q.-P. Lai, and Z.-Q. Tian, Faraday Discuss., 140 (2008) 155-165.
11. S. Sun, M. Chojak, Z. Jusys, and R. J. Behm, J. Power Sources, 190 (2009) 2-13.
12. M. Chojak Halseid, Z. Jusys, and R. J. Behm, J. Electroanal. Chem., 664 (2010) 103-109.
13. M. Chojak Halseid, Z. Jusys, and R. J. Behm, J. Phys. Chem. C, 114 (2010) 22573-22581.
14. H. Wang, T. Löffler, and H. Baltruschat, J. Appl. Electrochem., 31 (2001) 759-765.
15. Z. Jusys, J. Kaiser, and R. J. Behm, Langmuir, 19 (2003) 6759-6769.
16. Y. E. Seidel, A. Schneider, Z. Jusys, B. Wickman, B. Kasemo, and R. J. Behm, Faraday Discuss., 140
(2008) 167-184.
17. Y. E. Seidel, Z. Jusys, B. Wickman, B. Kasemo, and R. J. Behm, ECS Trans., 25 (2010) 91-102.
18. Y. E. Seidel, Z. Jusys, R. Lindström, M. Stenfeldt, B. Kasemo, and K. Krischer, Chem. Phys. Chem., 11
(2010) 1405-1415.
19. V. S. Bagotzky and Y. B. Vassiliev, Electrochim. Acta, 11 (1966) 1439-1461.
20. E. Sokolova, Electrochim. Acta, 20 (1975) 323-330.
21. S. V. Kalcheva, E. I. Sokolova, and S. N. Raicheva, J. Electroanal. Chem., 61 (1975) 325-331.
22. T. Iwasita and F. C. Nart, Progr. Surf. Sci., 55 (1997) 271-340.

9. References

206

23. S.-G. Sun, in J.Lipkowski and P.N.Ross (Eds.), Electrocatalysis, Wiley-VCh, New York, 1998, Ch. 6.
24. T. D. Jarvi and E. M. Stuve, in J.Lipkowski and P.N.Ross (Eds.), Electrocatalysis, Wiley-VCH,
Heidelberg, 1998, Ch. 3.
25. Z. Jusys and R. J. Behm, in M.T.M.Koper (Ed.), Fuel Cell Catalysis: A Surface Science Approach,
Wiley&Sons, Chichester, 2009, Ch. 13.
26. M. Heinen, Z. Jusys, and R. J. Behm, in H.A.Gasteiger, W.Vielstich, and H.Yokogawa (Eds.), Handbook
of Fuel Cells, Vol. 5, Joohn Wiley and Sons, Chichester, 2009, Ch. 12.
27. Ota K.-I., Y. Nakagawa, and M. Takahashi, J. Electroanal. Chem., 179 (1984) 179-186.
28. L. Roquet, E. M. Belgsir, J.-M. Leger, and C. Lamy, Electrochim. Acta, 39 (1994) 2387-2394.
29. A. Dailey, J. Shin, and C. Korzeniewski, Electrochim. Acta, 44 (1998) 1147-1152.
30. Y. Kwon and M. T. M. Koper, Anal. Chem., 82 (2010) 5420-5424.
31. S. Bruckenstein and R. R. Gadde, J. Am. Chem. Soc., 93 (1971) 793-794.
32. O. Wolter and J. Heitbaum, Ber. Bunsenges. Phys. Chem., 88 (1984) 2-6.
33. H. Baltruschat and U. Schmiemann, Ber. Bunsenges. Phys. Chem., 97 (1993) 452.
34. Z. Jusys, H. Massong, and H. Baltruschat, J. Electrochem. Soc., 146 (1999) 1093-1098.
35. T. Hartung, U. Schmiemann, I. Kamphausen, and H. Baltruschat, Anal. Chem., 63 (1991) 44-48.
36. U. Schmiemann, U. Müller, and H. Baltruschat, Electrochim. Acta, 40 (1994) 99-107.
37. H. Baltruschat, in A.Wieckowski (Ed.), Interfacial Electrochemistry - Theory, Experiment and
Applications, Marcel Dekker, INC., New York, 1999.
38. R. M. Torresi and S. Wasmus, in W.Vielstich, H.A.Gasteiger, and A.Lamm (Eds.), Electrocatalysis, Vol.
2, Wiley & Sons, Chichester, 2003.
39. H. Baltruschat, J. Amer. Soc. Mass Spectr., 15 (2004) 1693-1706.
40. O. Wolter and J. Heitbaum, Ber. Bunsenges. Phys. Chem., 88 (1984) 6-10.
41. J. Willsau and J. Heitbaum, Electrochim. Acta, 31 (1986) 943-948.
42. W. Zhao, Z. Jusys, and R. J. Behm, Anal. Chem., 82 (2010) 2472-2479.
43. S. Gilman, J. Phys. Chem., 66 (1962) 2657-2663.
44. L.-W. H. Leung and M. J. Weaver, Langmuir, 6 (1990) 323-333.
45. G. Horanyi, M. Hegedüs, and E. M. Rizmayer, J. Electroanal. Chem., 40 (1972) 393.
46. A. Czerwinski, J. Sobkowski, and A. Wieckowski, Int. J. Appl. Rad. Isot., 25 (1974) 295-300.
47. V. E. Kazarinov, Y. B. Vassiliev, V. N. Andreev, and S. A. Kuliev, J. Electroanal. Chem., 123 (1981)
345-350.

9. References

207

48. D. S. Corrigan, E. K. Krauskopf, L. M. Rice, A. Wieckowski, and M. J. Weaver, J. Phys. Chem., 92
(1988) 1596-1601.
49. C. P. Wilde and M. Zhang, Electrochim. Acta, 39 (1994) 347-354.
50. T. Frelink, W. Visscher, and J. A. R. van Veen, Langmuir, 12 (1996) 3702-3708.
51. M. Osawa, in J.M.Chalmers and P.R.Griffiths (Eds.), Handbook of Vibrational Spectroscopy, John Wiley
& Sons, Chichester, 2002.
52. A. Rodes, J. M. Pérez, and A. Aldaz, in W.Vielstich, H.A.Gasteiger, and A.Lamm (Eds.), Electrocatalysis,
Vol. 2, Wiley, Chichester, 2003.
53. S. Zou and M. J. Weaver, Anal. Chem., 70 (1998) 2387-2395.
54. H. Luo and M. J. Weaver, J. Electroanal. Chem., 501 (2001) 141-150.
55. J.-F. Li, Z.-L. Yan, B. Ren, G.-K. Liu, P.-P. Fang, Y.-X. Jiang, D.-Y. Wu, and Z.-Q. Tian, Langmuir, 22
(2006) 10372-10379.
56. D.-Y. Wu, J.-F. Li, B. Ren, and Z.-Q. Tian, Chem. Soc. Rev., 37 (2008) 1025-1041.
57. A. Tadjeddine and A. Peremans, Surf. Sci., 368 (1996) 377-383.
58. G. Q. Lu, A. Lagutchev, D. D. Dlott, and A. Wieckowski, Surf. Sci., 585 (2005) 3-16.
59. R. B. Kutz, B. Braunschweig, P. Mukherjee, D. D. Dlott, and A. Wieckowski, J. Phys. Chem. Lett., 2
(2011) 2236-2240.
60. B. Beden, C. Lamy, A. Bewick, and K. Kunimatsu, J. Electroanal. Chem., 121 (1981) 343-347.
61. R. J. Nichols and A. Bewick, Electrochim. Acta, 33 (1988) 1691-1694.
62. J. D. Roth and M. J. Weaver, J. Electroanal. Chem., 307 (1991) 119-137.
63. Z.-Y. Zhou and S.-G. Sun, Electrochim. Acta, 50 (2006) 5163-5171.
64. A. Kuzume, Y. Mochiduki, T. Tsuchida, and M. Ito, Phys. Chem. Chem. Phys., 10 (2008) 2175-2179.
65. B. Beden, A. Bewick, and C. Lamy, J. Electroanal. Chem., 148 (1983) 147-160.
66. S. Pons, T. Davidson, and A. Bewick, J. Electroanal. Chem., 160 (1984) 63-71.
67. D. S. Corrigan, L.-W. H. Leung, and M. J. Weaver, Anal. Chem., 59 (1987) 2252-2256.
68. R. G. Greenler, J. Chem. Phys., 44 (1966) 310-315.
69. K. Kunimatsu, J. Electroanal. Chem., 213 (1986) 149-157.
70. K. Kunimatsu, A. Aramata, H. Nakajima, and H. Kita, J. Electroanal. Chem., 207 (1986) 293-307.
71. E. Kretschmann, Z. Phys., 241 (1971) 313-324.
72. M. Osawa, K. Ataka, K. Yoshi, and T. Yotsuyanagi, J. Electron Spectrosc. Relat. Phenom., 64-65 (1993)
371-379.
73. Y.-X. Chen, M. Heinen, Z. Jusys, and R. J. Behm, Angew. Chem. Int. Ed., 45 (2006) 981-985.

9. References

208

74. R. Morschl, J. Bolten, A. Bonnefont, and K. Krischer, J. Phys. Chem. C, 112 (2008) 9548-9551.
75. M. Heinen. PhD thesis, Ulm University (2010)
76. M. Osawa, Bull. Chem. Soc. Jpn., 70 (1997) 2861-2880.
77. L.-W. H. Leung, S.-C. Chang, and M. J. Weaver, J. Electroanal. Chem., 266 (1989) 317-336.
78. S. Pronkin and T. Wandlowski, Surf. Sci., 573 (2004) 109-127.
79. C. Susut, G. B. Chapman, G. Samjeske, M. Osawa, and Y. Y. Tong, Phys. Chem. Chem. Phys., 10 (2008)
3712-3721.
80. S. Brimaud, Z. Jusys, and R. J. Behm, Electrocatal., 2 (2012) 69-74
81. W. Zhao, Z. Jusys, and R. J. Behm, Anal. Chem., 84 (2012) 5479-5483.
82. M. Heinen, Y. X. Chen, Z. Jusys, and R. J. Behm, Electrochim. Acta, 52 (2007) 5634-5643.
83. M. Heinen, Y.-X. Chen, Z. Jusys, and R. J. Behm, Electrochim. Acta, 53 (2007) 1279-1289.
84. O. Wolter, J. Willsau, and J. Heitbaum, J. Electrochem. Soc., 132 (1985) 1635-1638.
85. J. Willsau and J. Heitbaum, J. Electroanal. Chem., 194 (1985) 27-35.
86. M. J. S. Farias, G. A. Camara, and A. A. Tanaka, J. Solid State Electrochem., 11 (2007) 1465-1469.
87. R. M. van Effen and D. H. Evans, J. Electroanal. Chem., 107 (1980) 405-418.
88. R. Holze, T. Luczak, and M. Beltowska-Brzezinska, Electrochim. Acta, 39 (1994) 485-489.
89. Y.-X. Chen, M. Heinen, Z. Jusys, and R. J. Behm, Chem. Phys. Chem., 8 (2007) 380-385.
90. J. Wang, S. Wasmus, and R. F. Savinell, J. Electrochem. Soc., 142 (1995) 4218-4224.
91. M. H. Shao and R. R. Adzic, Electrochim. Acta, 50 (2005) 2415-2422.
92. M. Heinen, Z. Jusys, and R. J. Behm, J. Phys. Chem. C, 114 (2010) 9850-9864.
93. Z. Jusys, J. Kaiser, and R. J. Behm, Electrochim. Acta, 49 (2004) 1297-1305.
94. A. Miki, S. Ye, and M. Osawa, Chem. Commun., (2002) 1500-1501.
95. H. Angerstein-Kozlowska, B. E. Conway, and W. B. A. Sharp, J. Electroanal. Chem., 43 (1973) 9-36.
96. T. Biegler, D. A. J. Rand, and R. Woods, J. Electroanal. Chem., 29 (1971) 269-277.
97. H. A. Gasteiger, N. Markovic, P. N. Ross, and E. J. Cairns, J. Phys. Chem., 98 (1994) 617-625.
98. F. Nart and W. Vielstich, in W.Vielstich, H.A.Gasteiger, and A.Lamm (Eds.), Electrocatalysis, Vol. 2,
Wiley, Chichester, 2003.
99. Z. Jusys, J. Kaiser, and R. J. Behm, Phys. Chem. Chem. Phys., 3 (2001) 4650-4660.
100. J. Schnaidt, M. Heinen, D. Denot, Z. Jusys, and R. J. Behm, J. Electroanal. Chem., 661 (2011) 250-264.
101. R. Garcia, M. Besson, and P. Gallezot, Appl. Catal. A, 127 (1995) 165-176.
102. M. J. Hass, A. J. McAloon, W. C. Yee, and T. A. Foglia, Bioresour. Technol., 97 (2006) 671-678.

9. References

209

103. S. Carrettin, P. McMorn, P. Johnston, K. Griffin, C. J. Kiely, and G. J. Hutchings, Phys. Chem. Chem.
Phys., 5 (2003) 1329-1336.
104. S. Carrettin, P. McMorn, P. Johnston, K. Griffin, C. J. Kiely, G. A. Attard, and G. J. Hutchings, Top.
Catal., 27 (2004) 131-136.
105. A. M. D. Douette, S. Q. Turn, W. Wang, and V. I. Keffer, Energy & Fuels, 21 (2007) 3499-3504.
106. N. Luo, X. Zhao, F. Cao, T. Xiao, and D. Fang, Energy & Fuels, 21 (2007) 3505-3512.
107. S. Demirel, M. Lucas, J. Wärna, T. Salmi, D. Murzin, and P. Claus, Top. Catal., 44 (2007) 299-305.
108. E. Sokolova, Electrochim. Acta, 24 (1978) 147-155.
109. R. S. Goncalves, W. E. Triaca, and T. Rabockai, Anal. Lett., 18 (1985) 957-973.
110. D. Kyriacou and T. P. Tougas, J. Org. Chem., 52 (1987) 2318-2319.
111. L. M. Santos and R. P. Baldwin, Anal. Chim. Acta, 206 (1988) 85-96.
112. O. Enea and J. P. Ango, Electrochim. Acta, 34 (1989) 391-397.
113. M. L. Avramov-Ivic, J. M. Leger, C. Lamy, V. D. Jovic, and S. D. Petrovic, J. Electroanal. Chem., 308
(1991) 309-317.
114. M. Avramov-Ivic, J.-M. Leger, B. Beden, F. Hahn, and C. Lamy, J. Electroanal. Chem., 351 (1993) 285297.
115. G. Yildiz and F. Kadirgan, J. Electrochem. Soc., 141 (1994) 725-730.
116. M. Schell, Y. Xu, and Z. Zdraveski, J. Phys. Chem., 100 (1996) 18962-18969.
117. J. F. E. Gootzen, A. H. Wonders, W. Visscher, and J. A. R. van Venn, Langmuir, 13 (1997) 1659-1667.
118. M. Avramov-Ivic, V. Jovanovic, G. Vlajnic, and P. Popic, J. Electroanal. Chem., 423 (1997) 119-124.
119. E. C. Venancio, W. T. Napporn, and A. J. Motheo, Electrochim. Acta, 47 (2002) 1495-1501.
120. A. Kahyaogly and B. Beden, Electrochim. Acta, 29 (1984) 1489-1492.
121. A. Nirmala Grace and K. Pandian, Electrochem. Commun., 8 (2006) 1340-1348.
122. S. Kongjao, S. Damronglerd, and M. Hunsom, Journal of Applied Electrochemistry, 41 (2011) 215-222.
123. C. A. Martins, M. J. Giz, and G. A. Camara, Electrochimica Acta, In Press, Accepted Manuscript (2011).
124. M. Heinen, Y.-X. Chen, Z. Jusys, and R. J. Behm, Chem. Phys. Chem., 8 (2006) 2484-2489.
125. P. J. Linstrom and W. G. Mallard, "Mass Spectra" in NIST Chemistry WebBook, National Institute of
Standards and Technology, Gaithersburg, MD 20899, 2010.
126. Y.-X. Chen, M. Heinen, Z. Jusys, and R. J. Behm, J. Phys. Chem. C, 111 (2007) 435-438.
127. M. E. Gamboa-Aldeco, E. Herrero, P. S. Zelenay, and A. Wieckowski, J. Electroanal. Chem., 348 (1993)
451-457.
128. T. Iwasita, Electrochim. Acta, 47 (2002) 3663-3674.

9. References

210

129. H. Wang, Z. Jusys, and R. J. Behm, J. Electroanal. Chem., 595 (2006) 23-36.
130. H. Wang, Z. Jusys, and R. J. Behm, J. Power Sources, 154 (2006) 351-359.
131. J. Schnaidt, M. Heinen, Z. Jusys, and R. J. Behm, J. Phys. Chem. C, 116 (2011) 2872-2883.
132. M. Heinen, Z. Jusys, and R. J. Behm, ECS Transactions. 25 (2009) 259-269
133. V. Climent, R. Gómez, J. M. Orts, and J. M. Feliu, J. Phys. Chem. B, 110 (2006) 11344-11351.
134. H. Wang, Z. Jusys, and R. J. Behm, Fuel Cells, 4 (2004) 113-125.
135. H. Wang, Z. Zhao, Z. Jusys, and R. J. Behm, J. Power Sources, 155 (2006) 33-46.
136. Y. J. Fan, Z. Y. Zhou, C. H. Zhen, C. J. Fan, and S.-G. Sun, Electrochim. Acta, 49 (2004) 4659-4666.
137. H. Wang, Z. Jusys, and R. J. Behm, Electrochim. Acta, 54 (2009) 6484-6498.
138. M. Futamata, L. Luo, and C. Nishihara, Surf. Sci., 590 (2005) 196-211.
139. F. C. Nart, T. Iwasita, and M. Weber, Electrochim. Acta, 39 (1994) 961-968.
140. G. Horanyi, G. Vertes, and E. M. Rizmayer, J. Electroanal. Chem., 48 (1973) 207-211.
141. J. M. Orts, J. M. Feliu, and A. Aldaz, J. Electroanal. Chem., 323 (1992) 303-318.
142. J. M. Delgado, R. Blanco, J. M. Orts, J. M. Perez, and A. Rodes, Electrochimica Acta, 55 (2010) 20552064.
143. J. Weber, Y. B. Vassilyev, and V. S. Bagotzkii, Elektrokhimiya, 2 (1966) 515-521.
144. M. Chatterjee, A. Chatterjee, S. Ghosh, and I. Basumallick, Electrochimica Acta, 54 (2009) 7299-7304.
145. J. Weber, Y. B. Vassilyev, and V. S. Bagotzkii, Elektrokhimiya, 2 (1966) 522-528.
146. F. Kadirgan, B. Beden, and C. Lamy, J. Electroanal. Chem., 136 (1982) 119-138.
147. G. Kokkinidis and D. Jannakoudakis, J. Electroanal. Chem., 133 (1982) 307-315.
148. V. E. Kazarinov, Y. B. Vassiliev, and V. N. Andreev, J. Electroanal. Chem., 147 (1983) 247-261.
149. G. Horanyi, V. E. Kazarinov, Y. B. Vassiliev, and A. Andreev, J. Electroanal. Chem., 147 (1983) 263278.
150. F. Hahn, B. Beden, F. Kadirgan, and C. Lamy, J. Electroanal. Chem., 216 (1987) 169-180.
151. L. W. H. Leung and M. J. Weaver, J. Phys. Chem., 92 (1988) 4019-4022.
152. P. A. Christensen and A. Hamnett, J. Electroanal. Chem., 260 (1989) 347-359.
153. J. M. Orts, A. Fernandez-Vega, J. M. Feliu, A. Aldaz, and J. Clavilier, J. Electroanal. Chem., 290 (1990)
119-133.
154. E. M. Belgsir, E. Bouhier, H. E. Yei, K. B. Kokoh, B. Beden, H. Huser, and J.-M. Léger, Electrochim.
Acta, 36 (1991) 1157-1164.
155. S.-C. Chang, Y. Ho, and M. J. Weaver, J. Am. Chem. Soc., 113 (1991) 9506-9513.
156. S.-G. Sun, A.-C. Chen, T.-S. Huang, J.-B. Li, and Z.-W. Tian, J. Electroanal. Chem., 340 (1992) 213-226.

9. References

211

157. X. Jiang, S.-C. Chang, and M. J. Weaver, J. Chem. Soc. Faraday Trans. I, 89 (1993) 223-228.
158. J. F. E. Gootzen, W. Visscher, and J. A. R. Van Veen, Langmuir, 12 (1996) 5076-5082.
159. B. Wieland, J. P. Lancaster, C. S. Hoaglund, P. Holota, and W. J. Tornquist, Langmuir, 12 (1996) 25942601.
160. R. B. de Lima, V. Paganin, T. Iwasita, and W. Vielstich, Electrochim. Acta, 49 (2003) 85-91.
161. Y. Fan, Z. Zhou, C. Fan, C. Zhen, S. Chen, and S. Sun, Chin. Sci. Bull., 50 (2005) 1995-1998.
162. W. Hauffe and J. Heitbaum, Electrochim. Acta, 23 (1978) 299-304.
163. F. Kadirgan, E. Bouhier-Charbonnier, C. Lamy, J.-M. Léger, and B. Beden, J. Electroanal. Chem., 286
(1990) 41-61.
164. N. M. Markovic, M. L. Avramov-Ivic, N. S. Marinkovic, and R. R. Adzic, J. Electroanal. Chem., 312
(1991) 115-130.
165. M. Betowska-Brzezinska, T. Uczak, and R. Holze, J. Appl. Electrochem., 27 (1997) 999-1011.
166. K. Matsuoka, Y. Iriyama, T. Abe, M. Matsuoka, and Z. Ogumi, Electrochimica Acta, 51 (2005) 10851090.
167. L. B. S. Demarconnay, C. Coutanceau, and J.-M. Léger, J. Electroanal. Chem., 601 (2007) 169-180.
168. E. Sitta, M. A. Nascimento, and H. Varela, Phys. Chem. Chem. Phys., 12 (2010) 15195-15206.
169. L. Wang, H. Meng, P. K. Shen, C. Bianchini, F. Vizza, and Z. Wei, Phys. Chem. Chem. Phys., 13 (2011)
2667-2673.
170. D. Bayer, S. Berenger, M. Joos, C. Cremers, and J. Tübke, International Journal of Hydrogen Energy, 35
(2010) 12660-12667.
171. O. V. Cherstiouk, E. R. Savinova, L. A. Kozhanova, and V. N. Parmon, React. Kinet. Catal. Lett., 69
(2000) 331-338.
172. V. Livshits, M. Philosoph, and E. Peled, J. Power Sources, 178 (2008) 687-691.
173. Y. Suzuki, M. Osawa, A. Hatta, and W. Suetaka, Appl. Surf. Sci., 33-34 (1988) 875-881.
174. Y.-X. Chen, A. Miki, S. Ye, H. Sakai, and M. Osawa, J. Am. Chem. Soc., 125 (2003) 3680-3681.
175. C. Korzeniewski, S. Pons, P. P. Schmidt, and M. W. Severson, J. Chem. Phys., 85 (1986) 4153-4159.
176. K. Ataka, T. Yotsuyangi, and M. Osawa, J. Phys. Chem. B, 100 (1996) 10664-10672.
177. Z. Su, V. Climent, J. Leitch, V. Zamlynny, J. M. Feliu, and J. Lipkowski, Phys. Chem. Chem. Phys., 12
(2010) 15231-15239.
178. T. Iwasita, in W.Vielstich, A.Lamm, and H.A.Gasteiger (Eds.), Handbook of Fuel Cells, Volume 2:
Electrocatalysis, John Wiley & Sons, Chichester, 2003, Ch. 41.

9. References

212

179. N. P. Lebedeva, A. Rodes, J. Feliu, M. T. M. Koper, and R. A. van Santen, J. Phys. Chem. B, 106 (2002)
9863-9872.
180. M. Salciccioli and D. G. Vlachos, ACS Catal., 1 (2011) 1246-1256.
181. J. Schnaidt, M. Heinen, Z. Jusys, and R. J. Behm, Catal. Today, (2012), in press.
182. V. Livshits and E. Peled, J. Power Sources, 161 (2006) 1187-1191.
183. A. Wieckowski, J. Electroanal. Chem., 78 (1977) 229-241.
184. Z. Jusys, J. Electroanal. Chem., 375 (1994) 257-262.
185. M. V. ten Kortenaar, Z. I. Kolar, J. J. M. de Goeij, and G. Frens, J. Electrochem. Soc., 148 (2001) E327E335.
186. M. Beltowska-Brzezinska and W. Vielstich, Electrochim. Acta, 22 (1977) 1313-1314.
187. S. Kandoi, J. Greeley, D. Simonetti, J. Shabaker, J. A. Dumesic, and M. Mavrikakis, J. Phys. Chem. C,
115 (2010) 961-971.
188. H. Hollenstein and H. H. Günthard, Spectrochimica Acta, 27A (1971) 2027-2060.
189. L. Melander and W. H. Saunders, Reaction Rates of Isotopic Molecules, Wiley, New York, 1980.
190. J. Schnaidt, M. Heinen, Z. Jusys, and R. J. Behm, submitted for publication to Electrochim. Acta.
191. B. I. Podlovchenko, O. A. Petry, A. N. Frumkin, and H. Lal, J. Electroanal. Chem., 11 (1966) 12-25.
192. M. V. Christov and E. I. Sokolova, Journal of Electroanalytical Chemistry, 175 (1984) 183-193.
193. R. S. Goncalves, J. M. Leger, and C. Lamy, Electrochimica Acta, 33 (1988) 1581-1587.
194. C. S. Fugivara, P. T. A. Sumodjo, and T. Rabockai, Electrochimica Acta, 34 (1989) 363-370.
195. S. G. Sun, D. F. Y, and Z. W. Tian, Journal of Electroanalytical Chemistry, 289 (1990) 177-187.
196. E. Pastor, M. C. Arevalo, S. Gonzalez, and A. J. Arvia, Electrochim. Acta, 36 (1991) 2003-2013.
197. E. Pastor, S. Wasmus, T. Iwasita, M. C. Arévalo, S. Gonzáles, and A. J. Arvia, J. Electroanal. Chem., 350
(1993) 97-116.
198. E. Pastor, V. M. Schmidt, T. Iwasita, M. C. Arévalo, S. González, and A. J. Arvia, Electrochimica Acta,
38 (1993) 1337-1344.
199. N.-H. Li, S.-G. Sun, and S.-P. Chen, J. Electroanal. Chem., 430 (1997) 57-67.
200. I. A. Rodrigues, J. P. I. De Souza, E. Pastor, and F. C. Nart, Langmuir, 13 (1997) 6829-6835.
201. J. A. Rodriguez, K. Bergamaski, and F. C. Nart, J. Electrochem. Soc., 150 (2003) E89-E94.
202. J. H. Kim, S. M. Choi, S. H. Nam, M. H. Seo, S. H. Choi, and W. B. Kim, Applied Catalysis B:
Environmental, 82 (2008) 89-102.
203. H. B. Hassan, The Open Electrochemistry Journal, 1 (2009) 19-27.
204. P. Katikawong, T. Ratana, and W. Veerasai, Journal of Chemical Sciences, 121 (2009) 329-337.

9. References

213

205. P. Ocón, C. Alonso, R. Celdrán, and J. González-Velasco, Journal of Electroanalytical Chemistry and
Interfacial Electrochemistry, 206 (1986) 179-196.
206. A. V. Tripkovic, K. D. Popovic, and J. D. Lovic, Electrochimica Acta, 46 (2001) 3163-3173.
207. J. Liu, J. Ye, C. Xu, S. P. Jiang, and Y. Tong, Journal of Power Sources, 177 (2008) 67-70.
208. D. Wang, J. Liu, Z. Wu, J. Zhang, Y. Su, Z. Liu, and C. Xu, International Jorunal of Electrochemical
Science, 4 (2009) 1672-1678.
209. S.-W. Xie, S. Chen, Z.-Q. Liu, and C.-W. Xu, International Jorunal of Electrochemical Science, 6 (2011)
882-888.
210. M. V. Christov and E. I. Sokolova, Journal of Electroanalytical Chemistry and Interfacial
Electrochemistry, 175 (1984) 183-193.
211. J. Schnaidt, Z. Jusys, and R. J. Behm, submitted for publication to J. Phys. Chem. C.
212. M. Osawa, M. Tsushima, H. Mogami, G. Samjeske, and A. Yamakata, J. Phys. Chem. C, 112 (2008)
4248-4256.
213. A. Berna, J. M. Delgado, J. M. Orts, A. Rodes, and J. M. Feliu, Electrochim. Acta, 53 (2008) 2309-2321.
214. H. Wang, Z. Jusys, and R. J. Behm, J. Appl. Electrochem., 36 (2006) 1187-1198.
215. G. Horanyi and M. Novak, Z. phys. Chem. ,N. F., 75 (1971) 323-326.
216. A. Rodes, E. Pastor, and T. Iwasita, J. Electroanal. Chem., 376 (1994) 109-118.
217. T. H. M. Housmans, A. H. Wonders, and M. T. M. Koper, J. Phys. Chem. B, 110 (2006) 10021-10031.
218. J. Souza-Garcia, E. Herrero, and J. M. Feliu, Chem. Phys. Chem., 11 (2010) 1391-1394.
219. R. B. Kutz, B. Braunschweig, P. Mukherjee, R. L. Behrens, D. D. Dlott, and A. Wieckowski, J. Catal.,
278 (2011) 181-188.
220. P. S. Fernandez, E. M. Martins, C. A. Martins, and G. A. Camara, Electrochem. Commun., 15 (2012) 1417.
221. S.-C. Chang and M. J. Weaver, J. Chem. Phys., 92 (1990) 4582-4594.
222. M. W. Severson, C. Stuhlmann, I. Villegas, and M. J. Weaver, J. Chem. Phys., 103 (1995) 9832-9842.

10. Appendix

214

10 Appendix
10.1 Lebenslauf

In der elektronischen Version dieser Arbeit wurde der Lebenslauf aus Gründen des Datenschutzes
entfernt.
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