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Abstract

We present results of a comparative study on the interaction of ethylene glycol (EG) with carbon supported Pt, PtRu and Pt;Sn nanoparticle
catalysts, employing electrochemical and quantitative differential electrochemical mass spectroscopy (DEMS) measurements under continuous
reaction and continuous electrolyte flow conditions. For all three catalysts EG adsorption is inhibited at very cathodic adsorption potentials,
dissociative adsorption starts above 0.06 V and increases with increasing potential. Based on the electron yield per formed CO, molecule and on
the similarity with the CO,q stripping characteristics CO,q is identified as the main stable adsorbate; the relative coverage in terms of adsorbed
C1 species, relative to that of a saturated CO adlayer on the respective catalyst, reaches a maximum of ca. 0.6 at around 0.4 V on Pt/Vulcan, ca.
0.2 at around 0.2 V on PtRu/Vulcan and ca. 0.4 at around 0.35 V on Pt;Sn/Vulcan. Bulk EG electrooxidation under steady-state conditions shows
a very small current efficiency for CO, formation of below 6% for 0.1 M EG on all three catalysts, the oxidation of EG mainly generates partly
oxidized C2 by-products. Catalyst modification by Ru or Sn improves the activity for EG oxidation at low potentials (<0.56 V), but does not lead
to better selectivities for complete EG oxidation to CO, at potentials with significant oxidation rates. Hence, C—C bond breaking is rate limiting for
complete oxidation under present reaction conditions for all three catalysts. The data are consistent with a parallel pathway reaction mechanism,
with formation and subsequent oxidation of CO,q in the one pathway and partial oxidation, via a sequence of reaction steps, to increasingly oxidized

C2 species in the other pathway.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction

The electrochemical oxidation of ethylene glycol (EG) on
platinum metal electrodes and catalysts has received significant
attention during the last decades, both as a model compound
for studies of the adsorption and electrooxidation behavior of
C,O-containing organic species and due to its potential appli-
cation as attractive anodic fuel in direct oxidation fuel cells
(acidic solution [1-16], alkaline solution [3,5,8,17-22]). Pre-
vious studies have shown that, in addition to the complete
oxidation product CO,, EG electrooxidation leads to numer-
ous partly oxidized, volatile by-products and stable adsorbates.
The formation of adsorbed CO was observed by IR spectroscopy
[3-5]. C2 partial oxidation products such as glycolaldehyde, gly-
oxal, glycolic acid, glyoxylic acid and oxalic acid, as well as C1
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molecules (formaldehyde and formic acid) were identified via
chromatography measurements during EG bulk electrooxida-
tion, in addition to CO; production [2,8,10,13]. Based on these
results a parallel reaction pathway with numerous intermediate
steps was proposed, which involves the oxidation of the func-
tional groups (-OH groups) without C—C bond rupture in the
one pathway, and the splitting of the C—C bond with subsequent
formation and oxidation of CO,q in the second pathway [13].
The influence of oxophyllic co-catalysts such as Ru and Sn on
the EG oxidation performance was investigated by voltammetry
[14-16] and in situ IR spectroscopy [15] as well as in fuel cell
measurements [23,24].

Little is known, however, on the EG oxidation characteris-
tics on a more quantitative scale and for reaction under reaction
condition and on electrode materials being more closely related
to fuel cell applications. We therefore started an extensive study
on the oxidation of ethylene glycol and its oxidative deriva-
tives under continuous reaction and continuous flow conditions
on carbon supported Pt and bimetallic PtMe catalysts. Electro-
chemical and mass spectrometric (differential electrochemical
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mass spectrometry—DEMS) measurements were applied in the
present study to determine the Faradaic current and the selectiv-
ity for complete oxidation to CO, (current efficiency for CO,
formation) under different reaction conditions and at different
potentials. This study is closely related to a previous DEMS
study on the kinetics and mechanism of ethanol adsorption and
electrooxidation on carbon supported Pt and PtMe catalysts
[25-27].

In the present paper we report results of a quantitative com-
parison between the EG adsorption and oxidation characteris-
tics, including the EG oxidation activity and the selectivity for
complete oxidation to CO,, on commercial, carbon supported
Pt, PtRu and Pt3Sn catalysts. Following a brief description of the
experimental set-up and procedures we will first present and dis-
cuss results on EG adsorption on these catalysts in the potential
range between the H-upd regime and the onset for EG bulk oxi-
dation, applying chronoamperometric/chronocoulometric mea-
surements of the adsorption transients at different constant
potentials upon changing from inert base electrolyte to EG
containing solution, and subsequent oxidative stripping of the
adsorbed species. The second part of this section includes data
on EG bulk oxidation over a range of potentials, via cyclo-
voltammetric and chronoamperometric measurements of the
reaction transients at constant potential, after stepping the poten-
tial from 0.06 VRyg to the desired reaction potential, until
steady-state conditions are reached. Applying proper calibra-
tion procedures the data allow us to quantitatively evaluate the
selectivity for CO; formation for the different catalysts under
fuel cell relevant reaction conditions (continuous reaction, con-
trolled electrolyte transport). Finally, we will briefly discuss the
implications of the present results on the use of EG as anodic feed
in direct oxidation fuel cells (direct alcohol fuel cell—DAFC).

2. Experimental

The DEMS set-up and the preparation of the carbon (Vulcan
XC-72) supported Pt and Pt alloy electrodes have been described
in detail in previous publications [28-31]. In short, the DEMS
set-up consists of two differentially pumped chambers, a Balzers
QMS 112 quadrupole mass spectrometer, a Pine Instruments
potentiostat and a computerized data acquisition system.

The thin-film Pt/Vulcan, PtRu/Vulcan and Pt3Sn/Vulcan
(20wt.% metal loading, E-TEK Inc., mean particle size:
3.7£1.0,2.1+£0.3, 3.8 £ 1.0 nm; dispersion: 26, 44, and 27%,
respectively) electrodes were prepared by pipetting and dry-
ing 20 pl of aqueous catalyst suspension (2mgml~!) and then
20 nl Nafion aqueous solution on the central area of a mirror
polished glassy carbon disk (Sigradur G from Hochtemperatur
Werkstoffe GmbH, 9 mm in diameter), following procedures
described earlier [28]. The catalyst thin film has a diameter of ca.
6 mm, resulting in a geometric surface area of 0.28 cm?. Accord-
ingly, the above procedure leads to a noble metal loading of
28 wg cm~2. From the mean size of the nanoparticles the metal
surface area of the Pt/Vulcan, PtRu/Vulcan and Pt3Sn/Vulcan
electrodes was calculated to be 6.1, 13.6 and 7.1 cm?, respec-
tively, assuming spherical particle shapes. From the H-upd
desorption charge on Pt/Vulcan and from the (mass spectro-

metric) CO stripping charge we determined active surface areas
of 5.9, 8.0 and 6.9cm? for the Pt/Vulcan, PtRu/Vulcan and
Pt3Sn/Vulcan electrodes, respectively, which reflects the trends
expected from the particle sizes. These data, the metal load-
ings, the geometric surface area or the active surface areas given
above can be used also to convert the Faradaic currents given
in all figures into mass specific currents or current densities,
respectively.

The electrode was mounted into a dual thin-layer flow cell
[32,33] and pressed against a 50 pm thick spacer. This leaves an
exposed area of 0.28 cm? and results in an electrolyte volume of
~5 wl at the working electrode including connecting capillaries.
The electrolyte flow was driven by the hydrostatic pressure in the
supply bottle(s) (flow rate about 20-35 pls~!), ensuring a fast
transport of the species formed at the working electrode to the
mass spectrometric compartment, where the volatile products
were evaporated into the mass spectrometer (time constant ca.
1 s) through a bare porous membrane (Scimat, 60 pwm thick, 50%
porosity, 0.2 wm pore diameter).

Two Pt wires at the inlet and outlet of the thin-layer cell,
connected through an external resistance (1 M<2), were used
as counter electrodes. A saturated calomel electrode (SCE),
connected to the outlet of the DEMS cell through the Teflon cap-
illary, served as reference electrode. All potentials, however, are
quoted against that of the reversible hydrogen electrode (RHE).
The supporting electrolyte (0.5M H>SO4) was prepared using
Millipore Q water and ultrapure sulfuric acid (Merck, suprapur).
Ethylene glycol (p.a.) was obtained from Merck, CO (N4.7) from
Messer-Griesheim. Before the measurements all solutions were
deaerated by high-purity Ar (MTI Gase, N6.0). All experiments
were carried out at room temperature (23 1 °C).

For the chronoamperometric measurements of the current
transients we connected two electrolyte supply bottles to the
common inlet of the thin-layer flow cell, one with supporting
electrolyte and the other one with a solution containing 0.1 M
ethylene glycol to ensure a constant mass transport to the elec-
trode during adsorption. The Faradaic current transients on the
clean catalysts were measured for 5 min at constant electrode
potential, after switching from pure supporting electrolyte to
ethylene glycol containing solution. After passing ethylene gly-
col solution through the flow cell for 5min at the respective
reaction potential, the potential was stepped to 0.06 V, where
the adsorbed ethylene glycol decomposition products cannot be
desorbed (this was tested in additional DEMS measurements)
and further adsorption is inhibited (see below). The remaining
ethylene glycol in the solution was removed by exchanging the
solution with pure 0.5M H,SO;4 solution and extensive rins-
ing (ca. 3 min) with that electrolyte. Subsequently, the potential
was scanned positively to oxidize the adsorbed species. Both
the electrochemical signal and CO, formation (mass spectro-
metric signal at m/z =44) were followed. The relative amount or
coverage of adsorbed C1 species (CO,q) compared to that of a
saturated CO adlayer on the respective catalyst was quantified
by comparison with the amount of CO; formed after oxidation
of a saturated CO adlayer produced upon adsorption from a
CO saturated electrolyte. The average number of electrons per
CO; molecule formed during electrooxidation of the adsorbed
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Fig. 1. Chronoamperometric and the corresponding chronocoulometric (inset)
transients for the adsorption of ethylene glycol on a Pt/Vulcan catalyst electrode
at different, constant electrode potentials (potentials see figure). For adsorp-
tion, the electrolyte was switched at 7 =0 from the supporting electrolyte (0.5 M
H,SO4 solution) to a solution containing 0.1 M ethylene glycol.

species was calculated as n= K" Qf/Q;, where O and Q; are the
Faradaic charge and corresponding mass spectrometric charge
during the oxidation of the adsorbate. K~ denotes the calibra-
tion constant of the DEMS set-up, which was determined by
calibration measurements using the oxidation of a preadsorbed
(from CO saturated electrolyte) CO adlayer (‘CO stripping’)
for EG adsorbate stripping [31] or CO bulk oxidation for EG
bulk oxidation. The resulting K values differ slightly because
of the different contributions from pseudocapacitive charging
[34]. The current efficiencies for CO, formation from EG were
calculated assuming the formal value of five electrons per car-
bon atom (or per CO; molecule formed). This value was also
used to calculate the current contribution from CO, formation,
which does not include possible effects arising from the fact
that CO, formation from CO,q and CO,q formation from EG
decomposition may take place at different potentials. Because
of the very low current efficiencies for CO, formation the errors
introduced by this assumption are small, at least on an absolute
scale.

3. Results and discussion
3.1. Dissociative adsorption of ethylene glycol

In these experiments we followed the evolution of the
Faradaic current and of the mass spectrometric CO; ion sig-
nal with time at different constant adsorption potentials up to
the onset of EG bulk oxidation, after switching from pure sup-
porting electrolyte to 0.1 M EG containing solution.

3.1.1. Ethylene glycol adsorption on carbon supported Pt

The current response of a Pt/Vulcan catalyst upon interac-
tion with EG solution in the initial adsorption period (300 s) and
for different adsorption potentials between 0.06 and 0.36V is
displayed in Fig. 1. The related integrated coulometric charges
(chronocoulometric transients) over the entire adsorption time of
5 min are shown in the inset. At 0.06 V EG adsorption is nearly

completely inhibited, which is supported also by the negligible
charge in the subsequent stripping signal (see Fig. 3). In fact,
negative currents are obtained at 0.06 V due to the onset of Hp
evolution. The inhibition of EG adsorption is explained by sur-
face blocking due to H-upd, which closely resembles previous
observations for ethanol adsorption on the same catalyst [25].
Going to higher potentials (<0.36 V), we find increasing anodic
currents (charges) upon EG adsorption. The current signal rises
steeply upon admission of the electrolyte, passes through a max-
imum and then decays in a roughly exponential way. The anodic
peak current increases progressively when going to more pos-
itive adsorption potentials. Likewise, the initial increase of the
adsorption charge with time becomes steeper, and the satura-
tion adsorption charge increases for more positive adsorption
potentials. At potentials >0.36V, the oxidative charge always
increases with time, due to the bulk oxidation of EG (see Sec-
tion 3.2).

The total amount of adsorbed decomposition products formed
upon adsorption (ca. 5 min adsorption time) is determined by
oxidation in a subsequent potential scan to 1.16 V (‘EG adsor-
bate stripping’), after having changed to pure supporting elec-
trolyte. It should be noted that we did not see any evolution
of methane or ethane after stepping the potential from the
adsorption potential to 0.06 V in these experiments (electrolyte
exchange prior to the CV), which rules out contributions from
reductive adsorbate stripping, in contrast to ethanol adsorbate
[25]. The Faradaic current signals and the mass spectromet-
ric currents for CO, (m/z=44) resulting from ethylene glycol
adsorbate stripping are shown in Fig. 2. The almost complete
absence of the H-upd desorption signal indicates that the sur-
face is largely covered by adsorbed decomposition products. The
shape and potential (ca. 0.65 V) of the subsequent anodic peak
closely resembles that for the oxidation of adsorbed CO result-
ing from decomposition of other alcohols such as methanol or
ethanol [25,30], suggesting already that EG adsorption results
in adsorbed CO as the main stable adsorbate. This prelimi-
nary assignment will be substantiated by the calculated number
of electrons generated per CO; product molecule as discussed
below, and fully agrees with results of previous IR measurements
[10,11]. The current behavior at higher potentials is identical
to that of the base CV (second scan in the same electrolyte,
see Fig. 2a, dotted line). The CO; ion current signal closely
follows the Faradaic current peak. From the absence of any
CO; formation and from the characteristic H-upd features in the
negative-going scan and also in the second positive-going scan
we conclude that all decomposition products were oxidized in
the first positive-going stripping scan.

The total amount of oxidizable, stable adsorbates formed
upon EG admission was determined from the mass spectro-
metric CO, signal (Fig. 2b), since the oxidative charge in the
Faradaic current peak includes contributions from double-layer
charging as well, which result, e.g. from the shift of the poten-
tial of zero charge and ion readsorption [25,33]. This way we
obtained a relative coverage of about Opmax =0.58 Oco sar at ca.
0.4V, relative to that of a saturated CO adlayer on that catalyst
(6o sat), assuming that all adsorbed species contain one carbon
atom each. Going to lower adsorption potentials we find similar
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Fig. 2. Simultaneously recorded CVs (a, c) and MSCVs of m/z=44 (b, d) for the oxidation of ethylene glycol adsorbate formed upon adsorption on a Pt/Vulcan
catalyst electrode at increasing potentials (scan rate: 10 mV s~!). The adsorption potentials are given in the figure. Dotted line: first negative-going scan and second

positive-going scan (base CV/MSCV).

stripping characteristics, but lower adsorbate coverages. Hence,
under these conditions EG adsorption is less efficient. Finally,
the adsorbate coverage approaches zero for 0.06 V adsorption
potential, reflecting the increasing site blocking by Hypq (see
Fig. 3). The decay in adsorbate coverage at higher adsorption
potentials is attributed to the onset of adsorbate oxidation.

The number of electrons generated per CO; molecule formed
by oxidation of the decomposition products upon EG adsorption
is listed for different adsorption potentials in Table 1. It shows
that the calculated number of electrons per CO, molecule is
larger than 2 at 0.16 V, decreases with increasing potential to
values close to 2 around 0.4 V, and then increases again.
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Fig. 3. Relative coverages of ethylene glycol adsorbate compared to that of a
saturated CO adlayer obtained at different adsorption potentials on the Pt/Vulcan,
PtRu/Vulcan and Pt3Sn/Vulcan catalyst electrode.

These results support the above conclusion that COyq is the
dominant, stable adsorbate, at least for adsorption potentials
around 0.4 V. The higher number of electrons per CO, obtained
at lower potentials is tentatively attributed to relatively larger
capacitive charge contributions at low CO,q coverages under
these conditions rather than to other, non-CO,q species on the
catalyst surface, since IR results indicate that only CO,qg are
being present [10,11].

3.1.2. Ethylene glycol adsorption on carbon supported
PtRu

Similar current transients as shown above for ethylene glycol
adsorption on Pt/Vulcan are presented in Fig. 4 for EG adsorption
on PtRu/Vulcan at different adsorption potentials between 0.06
and 0.36 V. The related integrated coulometric charges (chrono-
coulometric transients) are displayed in the inset. Similarly to

Table 1

Number of electrons generated per CO, molecule formed during the electrooxi-
dation of EG decomposition products resulting upon ethylene glycol adsorption
on Pt/Vulcan

E (V) n (Pt)
0.16 2.6
0.21 24
0.26 2.3
0.31 24
0.56 22
0.46 22
0.56 24
0.66 25

E: adsorption potential; n: electron number.
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Fig. 4. Chronoamperometric and the corresponding chronocoulometric (inset)
transients for the adsorption of ethylene glycol on a PtRu/Vulcan catalyst
electrode at different, constant electrode potentials (potentials see figure). For
adsorption, the electrolyte was switched at #=0 from the supporting electrolyte
(0.5M H;,S0y4 solution) to a solution containing 0.1 M ethylene glycol.

the adsorption behavior on Pt/Vulcan EG adsorption is practi-
cally inhibited at the most cathodic potential (0.06 V), which is
supported also by the very small adsorbate coverage determined
from adsorbate stripping in Figs. 3 and 5. The anodic currents
(charges) upon EG adsorption increase with increasing poten-
tials. Compared to Pt/Vulcan, the maximum anodic current is
markedly reduced, indicating that the presence of Ru surface
atoms tends to inhibit the dissociative adsorption of ethylene
glycol. This tendency agrees well with earlier reports for room
temperature methanol adsorption [35] and ethanol adsorption
[27]. At potentials of >0.3 V EG bulk oxidation sets in (see also
Fig. 11), which is responsible for the continuously increasing
integrated anodic charge.

The total amount of adsorbed EG decomposition products
formed upon adsorption is again determined by oxidative strip-
ping, after having changed to pure supporting electrolyte. In
order to avoid dissolution of Ru, these scans were limited to a
maximum potential of 0.76 V. Since this may not be sufficient
to completely oxidize the adsorbed species, three more cycles
were added. Also for the PtRu/Vulcan catalyst reductive forma-
tion of methane or ethane can be ruled out. The Faradaic current
signals and the mass spectrometric currents of CO, (m/z=44)
for EG adsorbate stripping are shown in Fig. 5. The total amount
of oxidizable, stable adsorbates formed upon EG admission was
determined from the mass spectrometric CO» signal (Fig. 5b).

Fig. 5b illustrates that the oxidation of EG adsorbate starts at
ca. 0.3V, which is shifted negatively by over 100 mV compared
to that on Pt/Vulcan, and the main oxidative peak is also shifted
negatively, by over 50 mV. It is well known that on PtRu and
PtRu/Vulcan catalysts CO,q oxidation is enhanced compared to
Pt [36—43], which agrees well with our present findings. The
relative coverages of EG adsorbate on PtRu/Vulcan, calculated
as described above, are shown again in Fig. 3. Similarly as on
Pt/Vulcan, the coverage of EG adsorbate increases with increas-
ing potential, reaches a maximum (ca. 0.2 6co sar) around 0.2V,
and then decreases due to the oxidation of EG adsorbate at poten-
tials positive of 0.26 V. Compared to Pt/Vulcan, the coverage of
EG adsorbate is much smaller on PtRu/Vulcan. This equally
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Fig. 5. Simultaneously recorded CV (a) and MSCV of m/z =44 (b) for the oxi-
dation of ethylene glycol adsorbate formed upon adsorption on a PtRu/Vulcan
catalyst electrode at different potentials (scan rate: 10 mV s~!). The adsorption
potentials are given in the figure.

indicates that PtRu/Vulcan is not favorable for EG dissociative
adsorption at ambient temperatures compared to Pt/Vulcan.

3.1.3. Ethylene glycol adsorption on carbon supported
Pt35n

The current transients for ethylene glycol adsorption on
Pt3Sn/Vulcan at different adsorption potentials between 0.06
and 0.36'V are shown in Fig. 6. The related integrated coulo-
metric charges (chronocoulometric transients) are displayed in
the inset. Again, at 0.06 V EG adsorption is practically inhibited
(very small coverage of EG adsorbate, see Fig. 3), and the anodic
currents (charges) upon EG adsorption increase with increasing
potential. Compared to Pt/Vulcan, the maximum anodic cur-
rent is markedly reduced. This indicates that the presence of Sn
reduces the activity for dissociative adsorption of EG, which
is equivalent to lowering the activity for C—C bond breaking.
Sn alloying with Pt decreases the number of surface Pt ensem-
bles compared to Pt/Vulcan, which are considered as active sites
for C-H bond breaking [44]. At potentials positive of 0.26 V
(e.g., 0.36 V) EG bulk oxidation sets in (Fig. 13), therefore
the integrated oxidative charge is not only associated with the
decomposition adsorption, but also with EG bulk oxidation.

The total amount of adsorbed decomposition products formed
upon adsorption is again determined by oxidation in a sub-
sequent potential scan to 0.96V (‘adsorbate stripping’), after
having changed to pure supporting electrolyte. (Because of the
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Fig. 6. Chronoamperometric and the corresponding chronocoulometric (inset)
transients for the adsorption of ethylene glycol on a Pt3Sn/Vulcan catalyst
electrode at different, constant electrode potentials (potentials see figure). For
adsorption, the electrolyte was switched at #=0 from the supporting electrolyte
(0.5M H;,S0y4 solution) to a solution containing 0.1 M ethylene glycol.

high positive potential limit in these scans and the danger of
Sn dissolution each adsorption/stripping experiments was done
with a new catalyst electrode.) The Faradaic current signals
and the mass spectrometric currents of CO, (m/z=44) for EG
adsorbate stripping are shown in Fig. 7. The total amount of
oxidizable, stable adsorbates formed upon EG admission was
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Fig. 7. Simultaneously recorded CV (a) and MSCV of m/z =44 (b) for the oxi-
dation of ethylene glycol adsorbate formed upon adsorption on a Pt3Sn/Vulcan
catalyst electrode at different potentials (scan rate: 10 mV s~!). The adsorption
potentials are given in the figure. Dotted line: first negative-going scan and sec-
ond positive-going scan (base CV/MSCV).

determined from the mass spectrometric CO; signal (Fig. 7b).
The oxidation of EG adsorbate starts from ca. 0.2V, shifted
negatively by over 200mV compared to Pt/Vulcan. A simi-
lar behavior is well known for CO,q oxidation and has been
explained by a ‘bifunctional mechanism’, with CO adsorption
on Pt sites and facile OH,q formation on Sn sites [38]. How-
ever, only small amounts of EG adsorbate are oxidized in the
low potential region (<0.45V), the main CO;, formation sig-
nal starts at about 0.4V and has its maximum at about 0.67 V,
which is close to the respective potentials observed on Pt/Vulcan.
The relative coverages of EG adsorbate, calculated as described
above, are shown in Fig. 3. Similarly as on Pt/Vulcan, the relative
coverage of EG adsorbate increases with increasing potential,
reaches its maximum (ca. 0.4 6co sar) for adsorption at 0.36'V,
and then decreases again due to the onset of EG adsorbate oxi-
dation at potentials positive of 0.36 V. Compared to Pt/Vulcan,
the (relative) coverage of EG adsorbate is significantly smaller
on Pt3Sn/Vulcan. Since the relative coverages are normalized to
the COyq saturation coverage on the Pt3Sn catalyst, the decrease
of the maximum EG adsorbate coverage compared to Pt/Vulcan
significantly exceeds the effect caused by the reduction in Pt
sites on the bimetallic catalyst, indicating that the deactivation
for EG decomposition exceeds the effects caused by site block-
ing (replacement of Pt surface atoms by Sn).

3.2. Bulk oxidation of ethylene glycol

In this section we compare ethylene glycol bulk oxidation
on the three different carbon supported PtX catalysts by poten-
tiodynamic measurements and by potentiostatic, chronoamper-
ometric measurements. The latter measurements, which allow
us to distinguish between time and potential effects, were per-
formed by stepping the potential from initially 0.06 V to the
respective reaction potential between 0.36 and 0.76 V. In addi-
tion to Faradaic current measurements we followed the reaction
by monitoring the CO, (m/z=44) ion current. No other mass
signals were detected during EG oxidation in these measure-
ments.

3.2.1. Ethylene glycol oxidation on carbon supported Pt

The cyclic voltammogram (CV) and the corresponding mass
spectrometric cyclic voltammogram (MSCV) for EG oxidation
on a carbon supported Pt catalyst electrode are reproduced in
Fig. 8a and b. CVs with similar characteristics were reported in
previous studies (see references in Section 1), but much of the
information results from the comparison with the CO; signal,
as will be shown below. The CV (Fig. 8a, solid line) starts with
a weak anodic current in the low potential region (<0.4 V) in
the first positive-going scan, but no corresponding CO, forma-
tion (Fig. 8b, solid line). Therefore, this must be associated with
dissociative EG adsorption or/and bulk oxidation to other reac-
tion intermediates. The onset of EG oxidation (Faradaic current)
occurs at about 0.35V in this scan, leading to an asymmetric
peak with a maximum at 0.68 V and significant intensity in the
high potential side (Fig. 8a, solid line). At the most positive
potentials (E>1.0V) the oxidation current starts to increase
again. CO, formation starts only at higher potential than the
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Fig. 8. Simultaneously recorded CVs (a) and m/z =44 MSCVs (b) on a Pt/Vulcan
catalyst electrode in 0.1 M ethylene glycol + 0.5 M H2SOy4 solution (full lines);
dashed line: oxidative stripping of the ethylene glycol adsorbate formed at 0.46 V
(full cycle). The calculated contribution of CO, formation to the Faradaic current
signal is indicated by the dash-dotted line (scan rate: 10mV s~ ).

Faradaic current, at around 0.5 V. Furthermore, the subsequent
peak is much more symmetric than the Faradaic current peak,
with a main maximum at 0.70 V and little additional intensity
if any in the high potential side (Fig. 8b, solid line). Hence,
the qualitative comparison indicates already that only the main
oxidation peak may be due to CO, formation (see below for
quantitative evaluation), while the high potential shoulder and
the current increase at >1.0 V must result from the formation of
reaction intermediates or by-products. In the second and subse-
quent positive-going scans the current signal in the low potential
region (<0.4 V) has disappeared. The onset of the main oxidation
peak is again atabout 0.35 V, but now it leads to a clearly resolved
double peak structure with a main peak at 0.7 V and a shoulder at
0.79 V (Fig. 8a, solid line). Compared to the first positive-going
scan the intensity in the low potential peak is much lower in the
second positive-going scan. The CO» ion current, in contrast, has
hardly changed from the first to the second positive-going scan,
indicating that the reduced signal in the second positive-going
scan is only caused by a reduction in the formation of partly oxi-
dized C2 by-products (Fig. 8b, solid line). In the negative-going
scan, we find an asymmetric anodic current peak, which starts at
0.9V, then increases steadily to a maximum at 0.6 V and finally
drops steeply to zero (Fig. 8a). The related CO; ion current signal
(Fig. 8b, solid line) is much weaker than in the positive-going
scan, in contrast to the higher current in the Faradaic current
signal. Hence, the tendency for CO; formation is much weaker

in the negative-going scan than in the positive-going scan. Fur-
thermore, the CO, signal resolves two components, centered at
0.7 and 0.6 V, respectively (Fig. 8b). In the Faradaic current sig-
nal the low potential component is dominant, while it is slightly
weaker than the high potential component in the CO; signal.

The contribution of CO, formation to the Faradaic current
signal, which is calculated from the m/z=44 signal (see dash-
dotted line in Fig. 8a), is on the order of a few percent during
the scan. The agreement in the shape and potential of the main
Faradaic current peak and that for CO; formation therefore indi-
cate that, although the latter process contributes only little to the
Faradaic current, the dominant reaction pathway must be gov-
erned by the same surface conditions/reaction steps as that for
CO; formation. Also, we can practically rule out the possibility
that the CO, signal contains contributions from the fragmenta-
tion of other volatile by-products. (Note that most of the potential
by-products are not sufficiently volatile to be detected by stan-
dard DEMS, but readily desorb from the catalyst surface.) These
should also result in other fragments, and we did not resolve
potential dependent features in other masses. For the high poten-
tial shoulder and the current increase at >1.0V, where CO,
formation is absent, the situation is different. Since CO,q oxi-
dation would be facile in this potential range, we conclude that
C—C bond breaking is practically inhibited at potentials >0.7 V
on Pt/Vulcan. The average current efficiency for CO; formation,
integrating over a complete cycle is only ca. 6%, with 9.5% in
the positive-going scan and 2.6% in the negative-going scan (see
Table 2), i.e., for reaction at ambient temperatures EG oxidation
on carbon supported Pt produces mainly C2 reaction intermedi-
ates and by-products, without C—C bond breaking.

Comparing EG bulk oxidation with EG adsorbate oxidation
(dashed line in Fig. 8 for EG adsorbate stripping after adsorption
at 0.46 V), we see that although the bulk oxidation current starts
already at lower potential and is much larger than that of EG
adsorbate oxidation, the onset potentials for CO, formation are
same for EG bulk oxidation and EG adsorbate oxidation. Fur-
thermore, the CO» ion currents are also nearly the same in the
lower oxidation potential range. Only at higher potentials we find
more CO; intensity for EG bulk oxidation, resulting in a wider
CO; formation for EG bulk oxidation than for EG adsorbate
stripping. The total amount of CO, formed in the two cases, is
though not exactly identical, of similar magnitude. This seems
to suggest that CO; is largely formed via oxidation of COyqg
formed during EG oxidation in the lower potential range. The

Table 2
The average current efficiency for CO; formation (A4(CO,)) in a full cyclic scan
in 0.1 M ethylene glycol on different electrodes (polycrystalline Pt see Ref. [51])

Electrode Aq(COy) (%)
pe-Pt? 39
pe-Pt? 6.2
Pt/Vulcan® 5.5
PtRu/Vulcan 6.7
Pt3Sn/Vulcan 4.0

4 Upper potential limit 1.16 V.
b Upper potential limit 1.51 V.
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main EG oxidation current, however, results from partial EG oxi-
dation to different C2 molecules. This mechanistic finding of at
least two reaction pathways, one leading to CO, via formation
and oxidation of CO,q and the other one resulting in incom-
plete oxidation products maintaining the C—C bond, resembles
earlier predictions based on electrochemical and in situ IR spec-
troscopic measurements [10], but so far the current efficiency
for CO, formation had not been quantified, and also the pro-
nounced differences in CO, formation between positive-going
and negative-going scan had not be reported so far. It should be
noted that the incomplete oxidation by-products can be further
oxidized via subsequent readsorption, after desorption, and con-
tinuing reaction. The tendency for this is more pronounced on
high surface area electrodes and catalysts [45,46].

Finally we would like to note that similar measurements per-
formed on a smooth polycrystalline Pt electrode showed an even
lower current efficiency for CO;, formation than on Pt/Vulcan.
We explain this difference by readsorption effects, which con-
tribute differently for the two electrodes due to their different
roughness or specific surface areas. The Pt/Vulcan electrode has
aroughness factor of 20, while for smooth polycrystalline Pt the
roughness factor is below 2. In the case of Pt/Vulcan, partially
oxidized reaction intermediates or by-products have a higher
chance to readsorb again, after desorption from the Pt surface,
and undergo further oxidation before they leave the surface near
region and diffuse into the solution. For the smooth Pt elec-
trode readsorption is much less probable. Such effects had been
investigated in detail and demonstrated for methanol oxidation
on Pt/Vulcan catalysts, evaluating the product distribution for
different catalyst loadings and, for comparison, for a smooth
polycrystalline Pt electrode [45,46].

More information on the steady-state situation during EG
oxidation and on the effect of the reaction potential is obtained
from potential-step experiments, performed for reaction poten-
tials between 0.46 and 0.81 V. Selected Faradaic current and the
corresponding ion current (m/z =44) transients for ethylene gly-
col oxidation on Pt/Vulcan at different potentials are shown in
Fig. 9. Prior to the potential step transient the potential is first
steppedto 1.16 V for 3 s to clean the surface, then back to 0.06 V.
Atthe initial potential (0.06 V) the catalyst surface should be free
of EG adsorbate. The pronounced current spike of the Faradaic
current transients can be attributed to contributions from double-
layer charging. Comparison with the CO; ion current transients,
which equally exhibit an initial current spike, reveals that this
spike also includes contributions from an initial maximum in the
reactivity, which must be related to the change in the adsorbate
layer and, at higher reaction potentials, also of the Pt surface. A
possible mechanism involves rapid CO,qg formation during the
potential jump and reaction with OHyq surface species equally
formed during that process. At longer reaction times the sur-
face develops its steady-state adlayer coverage, which leads to
a partial blocking of the surface.

After passing through the initial spike the Faradaic current
decreases only little with time and has quickly reached a quasi-
steady-state value. For the CO; ion current the spike is much less
pronounced compared to the subsequent steady-state signal. Its
increase with higher reaction potential can be explained by the
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Fig. 9. Faradic current (a) and the corresponding m/z =44 ion current transients
(b) after a potential step from 0.06 V to different reaction potentials (reaction
potentials see figure) on a Pt/Vulcan catalyst electrode in 0.1 M ethylene gly-
col+0.5M H,SOy4 soluti on.

increasing amount of instantaneously formed oxygen contain-
ing species. For low and high reaction potentials the m/z =44 ion
current changes with time are analogous to those of the Faradaic
current. For medium reaction potentials, however, the CO; ion
current increases with time after the steep decay from the initial
spike, passing through a weak maximum after several seconds.
Subsequently the signal decays slightly and also reaches its
steady-state value during the following minutes. Apparently,
this weak maximum in the CO;, formation rate is masked by
other dominant contributions to the Faradaic current in the latter
signal. The weak maximum in the CO; formation rate can be
tentatively explained by a reaction scheme where CO, forma-
tion is limited by the formation of oxygen containing species
at low potentials and by C—C bond breaking/CQO,q formation at
high potentials, and both of these rapidly assume their steady-
state rates. At medium reaction potentials the CO; formation rate
depends on both rates and on the respective coverages, which
can lead to more complex time dependences.

The Faradaic currents and the corresponding current effi-
ciencies for CO, formation under steady-state conditions, after
5 min reaction, are plotted for the different reaction potentials in
Fig. 10. The Faradaic current (Fig. 10a) and the corresponding
current efficiency for CO, formation (Fig. 10c) increase steadily
from the lowest reaction potential (0.46 V), although the varia-
tions in the CO; current efficiency are rather small, between 3
and 5%. The Faradaic current reaches a maximum at 0.67 V and
then decays again; the CO; current efficiency assumes its maxi-
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Fig. 10. Steady-state total Faradaic currents (a), steady-state Faradaic currents
for CO, formation (b) and current efficiencies for CO, formation (c) as a function
of the reaction potential for the different carbon supported PtX catalyst electrodes
(catalyst see figure).

mum of slightly above 5% at 0.71 V and then it drops again with
higher reaction potential. Also under potentiostatic, steady-state
conditions ethylene glycol oxidation largely results in incom-
plete oxidation by-products (C2 species), complete oxidation to
CO is only a minority pathway under present reaction condi-
tions. The low probability for CO, formation is attributed to
the kinetic barrier for C—C bond breaking under current reac-
tion conditions. Similar observations were reported recently for
ethanol oxidation on carbon supported Pt catalysts and polycrys-
talline Pt electrodes [26], confirming the above interpretation.

3.2.2. Ethylene glycol oxidation on PtRu/Vulcan

The activity of carbon supported PtRu catalysts for EG oxi-
dation and their selectivity for complete oxidation to CO, was
equally evaluated by cyclic voltammetry and by potential-step
oxidation transients. Cyclic voltammograms (CV, first cycle plus
second positive-going scan) and the corresponding mass spec-
trometric cyclic voltammograms (MSCV) recorded in EG con-
taining solution on a PtRu/Vulcan catalyst electrode are shown
in Fig. 11 (solid lines). For comparison, we also include the
CVs and MSCVs of EG adsorbate stripping on PtRu/Vulcan
(Fig. 11a, dashed line, after EG adsorption at 260 mV, full cycle,
from Fig. 5) and EG bulk oxidation on the Pt/Vulcan catalyst
(Fig. 11, dotted line, from Fig. 8) as well as the Faradaic current
contribution from CO; formation (dash-dotted line, Fig. 11a).
In order to avoid Ru dissolution the upper limit of the potential
scan was set to 0.81 V.
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Fig. 11. Simultaneously recorded CVs (a) and m/z=44 MSCVs (b) on a
PtRu/Vulcan catalyst electrode in 0.1 M ethylene glycol +0.5M H,SOj4 solu-
tion (full lines); dashed line: oxidative stripping of the ethylene glycol adsorbate
formed at 0.26 V (full cycle). For comparison, the signals for ethylene glycol
bulk oxidation on a Pt/Vulcan catalyst electrode are also shown (dotted line).
The calculated contribution of CO, formation to the Faradaic current signal (a)
is indicated by the dash-dotted line (scan rate: 10 mV s7h.

On the PtRu/Vulcan catalyst electrode EG oxidation starts
around 0.3 V, which is 50 mV more negative than on Pt/Vulcan.
CO; formation starts again only at more positive potentials, the
onset potential is around 0.35V (Fig. 11b, solid line). While
this is more positive compared to the Faradaic current signal,
it is about 150 mV more negative than the onset for CO, for-
mation on the Pt/Vulcan electrode under similar conditions, i.e.,
the presence of Ru can enhance both the formation of partly
oxidized reaction intermediates as well as that of CO, forma-
tion. After passing through a maximum at 0.68 V the oxidation
current decreases again. The potential of the maximum current
on PtRu/Vulcan (Fig. 11a, solid line) almost coincides with that
on Pt/Vulcan (Fig. 8a, solid line). For identical catalyst loading
the current is, however, significantly less than on the latter cat-
alyst electrode, around 0.5 mA as compared to about 1.1 mA
on Pt/Vulcan. The loss in activity at the highest potential is
attributed to the oxidation of Ru, e.g., from hydrous Ru oxide into
an inactive oxide state [47]. The CO; ion current signal peaks at
0.61 V and decays to almost zero at the upper potential limit of
0.8 V (Fig. 11b, solid line). Hence, also in this case CO; forma-
tion occurs mainly in the first part of the broad Faradaic current
peak. The contribution from CO; formation to the Faradaic cur-
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rent, which is indicated by the dash-dotted line in Fig. 11a, is
again very low. Similar to the situation for EG oxidation on
Pt/Vulcan, CO; formation must be dominated by the same cat-
alyst surface conditions as the total Faradaic current to explain
the similar reaction onset and peak potential. Different from
the Pt/Vulcan catalyst electrode, however, we observe very lit-
tle CO, formation in the reverse scan, i.e., C—C bond breaking
and CO,q formation are almost completely inhibited at higher
potentials, where CO oxidation would be possible. The average
current efficiency for CO; formation in a cyclic scan is ca. 6.7%,
with values of ca. 9 and 2% in the positive-going and negative-
going scan, respectively (see Table 2). Finally, it should be noted
that there are no significant differences in the CVs between the
first and second (subsequent) scan(s); the amount of CO, for-
mation in the first positive-going scan, however, is lower than
in the second scan, which is associated with the lower cover-
age of EG adsorbate formed in the low potential region. For the
first positive-going scan, adsorbate formation occurs in the low
potential region of that scan, while for the second and subsequent
scan, adsorbate formation occurs in the low potential region of
the preceding negative-going scan and during the positive-going
scan.

Similar type CVs with a peak at around 0.7 V were reported
by de Lima et al. for a Pt catalyst for dilute EG solution
(0.1 M). For higher concentrations they found the maximum
to shift to more positive values, and at concentrations >2 M
it had moved outside the potential range (0.1-0.8 V) covered
in those scans [15]. Likewise, Neto et al. found a continuous
current increase with no pronounced maximum in measure-
ments on a PtsoRuso/Vulcan catalyst in 1.0M EG up to 0.8V
[16].

In agreement with the observation of a rather low activity
for EG decomposition (see Fig. 4), these observations indicate
that at potentials with measurable rates the EG oxidation activ-
ity is not limited by CO,q poisoning, but rather by C—C bond
breaking. Therefore, also on the PtRu/Vulcan catalyst electrode
EG oxidation results predominantly in C2 by-product forma-
tion under current reaction conditions, and C—C bond breaking
as well as CO, formation represent minority pathways. These
observations agree even quantitatively with results reported by
de Lima et al., who found a CO; yield of 8% after 6 min of EG
electrolysis on PtgyRusg from IR spectroscopic measurements
[15].

Comparing EG bulk oxidation (solid line, Fig. 11) with EG
adsorbate oxidation (see dashed line in Fig. 11 for EG adsor-
bate stripping after adsorption at 0.26 V), we see that although
the bulk oxidation current starts already at lower potential and
is much larger than that of EG adsorbate oxidation, the onset
potentials for CO; formation are identical for EG bulk oxidation
and EG adsorbate oxidation. Furthermore, the CO; ion currents
(solid line, Fig. 11b) are also nearly same in both cases. Hence,
similar as for Pt/Vulcan, the total amount of CO, formed in
the two cases is of comparable magnitude, suggesting that also
on PtRu/Vulcan CO; formation during EG bulk oxidation (in
potentiodynamic measurements) is largely caused by oxidation
of COyq formed during EG decomposition in the low potential
region.
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Fig. 12. Faradaic current (a) and the corresponding m/z=44 ion current (b)
transients after the potential step from 0.06 V to different reaction potentials
on a PtRu/Vulcan catalyst electrode in 0.1 M ethylene glycol+0.5M H,SOy4
solution (reaction potentials see figure).

The Faradaic current and CO; ion current transients obtained
after a potential step from 0.06 V to different reaction potentials
between 0.36 and 0.71V in 0.1 M EG +0.5M H;SO4 solution
are shown in Fig. 12. Similar to the procedure in the potential-
step experiments on Pt/Vulcan catalyst the sample had been
cleaned prior to the experiment by holding it at 0.9V for 3s
and then stepping back to 0.06 V (time at 0.06 V: 30s). In test
measurements it was verified that this treatment had no signifi-
cant effect on the electrochemical properties of the catalyst (Ru
leaching), as evidenced by base CV measurements. The general
characteristics of the resulting transients closely resemble those
described above for EG oxidation on Pt/Vulcan. The Faradaic
currents first pass through an initial current spike and then
level off towards their steady-state values, which are approxi-
mately reached during the time of the measurements (3 min). The
steady-state current values increase with higher reaction poten-
tial up to 0.66 V, while at the highest reaction potential (0.71 V)
it decreases again. The CO; ion current signals equally pass
through an initial maximum and then decay to their steady-state
value. In this case we did not observe a second weak maximum
in the CO» ion current signal, as it was detected for EG oxi-
dation on Pt/Vulcan at medium potentials, indicating that for
PtRu/Vulcan the same process, most likely C—C bond break-
ing, is rate limiting for CO, formation over the entire potential
regime evaluated.
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The initial maximum in CO; formation, which is less pro-
nounced than that of the Faradaic current, but stronger than
on the Pt/Vulcan catalyst, indicates that also in this case the
Faradaic current spike is not entirely due to double-layer charg-
ing. Hence, also for PtRu/Vulcan the initial oxidation reaction,
on the adsorbate free catalyst, is faster than that on the partly
adsorbate covered surface under steady-state conditions. Similar
to Pt/Vulcan the steady-state CO, ion current equally increases
with higher reaction potential, but in this case the maximum
current is reached at 0.56 V. Higher reaction potentials cause the
steady-state CO» ion current to decrease.

The final Faradaic and ion current values within the mea-
surement period of ca. 3min are used to calculate the quasi
steady-state current efficiencies for CO, formation at the dif-
ferent reaction potentials, which are plotted again in Fig. 10.
Remarkably, the current efficiency for CO; formation decreases
steadily with increasing reaction potential, from 11% at 0.36 V
to 0.8% at 0.71 V. Therefore, the comparable values of the aver-
age current efficiencies for CO, formation on the Pt/Vulcan and
PtRu/Vulcan catalysts, which were obtained by integrating over
the CVs, result from a very different potential dependence, with
a weak increase with potential for the Pt/Vulcan catalyst com-
pared to a pronounced decay with potential for the PtRu/Vulcan
catalyst. This behavior can be explained by a combination of
two effects (i) by the much higher activity of PtRu/Vulcan for
CO,qg oxidation at lower potentials, so that even under these
conditions, which seem to be favorable for C—C bond breaking,
CO, formation is possible [47,48] and (ii) by a decrease in C—C
bond breaking activity with increasing potential, which can be
tentatively explained by the more pronounced OH,q formation
on the catalyst compared to Pt/Vulcan. For practical applica-
tions it is important to note, however, that despite of the higher
CO5; current efficiency of the PtRu/Vulcan catalyst at low poten-
tials, compared to Pt/Vulcan, the total current obtained on this
catalystin the potential range up to 0.5 V is still low, albeit signif-
icantly higher than on Pt/Vulcan. At 0.5 V both Faradaic current
and CO; current efficiency of the two catalysts, Pt/Vulcan and
PtRu/Vulcan, are of similar magnitude, at higher (but technically
little relevant) potentials Pt/Vulcan is the better, more active and
more selective catalyst.

3.2.3. Ethylene glycol oxidation on Pt3Sn/Vulcan

Similar to the Pt/Vulcan and PtRu/Vulcan catalysts we
equally characterized the activity of the Pt3Sn/Vulcan for EG
oxidation and their selectivity for complete oxidation to CO,
by cyclic voltammetry and by potential-step oxidation tran-
sients. A set of cyclic voltammograms (CVs) and corresponding
mass spectrometric cyclic voltammograms (MSCVs) is shown
in Fig. 13. In order to prevent Sn dissolution, the upper potential
limit was lowered to 0.61 V [43]. Therefore the CVs do not show
the entire range of the main oxidation peak, but only their ascend-
ing signal at the low potential side. Again the respective curves
for EG adsorbate stripping (Fig. 13, dashed line, after EG adsorp-
tion at 360mV) and for EG bulk oxidation on the Pt/Vulcan
catalyst (Fig. 13, dotted line) as well as the contribution from
CO, formation to the Faradaic current (Fig. 13, dash-dotted line)
are included in the CV and MSCV for comparison.
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Fig. 13. Simultaneously recorded CVs (a) and m/z=44 MSCVs (b) on a
Pt3Sn/Vulcan catalyst electrode in 0.1 M ethylene glycol +0.5 M H>SO4 solu-
tion (full lines); dashed line: oxidative stripping of the ethylene glycol adsorbate
formed at 0.36 V (full cycle). For comparison, the signals for ethylene glycol
bulk oxidation on the Pt/Vulcan catalyst electrode are also shown (dotted lines).
The calculated contribution of CO, formation to the Faradaic current signal is
indicated by the dash-dotted line (scan rate: 10mV s~1).

The current peak for ethylene glycol oxidation on the
Pt3Sn/Vulcan catalyst electrode starts at around 0.3 V (Fig. 13a,
solid line), which is 50 mV more negative than on the Pt/Vulcan
electrode, while the onset potential for CO; formation is around
0.4V (Fig. 13D, solid line), which is about 100 mV more neg-
ative than the onset potential on Pt/Vulcan (Fig. 8b, solid line)
and about 50 mV more positive than that on PtRu/Vulcan cata-
lyst electrodes (Fig. 11b, solid line). In the negative-going scan
both the Faradaic current signal and the mass spectrometric cur-
rent first increase slightly and then decay, after passing through a
maximum. Comparison with the EG adsorbate stripping signal
on the Pt3Sn/Vulcan catalyst electrode (Fig. 13, dashed lines)
shows directly that this maximum is not identical with the peak
maximum that would have been observed when scanning to
more positive potentials, but results from an increase in rate after
reversing the potential scan. The decaying signal in the negative-
going scan then largely follows that in the positive-going scan,
but at slightly more negative potentials.

Although the actual peak maximum was not reached because
of the low potential limit, the maximum Faradaic current value
of about 0.9 mA is not far from the maximum current obtained
on Pt/Vulcan at much higher potential (1.1 mA at 0.66 V). In the
second and following positive-going scans the Faradaic currents
are slightly lower than in the first scan; in contrast to the slightly
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higher CO; ion currents. The onset for CO;, formation does not
shift. The increase in CO, formation for subsequent scans is
tentatively associated with the increasing CO,q coverage, due
to the longer time of dissociative adsorption of EG in the low
potential region in the negative- and positive-going scan.

The current contribution from CO, formation on the
Pt3Sn/Vulcan catalyst electrode is indicated again by the dash-
dotted line in Fig. 13a. Also in this case it is very low, but
different from the behavior of the PtRu/Vulcan catalyst it is
almost identical in the positive-going and in the negative-going
scan. Similar to Pt/Vulcan (Fig. 13, dotted line) there is no sig-
nificant CO, formation in the low potential regime below 0.3 V
on the Pt3Sn/Vulcan catalyst. The signal for CO, formation is
actually shifted by 20 mV to more positive potentials compared
to the Faradaic current signal, which corresponds to a shift by
40 mV compared to what would be expected when considering
the delay between Faradaic current signal and mass spectromet-
ric signal (ca. 1s). Apparently, in this case CO, formation does
not fully coincide with the increase in the total EG oxidation
rate. The mean current efficiency for CO; formation, integrated
over the complete potential cycle, is around 4%, and similar val-
ues were obtained also for the positive-going and negative-going
scan separately (see Table 2). Hence, also for the Pt3Sn/Vulcan
catalyst complete oxidation is a minority reaction pathway, and
ethylene glycol oxidation results predominantly in C2 reaction
by-products.

Comparing the bulk oxidation signal (Fig. 13, solid line)
with that for EG adsorbate stripping on Pt3Sn/Vulcan (Fig. 13,
dashed line), we see that although the bulk oxidation current
starts already at lower potential and is much larger than that for
EG adsorbate oxidation (Fig. 13a), the onset potentials for CO;
formation (Fig. 13b, full line) are practically the same in both
cases, and the same holds true also for the CO; ion currents at
potentials <0.61 V. Based on this comparison it is very likely
that in the positive-going scan the CO,q4 formed by EG dissocia-
tion in the low potential region is not completely oxidized up to
the potential limit of 0.61 V, so that the CO; formation rate can
even increase for a short time after reversing the potential scan.
The same must be true also for the partial oxidation reactions
leading to different C2 molecules, which comprise the dominant
contribution to the EG oxidation current.

Faradaic current transients and m/z=44 mass spectromet-
ric ion current transients after a potential step from 0.06 V to
different reaction potentials on the Pt3Sn/Vulcan catalyst elec-
trode between 0.46 and 0.56V in 0.1M EG+0.5M H,SO4
solution are displayed in Fig. 14. In this case the catalyst pretreat-
ment, prior to the potential step, was somewhat different than
that for the other two catalysts. Before the potential step, the
Pt3Sn/Vulcan was scanned in EG containing solution between
0.06 and 0.61V for three times at a scan rate of 10mVs~!,
therefore the catalyst surface contains an unknown amount of
COyqg. Nevertheless, also for this catalyst we find an initial cur-
rent spike both in the Faradaic current and in the CO; ion current
signal, indicating that the Faradaic current spike does not only
result from double-layer charging, but contains contributions
also from the EG oxidation reaction and CO,q oxidation. For the
CO3 ion current the initial spike increases with higher reaction
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Fig. 14. Faradic current (a) and corresponding ion current of m/z=44 (b)
transients after the potential step from 0.06 V to different potentials on the
Pt3Sn/Vulcan catalyst electrode in 0.1 M ethylene glycol + 0.5M H;SOy4 (reac-
tion potentials see figure).

potential, but only on an absolute scale. Comparing it with the
steady-state current of the CO; signal its contribution becomes
increasingly less, and it is almost completely disappeared at
0.56 V reaction potential. At this potential we also find a pro-
nounced maximum in the CO; ion current after about 30 s, which
starts to develop already at 0.51 V reaction potential. Such kind
of maxima are well known for CO,4 oxidation transients and are
generally attributed to a nucleation and growth mechanism.

The steady-state values of the Faradaic current, the m/z =44
ion current, and the CO» current efficiency for the different reac-
tion potentials, determined after 3 min reaction time, are plotted
in Fig. 10. The current efficiency for CO;, formation decreases
from 3.1 to 1.6% for increasing the reaction potential from 0.46
to 0.56 V. At potentials between 0.51 and 0.56 V the oxidative
current on the PtzSn/Vulcan catalyst electrode is the highest
among the three catalysts. The current efficiency for CO; for-
mation, however, is only ca. 2%.

In total, Sn was found to mainly promote the partial oxidation
of EG to the C2 reaction intermediates. In addition, in agreement
with earlier findings [38,40,42,43], it can also enhance the rate
of CO, formation via CO,q oxidation (Fig. 7). On the other hand,
it hinders the C—C bond breaking process or, more precisely, the
dissociation of EG to CO,q (Figs. 6 and 7), at least on a rela-
tive scale, relative to the total oxidation rate. These observations
closely resemble previous findings for the oxidation of other C2
molecules, ethanol and acetaldehyde, where the presence of Sn
significantly enhances the total oxidation rate, but reduces the
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amount of complete oxidation to CO; [27,49,50]. The (relative)
decay in CO; formation can be tentatively explained by a geo-
metric ensemble effect, assuming that larger Pt ensembles are
required for C—C bond breaking than for partial oxidation of
these C2 molecules. This picture does not explain, however, the
increase in total oxidation rate, despite of the decrease in the
number of Pt sites in the Pt3Sn alloy particles compared to Pt.
Other effects, such as an electronic modification of the Pt or the
classic bifunctional mechanism [48], must be involved as well.
Sn certainly helps to remove adsorbed CO from the surface and
this way enhance the availability of free Pt sites, e.g., for partial
oxidation of EG to C2 side products, but it is not clear so far,
whether this is the dominant effect.

4. Ethylene glycol oxidation in direct oxidation fuel cell
applications

Finally it has to be noted that for all three catalyst the mass
normalized EG oxidation rates and hence the current densi-
ties are too low for technical applications: from the maximum
Faradaic current of <0.3 mA at 0.5 V and per 8 g metal loading
(Pt3Sn/Vulcan) we can extrapolate a kinetic limit of 0.22 A per
5 mg metal content under these conditions, equivalent to a lim-
iting anode current density of 0.22 A cm~? for 5 mg cm™2 metal
loading. More important, the very high amounts of toxic by-
products (>90%), due to incomplete oxidation of the EG feed,
presently exclude its use in direct oxidation fuel cells, at least
for room temperature operation. Significant improvements in the
C-C bond breaking activity appear to be more crucial than an
overall enhancement of the EG oxidation activity. This involves
(i) elevated reaction temperatures in order to activate the C—C
bond breaking step, (ii) the introduction of other alloy compo-
nents, and (iii) the optimization of the operating conditions in
order to minimize the content of toxic partial oxidation products
in the exhaust. Further quantitative studies on these aspects are
planned.

5. Conclusions

Investigating the interaction of ethylene glycol with real-
istic, carbon supported Pt, PtRu and Pt3Sn catalysts by com-
bined electrochemical and quantitative on-line DEMS measure-
ments under fuel cell relevant conditions, i.e., under continuous
reaction and continuous electrolyte flow conditions, we could
demonstrate that

(i) dissociative ethylene glycol adsorption is inhibited on all
three catalyst electrodes by adsorbed hydrogen at the most
cathodic potential (0.06 V), but becomes more facile with
increasing potentials, until the steady-state adsorbate cov-
erage is reduced again by the onset of adsorbate oxidation;

(i) on all three catalysts CO,q represents the dominant sta-
ble adsorbed species formed upon EG decomposition,
with the maximum coverage obtained after 300s EG
adsorption decaying from Pt/Vulcan (6co max =0.6 0co sat
0.4V) via Pt3Sn/Vulcan ((fco,max =0.4 6cosar at 0.35V)
to PtRu/Vulcan (Oco max =0.2 Ocosar at 0.2 V));

(iii) both on a bare catalyst surface as well as under steady-state
conditions complete oxidation to CO» is a minority reaction
pathway (<6% at relevant currents), formation of incom-
pletely oxidized C2 molecules prevails (contributions from
partial oxidation C1 products (formaldehyde, formic acid)
are possible), indicating that C—C bond breaking is slow
and rate limiting for CO; formation;

(iv) the amount of CO, formation during the reaction depends
on two factors, the activity for C—C bond breaking and
the activity for CO,q oxidation, which can, depending on
the potential dependence of these rates, result in different
characteristics for the potential dependent amount of CO»
formation;

(v) EG oxidation is possible also at potentials below the onset
of CO; formation, where partly oxidized C2 (and possibly
C1) species represent the only reaction product;

(vi) the addition of Ru or Sn increases the activity for EG oxi-
dation in the low potential regime (around 0.4-0.5 V), and
also lowers the onset potential for CO, formation, but on
the other hand lowers the selectivity for CO, formation in
the high potential region, which is attributed to a reduced
activity for C—C bond breaking.

The data are consistent with the parallel reaction pathway
mechanism proposed in earlier studies, with CO;, formation
via C-C bond breaking, CO,q formation and oxidation of the
resulting CO,q in the one pathway and partial oxidation of
ethylene glycol to higher oxidized C2 species such as gly-
col aldehyde, glycolic acid, etc., which leave the catalyst as
soluble by-products, in the other pathway. Furthermore, they
clearly show that under present reaction condition both the low
kinetic limit for the EG oxidation activity (<0.22 Acm™? at
5mg cm™2 metal loading) and in particular the high emission of
toxic by-products under steady-state conditions rule out tech-
nical applications of this reaction in a direct oxidation fuel
cell. The influence of elevated operation temperatures and other
alloy components on the reaction characteristics needs to be
investigated.
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