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The interaction of colloid-based, carbon supported Pt/C (40 wt%), PtRu/C (45 wt%) and Pt;Sn/
C (24 wt%) catalysts with ethanol and their performance for ethanol electrooxidation were
investigated in model studies by electrochemical, in situ infrared spectroscopy and on-line
differential electrochemical mass spectrometry measurements. The combined application of in situ
spectroscopic techniques on realistic catalysts and under realistic reaction (DEMS, IR) and
transport conditions (DEMS) yields new insight on mechanistic details of the reaction on these
catalysts under the above reaction and transport conditions. Based on these results, the addition
of Sn or Ru, though beneficial for the overall activity for ethanol oxidation, does not enhance the
activity for C—C bond breaking. Dissociative adsorption of ethanol to form CO, is more facile on
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the Pt/C catalyst than on PtRu/C and Pt3Sn/C catalysts within the potential range of technical
interests (<0.6 V), but Pt/C is rapidly blocked by an inhibiting CO adlayer. In all cases
acetaldehyde and acetic acid are dominant products, CO, formation contributes less than 2% to
the total current. The higher ethanol oxidation current density on the Pt;Sn/C catalyst at these
potentials results from higher yields of C2 products, not from an improved complete ethanol

oxidation to CO,.

1. Introduction

In the last decade, ethanol has attracted considerable interest
as a fuel for direct alcohol fuel cells due to its lower toxicity
and higher energy density (8.0 kW h kg~') compared with
methanol."”? In addition, ethanol can be easily produced in
large amounts by fermentation of sugar-containing raw ma-
terials. The slow kinetics of ethanol electrooxidation at low
temperatures, however, is still an obstacle for the further
development of direct ethanol fuel cells (DEFCs).? It is well
known that platinum is an active catalyst for the electrooxida-
tion of many small organic molecules. However, at low
temperatures, pure platinum is not an effective anode catalyst
for ethanol electrooxidation, because it is readily poisoned by
strongly adsorbed intermediates, especially by adsorbed
CO.*"* To improve the mechanistic understanding of this
complex reaction,'* increasing attention has been paid to
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modern spectroscopy techniques, e.g., in situ infrared spectro-
scopy (FTIR) and on-line differential electrochemical mass
spectrometry (DEMS) techniques.”®!> If applied, however,
these spectroscopic techniques were used for model studies on
massive electrodes and under idealized conditions,*!%!” hardly
ever on supported catalysts and under more realistic reaction
and transport conditions.

This is subject of the present spectro-electrochemical study,
where we investigated the interaction of ethanol with carbon
supported Pt/C, PtRu/C and Pt;Sn/C catalysts by a combina-
tion of different in situ spectroscopic techniques, in situ FTIR
and on-line DEMS, and electrochemical measurements under
continuous reaction (DEMS, FTIR) and continuous flow
(DEMYS) conditions. Up to now, PtRu and Pt3Sn have been
identified as the most effective catalysts for the ethanol oxida-
tion reaction (EOR).'*'32! However, only a few reports on
the EOR on realistic carbon supported catalysts can be found
in the literature which also include the application of spectro-
scopic techniques,”'*?* 2% and especially, the role of Ru and
Sn in the EOR is still not well understood. The present study
provides new mechanistic insight by the combination of the
above in situ techniques, allowing the identification of ad-
sorbed reaction intermediates and side products and the
quantitative evaluation of their coverage by in situ FTIR
measurements as well as the determination of the (volatile)
reaction products and their distribution at technically relevant
potentials by on-line DEMS.

In previous in situ FTIR spectroscopy studies of ethanol
electrooxidation on Pt or PtRu films deposited on a gold
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substrate, Iwasita et al. determined acetaldehyde, acetic acid
and CO, as the main products.?>** Variation of neither the Ru
content nor the ethanol concentration led to other detectable
products, but acetaldehyde was found to become increasingly
dominant with increasing ethanol concentration.’*?’ Re-
cently, it was concluded from in situ IR measurements that
the addition of tin, e.g., in Pt3Sn/C catalysts, is beneficial for
the C—C bond breaking activity in ethanol oxidation and in
addition offers OH species at lower potentials.***®3' On the
other hand, results of a recent DEMS study did not support an
increased selectivity for CO, formation of the PtRu/C or
Pt3Sn/C catalysts compared to Pt/C.!32527

In the following we will, after a brief description of the
experimental set-up and procedures used in this study, first
present results on the physical characterization of the carbon
supported Pt (40 wt% Pt), PtRu (30 wt% Pt, 15 wt% Ru) and
Pt3Sn (20 wt% Pt, 4 wt% Sn) catalysts by transmission
electron microscopy (TEM) and X-ray diffraction (XRD)
(section 3.1). This is followed by electrochemical and on-line
DEMS measurements of the activity and selectivity of these
catalysts towards ethanol oxidation (sections 3.2 and 3.3). The
last section concentrates on the formation and identification of
stable adsorbates and (volatile) reaction products upon inter-
action with ethanol at specific potentials (section 3.4) by
electrochemical and DEMS measurements (‘oxidative strip-
ping’) (section 3.4.1) and by in situ IR spectroscopy (section
3.4.2). The catalysts were prepared by a modified polyol
method,*? preliminary DEMS data on the EOR on similar
type catalysts were reported in ref. 25.

2. Experimental

2.1 Catalyst preparation

H2PtC16 . 6H20, RUC13 . XHzO and SnC12 . 2H20 (all AR
grade) were used for the synthesis of the Pt/C, PtRu/C and
Pt3Sn/C catalysts; Vulcan XC-72R carbon black (Cabot
Corp., Sger = 237 m? g7') served as support material for
all samples. The required amounts of Pt, Ru and Sn com-
pounds were added to ethylene glycol (EG) to obtain a
mixture containing 2 mg metal per ml solvent. The mixture
was stirred for 1/2 h at room temperature to obtain a homo-
geneous solution. The required amount of sodium hydroxide
(1 M in EG) was added instantaneously to increase the pH
value of the solution to above 13. Subsequently, the mixture
was heated to 160 °C at a rate of 10 °C min~" in an oil bath
and kept at this temperature for 3 h. The required amount
of Vulcan XC-72R was then added and the resulting mixture
was stirred for another 2 h to deposit the metal particles
on the support. After cooling down, the mixture was filtered
to get a black filtered cake, which was washed in hot deionized
water (80 °C) to remove organic residues and other ions.
Then the filtered cake was dried at 80 °C for 10 h with a
heating rate of about 5 °C min~" in a vacuum oven. The noble
metal loadings obtained for the Pt/C, PtRu/C and Pt;Sn/C
catalysts were 40 wt%, 45 wt% (nominal atomic ratio Pt : Ru
= 1:1) and 24 wt% (nominal atomic ratio Pt : Sn = 3: 1),
respectively.

2.2 Physical characterization

XRD patterns of all samples were obtained with an X Pert PR
X-ray diffractometer using Cu Ko radiation. The 260 angular
scan was measured from 15-85° with a scan rate of 0.02°
step~! and 10 s step”! (tube current 30 mA, tube voltage 40
kV). Transmission electron microscopy (TEM) was employed
for the structural characterization of the catalysts, using a
TECNAI F30 transmission electron microscopy (FEI Corp.).

2.3 Electrochemical and DEMS measurements

The electrochemical measurements (cyclic voltammetry (CV)
and linear sweep voltammetry (LSV) measurements) were
performed in a standard three-electrode RDE set-up (Pine
Instruments) without rotation. A Pt foil and a saturated
calomel electrode (SCE) were used as counter and reference
electrodes, respectively. The preparation of the working elec-
trodes was described previously.?? In short, 5 mg of the
respective catalyst was dispersed in a mixture of 1 ml water,
1 ml ethanol and 50 pl Nafion® solution (5 wt%) under
ultrasonic stirring to form a homogeneous catalyst ink. 10 pl
of this mixture was pipetted onto a polished glassy carbon
(GC) disk with a diameter of 6 mm to form a homogeneous
catalyst layer.

The DEMS set-up used for the electrochemical measure-
ments and the preparation of the carbon supported Pt and Pt
alloy catalyst thin film electrodes have been described in
previous publications.*® ¢ The DEMS set-up consists of two
differentially pumped chambers, a Balzers QMS 112 quadru-
pole mass spectrometer, and a Pine Instruments potentiostat.
In order to avoid interference with Cl™ ions, the reference
electrode was separated from the main electrochemical cell by
using a salt bridge containing the same solution as in the cell.

Prior to the measurements the electrode potential was
scanned in the supporting electrolyte (0.5 M H,SO,) at a scan
rate of 100 mV s™! to clean the surface (from 0.06 to 1.16 V,
0.6 V, and 0.7 V for Pt/C, Pt;Sn/C, PtRu/C, respectively). To
quantify the adsorbates produced on the surface of the carbon
supported Pt, Pt3Sn and PtRu catalysts upon interaction with
ethanol at different potentials, adsorbate stripping experi-
ments were carried out after accumulation of ethanol adsor-
bate for a fixed time in ethanol containing electrolyte in
potentiostatic measurements. The procedure of these measure-
ments was as follows: After electrode cleaning, the electrolyte
was switched from the supporting electrolyte bottle to the
ethanol containing electrolyte bottle, keeping the electrode
potential of 0.06 V until the baseline was stable. After that, the
potential was stepped to the respective adsorption/reaction
potential for 5 or 15 min to obtain (close to) steady-state
currents. Then the electrolyte was switched from the ethanol-
containing electrolyte back to the supporting electrolyte and,
at the same time, the potential was stepped back to 0.06 V.
After rinsing the cell with supporting electrolyte, the adsorbed
species deposited on the surface under reaction conditions,
were oxidized in a potential scan from 0.06 to 1.16 V, record-
ing the Faradaic current and the mass spectrometric currents
simultaneously. To avoid any interference between the CO,™
and CH;CHO™" ion currents (both at m/z = 44), the forma-
tion of CO, was monitored at m/z = 22 (CO,>").!337 For
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each potential studied a freshly prepared electrode was used to
avoid effects resulting from EOR residues or possible losses of
Sn or Ru.

2.4 In situ FTIR spectroscopy measurements

Electrochemical in situ FTIR spectroscopic studies were per-
formed on a Nexus 870 spectrometer equipped with a liquid
nitrogen cooled MCT-A detector and an EverGlo IR source,
as described in ref. 38. The electrode used for the IR study was
prepared in the same way as that used for the CV and LCV
measurements. A CaF, disk was used as the IR window, and
the electrode was pressed against the IR window to create a
thin solution layer with a thickness of a few micrometers for in
situ FTIR measurements. The IR radiation from the IR source
passed through the CaF, window with an incident angle of 60°
and the thin-layer solution, then reflected from the electrode
surface. The spectra were collected using single potential-
alteration infrared spectroscopy (SPAIRS)* procedures at
stepwise increased potentials. At each potential, 1000 inter-
ferograms (each interferogram takes 0.46 s) at a spectral
resolution of 8 cm™' were co-added into a spectrum. The
resulting spectrum is defined as AR/R = (R(Es) — R(ER))/
(R(ER) — R(Ew)), where R(Es) and R(ER) are single-beam
spectra recorded at sample potential (Es) and reference po-
tential (ER), respectively. R(Ew) is the single-beam spectrum
of the IR window, which depends on the material and the
shape of the window. Following this definition, a negative
peak in the resulting spectrum represents IR absorption at Eg,
equivalent to a production of species, while a positive peak
signifies IR absorption at Er and therefore consumption of the
reagent. Pure N, and dry air (CO, excluded) were used to
purge the electrolyte and the IR spectroscope, respectively, to
reduce contributions from CO, and water vapor. All poten-
tials given in this paper are referenced to that of the reversible

hydrogen electrode (RHE), the measurements were performed
at room temperature of around 25 £+ 2 °C.

3. Results and discussion

3.1 Physical characterization of the catalysts

Fig. 1 shows TEM images of Pt/C, PtRu/C, and Pt3;Sn/C
catalysts and the corresponding histograms of the particle size
distribution. The metal particles, with a mean diameter of 2-3
nm, are uniformly distributed on carbon supports. From the
histograms of the particle size distribution, it is clear that 90%
of the particles in the Pt/C catalyst have diameters between
1.7-3.2 nm, while for the PtRu/C and Pt;Sn/C catalysts the
corresponding values are 1.2-2.7 nm. Therefore, for bimetallic
catalysts there is a trend of decrease in the particle size,
compared to pure Pt nanoparticles. The results suggest that
the addition of Ru or Sn to Pt can reduce the agglomeration of
Pt particles during the synthesis process, which was also
reported in the literature.3>*** The physical origin for this
phenomenon, however, is still under discussion.

In the XRD patterns (Fig. 2), the diffraction peaks of the
Pt/C catalyst are much sharper than those of the PtRu/C and
Pt3Sn/C catalysts, supporting the TEM based conclusion that
the metal particles in the Pt/C catalyst are larger than those in
the two bimetallic catalysts. A quantitative evaluation of the
Pt(220) line based on the Scherrer equation yielded a mean
particle size of 3.3 nm for the Pt/C catalyst; for the other two
catalysts the particle size could not be evaluated because of a
too low intensity of that line (PtRu/C) or because of the
presence of a SnO, related line overlapping the Pt(220) line
(Pt3Sn/C). Only Pt diffraction peaks are observed for PtRu/C,
with no indications of Ru or Ru oxides. The diffraction peaks
of Pt for the PtRu/C catalyst are shifted to higher angles,
indicative of PtRu alloy formation.** For the Pt;Sn/C catalyst,
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TEM images and the corresponding particle size distributions of (a) Pt/C, (b) PtRu/C, (c) Pt;Sn/C catalysts.
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Fig. 2 X-Ray diffraction patterns of (a) Pt/C, (b) PtRu/C, (c)
Pt;Sn/C catalysts.

the Pt related diffraction peaks are shifted to lower angles,
indicating Pt;Sn alloy formation.3>*® In addition, we observed
two weak peaks for tin oxide at around 34° and 52° (PCPDF
411445),* which indicates that after preparation tin oxide co-
exists with the Pt;Sn alloy in the Pt;Sn/C catalyst.*’

3.2 Activity of Pt, PtRu, and Pt;Sn towards ethanol
electrooxidation

The activity of the three catalysts was first evaluated in CVs
(see Fig. S1 in the electronic supplementary informationt),
together with the base CVs. The upper potential limit of the
base CV and of CVs in ethanol containing electrolyte (poten-
tiodynamic ethanol oxidation) on the PtRu/C and Pt;Sn/C
catalysts was set to 0.7 and 0.6 V, respectively, to avoid
dissolution of the non-noble metal in the catalysts.***” The
Faradaic currents are normalized to the active surface areas,
which were determined by CO,q stripping®® to be 81, 111 and
88 m? g | for the Pt/C, PtRu/C and Pt;Sn/C catalyst,
respectively. The CO,q stripping curves on the three catalysts
are presented later in Fig. 4-6, respectively.

In these measurements the current densities at 0.6 V de-
crease in the order of Pt;Sn/C > Pt/C > PtRu/C. At
potentials lower than 0.57 V, this changes to Pt3Sn/C >
PtRu/C > Pt/C. The better performance of Pt/C at potentials
positive to 0.6 V is ascribed to a combination of two effects,
the higher efficiency of Pt for C—C bond breaking and the
increased formation of OH species at these potentials which
can remove the strongly adsorbed CO,4 species from the Pt
surface. Due to the rather low upper potential limit in the
scans, the curves show no distinct maximum, which based on
literature reports would be expected to be around 0.8 V on
PtRu/C'>?° and 0.95 V on the Pt;Sn/C catalyst,>!'>*? respec-
tively. Hydrogen adsorption is clearly inhibited on the three
catalysts, indicating that the active sites of the catalysts are
occupied by the reaction intermediates/side products gener-
ated from ethanol dissociation at higher potentials in the
preceding negative-going scan. The identification of the ad-
sorbed species and products will be discussed later, together
with in situ FTIR and on-line DEMS results. In order to
determine the onset potentials for ethanol electrooxidation on
the different catalysts more precisely, LSV experiments were

carried out at a slow scan rate of 1 mV s~! on the Pt/C, PtRu/
C and Pt3Sn/C catalysts (for polarization curves see Fig. S2 in
the ESIY). The profiles show that the onset of ethanol oxida-
tion is just above 0.1 V on the Pt;Sn/C catalyst, while on the
PtRu/C and Pt/C catalysts the reaction commences at 0.3 and
0.4 V, respectively. In addition, at higher potentials (0.6-0.7
V), the EOR Faradaic current density was much higher on
Pt3Sn/C than on the other two catalysts. At potentials of
technical interest, around 0.4 V, the current density on the
Pt/C catalyst is negligible, while on the PtRu/C and Pt;Sn/C
catalysts it is 0.008 and 0.026 mA cm 2, respectively. Thus, the
Pt3Sn/C catalyst is much more active under these conditions
than the Pt/C and even the PtRu/C catalyst, with similar Pt
loadings for the alloy catalysts (half of that of the Pt/C
catalyst) and all catalysts prepared by the same modified
polyol method. This result resembles findings by Lamy et al.,
who reported a higher activity for Pt Sn/C catalysts prepared
via a co-impregnation/reduction method' or via the “Bénne-
mann” method? for ethanol oxidation than for PtRu/C and
Pt/C catalysts.

3.3 Selectivity of Pt/C, Pt3Sn/C, and PtRu/C catalysts
towards the EOR

The selectivity of the Pt/C, Pt3;Sn/C, and PtRu/C catalysts in
the EOR was investigated by quantitative potentiostatic elec-
trochemical and DEMS measurements of the EOR product
distribution, performed at room temperature under fuel cell
relevant mass-transport and continuous reaction conditions.
Faradaic and mass spectrometric current transients, follow-
ing the formation of CO, (m/z = 22) and acetaldehyde (m/z =
29) after a potential step from 0.06 V to the respective reaction
potential, are presented in Fig. 3 (0.5 M H,SO, + 0.1 M
ethanol solution). For the Pt/C catalyst, we investigated
reaction potentials of 0.5, 0.6, and 0.7 V. At lower potentials,
the Faradaic current is negligible due to the surface poisoning
by CO,q resulting from the dissociative adsorption of ethanol.
For the PtRu/C and Pt;Sn/C catalysts, the lowest reaction
potential could be reduced to 0.4 V due to their higher
reactivity. On all three catalysts, the steady-state Faradaic
current density (data obtained 15 min after the potential step)
increased with potential. At technically interesting potentials
lower than 0.5 V, the Faradaic current densities on Pt;Sn/C
and PtRu/C are similar, and both are distinctly higher than
that on Pt/C. On the other hand, the Faradaic current density
on the Pt;Sn/C catalyst is much higher than on the PtRu/C
and Pt/C catalysts at potentials of 0.5 V or above, where
adsorbed residues start to be oxidized on the Pt;Sn/C and Pt/C
catalysts, and are largely oxidized on the PtRu/C catalyst (see
section 3.4.1). The lower onset potential for ethanol adsorbate
oxidation on the PtRu/C catalyst compared to the other
catalysts indicates that PtRu/C is most efficient for adsorbate
oxidation among the three catalysts. However, the Faradaic
currents for the EOR on these catalysts mainly originate from
the formation of C2 products rather than from complete
oxidation of the adsorbates to CO,, as evidenced by the
DEMS results in section 3.4.1. The Faradaic current of the
EOR on the Pt3Sn/C catalyst is the highest for the same
reason, dominant C2 formation, even though the adsorbate
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Fig. 3 Simultaneously recorded Faradaic and ion current (m/z = 22, m/z = 29) transients for ethanol oxidation on (a) Pt/C, (b) PtRu/C, and (c)
Pt;Sn/C in 0.1 M CH5CH,OH + 0.5 M H,SO, solution at constant electrode potentials, recorded upon stepping the potential from 0.06 V to the

respective reaction potential (catalyst loading: 140 pg cm™2).

oxidation is not as facile as on the PtRu/C catalyst. The
adsorption/dissociation of ethanol most likely occurs on Pt
sites, while the second component provides OH species for
CO,q4 oxidation. Therefore, although Ru and Sn act as OH
donors, the number of Pt sites at the surface, and thus
dissociative adsorption, is decreased, without any improve-
ment of the EOR selectivity for complete oxidation.

To analyze the EOR product distribution on the three
catalysts in detail, the current efficiencies (4;) and product
yields (W) for CO,, acetaldehyde and acetic acid formation at
different potentials in 0.1 M ethanol + 0.5 M H,SO, solution
were calculated and listed in Table 1 (for details of the
evaluation see ref. 37). At lower potentials, at 0.4 V on
Pt3Sn/C and at 0.5 V on Pt/C, the CO, formation rate is too
low to calculate the efficiency for CO, formation. In general,
on all three catalysts the current efficiency and product yield
for CO, decrease with increasing potential, although the
absolute amount of CO, formation increases slightly. Depend-

ing on the reaction potentials, the CO, current efficiency on
these catalysts reaches at most 2% (the corresponding CO,
yield is less than 1%). At the same potential, the current
efficiency for CO, formation is slightly higher on the Pt;Sn/C
than on the PtRu/C catalyst, but lower than that on the Pt/C
catalyst. At a potential of 0.6 V, the CO, current efficiencies
are ~1% for Pt;Sn/C and PtRu/C, and ~2% for Pt/C,
respectively. Correspondingly, acetaldehyde and acetic acid
are the majority products in the EOR within the investigated
potentials. On the Pt3Sn/C catalyst, the current efficiency for
acetaldehyde formation increases with potential, while that for
acetic acid decreases correspondingly, in good agreement with
previous results obtained on the same catalyst in 1 M ethanol
+ 0.5 M H,SO, solution.?> Comparing two different ethanol
concentrations (0.1 M and 1 M ethanol solution), the current
efficiency and product yield for acetic acid increases with
decreasing ethanol concentration (0.1 M ethanol), similar
to the behavior of Pt/C.*7 This trend can be explained by the

Table 1 Faradaic currents, current efficiencies (4;) and product yields (W;) for CO,, acetaldehyde and acetic acid formation during ethanol
oxidation on Pt/C, PtRu/C, and Pt;Sn/C catalysts at different potentials in 0.1 M ethanol + 0.5 M H,SO, solution (data recorded 15 min after a

potential step from 0.06 V to the respective reaction potential)

Inormatized’/  A{CO»)  A(CH;CHO)  A4{(CH3;COOH)  W(COy) W{(CH;CHO)  W{(CH;COOH)
Catalyst E/V vs. RHE  mA cm (%) (%) (%) (%) (%) (%)
Pt;Sn/C 0.4¢ 0.003 — 53.1 46.9 — 69.4 30.6
0.5 0.014 2.3 46.0 51.7 1.1 63.3 35.6
0.6 0.055 1.2 53.9 44.9 0.5 70.2 29.3
0.7 0.080 0.8 49.7 49.5 0.4 66.5 33.1
PtRu/C 0.4¢ 0.004 1.1 41.5 57.4 0.5 58.8 40.7
0.5 0.013 1.1 322 66.7 0.6 48.8 50.6
0.6 0.030 0.8 31.7 67.5 0.4 48.2 51.4
0.7 0.043 0.6 30.9 68.5 0.3 473 52.4
Pt/C 0.5 0.007¢ — 50.0 50.0 — 66.7 33.3
0.6 0.035 2.1 43.1 54.8 1.0 60.5 38.5
0.7 0.060 1.5 46.4 52.1 0.7 63.6 35.7

“ Larger error in the determination of the product distribution due to a low signal-to-noise ratio. * The Faradaic current is normalized by division
by the active surface area S, determined by CO,q4 stripping. ¢ Values obtained 5 min after the potential step to 0.5 V.
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re-adsorption and further oxidation of incomplete oxidation
products, which is more efficient at lower concentrations.*® On
the PtRu/C catalyst, the current efficiency for acetaldehyde
decreases from 42% to 32% when the reaction potential is
changed from 0.4 to 0.5 V, and then remains constant for
increasing potential up to 0.7 V, which agrees closely with the
trend on a similar type of 40 wt% PtRu catalyst in 1 M
ethanol.?® Also in this case, more acetic acid was formed in the
0.1 M ethanol electrolyte, which can be explained by the same
‘re-adsorption and oxidation’ mechanism. Furthermore, more
acetic acid was produced on the PtRu/C catalyst at each
investigated potential than on the other catalysts (0.6 and
0.7 V: 67% current efficiency/52% product yield) (see Table 1).
The higher production of acetic acid on the PtRu/C catalyst
can be explained by the larger amount of available OH species
on Ru sites than on Sn or Pt sites, making re-adsorption and
further oxidation of acetaldehyde more effective on this cata-
lyst than on the other ones.

3.4 Ethanol adsorbates on carbon supported Pt, PtRu, and
Pt3Sn catalysts

Topics of this section are the identification and quantification
of the adsorbed decomposition products, which are produced
during the interaction with ethanol under reaction conditions
on the Pt/C, PtRu/C, and Pt3Sn/C catalysts, by on-line DEMS
and in situ FTIR techniques. It should be noted that the
adsorbate coverage determined from DEMS measurements
is calculated on the premise that only C1 species are adsorbed.
In the FTIR measurements, approximate values of the CO,q
coverage are determined assuming that the COp intensity
detected on the respective catalyst is proportional to the CO,q
coverage. It should be noted that CO,4 adsorbed on bridged
and multiple sites (COy) have been observed upon ethanol
oxidation on a Pt film electrode using in situ attenuated
reflection Fourier transform IR spectroscopy (ATR-FTIRS)
techniques,*->® which will contribute to the CO,q coverage.
These species were not observed in the present measurements,
most likely because of the lower sensitivity, and therefore not
included in the coverage determination.

3.4.1 DEMS measurements upon ethanol adsorption/oxida-
tion. The coverages of the carbon containing adsorbates
resulting from the dissociative adsorption of ethanol (‘ethanol
adsorbates’) on the Pt/C, PtRu/C, and Pt;Sn/C catalysts at
specific adsorption/reaction potentials were quantified by
oxidative stripping of the adsorbed species using on-line mass
spectrometric detection of CO,. The results are compared with
the data from CO,4 stripping experiments (oxidative stripping
of a pre-adsorbed CO adlayer).

The simultaneously recorded CVs and MSCVs (m/z = 22)
recorded after interaction of the catalyst with ethanol at
different adsorption/reaction potentials between 0.06 and
0.70 V (adsorption/reaction time: 5 min) and after pre-adsorp-
tion of CO on Pt/C, PtRu/C, and Pt;Sn/C catalysts in 0.5 M
H,SO, are shown in Fig. 4-6, respectively. To evaluate the
effect of the adsorption time on the adsorbate coverage for the
three catalysts, similar adsorption experiments were also per-
formed with 15 min adsorption times. Since the shapes of the
CVs and MSCVs are similar in both cases, only the curves
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Fig. 4 CVs and MSCVs (m/z = 22) for the oxidation of ethanol
adsorbates accumulated upon adsorption/reaction at different poten-
tials (5 min) and of pre-adsorbed CO on a Pt/C catalyst in 0.5 M
H,SO, (catalyst loading: 140 pg cm™2).

obtained after 5 min adsorption time are shown in the
presentation. The oxidation of ethanol adsorbates on the
Pt/C and Pt3Sn/C catalysts occurs in two potential regions,
as described in ref. 51, in the low potential region below 0.85 V
and in the high potential region above 0.85 V. For the PtRu/C
catalyst, these two regions are not that clearly separated. On
the Pt/C and Pt;Sn/C catalysts, the oxidation of ethanol
adsorbates commences at 0.5 V and passes through a broad
maximum centered at about 0.7 V, while on the PtRu/C
catalyst, the oxidation of ethanol adsorbates starts at 0.3 V
and peaks at 0.6 V. These results compare qualitatively with
the onset potential for CO, formation detected in the FTIR
spectra (see section 3.4.2). On all three catalysts, most of the
ethanol adsorbates could be oxidized to CO, in the lower
potential region; only a small fraction of them persists and is
oxidized to CO, in the higher potential region.’' In contrast,
oxidation of pre-adsorbed CO (CO,q) starts at 0.65, 0.4, and
0.3 V on the Pt/C, PtRu/C, and Pt;Sn/C catalysts, respec-
tively. Compared with the respective ignition potential for
CO,q4 oxidation, the oxidation of ethanol adsorbates starts at
significantly lower potentials on the Pt/C or PtRu/C catalysts.
These results agree well with observations from IR measure-
ments on Pt film electrodes.***>* In contrast, on the Pt;Sn/C
catalyst, ethanol adsorbate oxidation starts at much higher
potentials than the ignition potential for CO,4 oxidation,
which is also consistent with the findings from FTIR spectro-
scopy (section 3.4.2).

The relative coverage of ethanol adsorbates was calculated
as the ratio between the mass spectrometric charge of the
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Fig. 5 CVs and MSCVs (m/z = 22) for the oxidation of ethanol
adsorbates accumulated upon adsorption/reaction at different poten-
tials (5 min) and of pre-adsorbed CO on a PtRu/C catalyst in 0.5 M
H,SO, (catalyst loading: 140 pg cm™?).

mjz = 22 peak (CO,>") for the oxidation of ethanol adsor-
bates (from Fig. 4-6) and that obtained from oxidation of a
saturated CO adlayer on the respective catalyst, Oco sat (CO
adsorption at 0.06 V, m/z = 22 signal). The resulting cov-
erages 0co el are shown for different adsorption potentials in
Fig. 7. Note that this calculation does not correct for small
amounts of adsorbed C2 species possibly present on the sur-
face. For comparison, the relative coverage of ethanol adsor-
bates on a commercial 20 wt% Pt/C catalyst®' is also plotted in
Fig. 7. On all catalysts, the adsorbate coverage increases
significantly when increasing the adsorption time from 5 to
15 min, indicating that ethanol adsorption is rather slow. For
15 min adsorption time, the (relative) adsorbate coverage on
the 20 wt% Pt/C is comparable to that on the 40 wt% Pt/C
catalyst. In addition, the potential dependence of the adsor-
bate uptake is similar on both Pt/C catalysts in the potential
regime investigated. At the lowest adsorption potential of 0.06
V, the adsorbate coverage on the carbon supported Pt cata-
lysts is negligible. Apparently, the relatively strong adsorption
of Hypq almost completely inhibits the dissociative adsorption
of ethanol at low potentials (<0.1 V).>! The relative adsorbate
coverage on the PtRu/C and Pt3Sn/C catalysts at such low
potentials is slightly higher than on the Pt/C catalyst, indicat-
ing that dissociative adsorption of ethanol on these two
catalysts is more facile. This can be understood by the weaker
and less efficient H,pq adsorption on the former catalysts (see
Fig. S1 of the ESI}), which makes it more facile for these
catalysts to (dissociatively) adsorb ethanol within the Hypqg
potential range.
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Fig. 6 CVs and MSCVs (m/z = 22) for the oxidation of ethanol
adsorbates accumulated upon adsorption/reaction at different poten-
tials (5 min) and of pre-adsorbed CO on a Pt;Sn/C catalyst in 0.5 M
H,SO, (catalyst loading: 140 pg cm™?).

Léger et al. also reported that the addition of Sn to Pt
activates the dissociative adsorption of ethanol and the clea-
vage of the C—C bond at lower potentials.’>*! However, for
adsorption potentials above 0.1 V, the adsorbate coverage on
Pt/C increases sharply and exceeds that on the PtRu/C and

0.7 T T T T T T T T T T T T T T

" " 1 n 1 " L i
0.0 0.1 0.2 0.3 04 0.5 0.6 0.7
E/Vvs. RHE

Fig.7 Relative coverage of ethanol adsorbates compared to that of a
saturated CO adlayer for different adsorption potentials on Pt/C (O
adsorption time: 5 min, M adsorption time: 15 min), PtRu/C (A: 5 min
adsorption time, A: 15 min adsorption time), and Pt;Sn/C (3¢ : 5 min
adsorption time, % : 15 min adsorption time). A commercial 20 wt%
Pt/C catalyst (E-Tek) (O)' is included for comparison (catalyst
loading: 140 pg cm™2, 10 min adsorption time).
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Pt3Sn/C catalysts, achieving a maximum values of 0.28 0¢co sat
and 0.63 Oco s at an adsorption potential of around 0.4 V
after 5 min and 15 min adsorption time, respectively. On the
PtRu/C and Pt3Sn/C catalysts, maximum coverages of 0.2
0cosat and 0.27 Oco sar, respectively, are reached at 0.2 and
0.4 V, respectively, after 5 min adsorption time. Increasing the
adsorption time to 15 min, the adsorbate coverage increases to
0.26 and 0.53 Oco sat for the PtRu/C and Pt;Sn/C catalysts at
0.4 V, respectively.

In total, the more facile ethanol adsorption on the bimetallic
catalysts at low potentials (<0.1 V) results from the more
efficient blocking of the Pt/C catalyst by H,,q, while at more
positive potentials the higher activity of Pt for C-C bond
breaking results in faster ethanol adsorption and a higher
saturation coverage on the Pt/C catalyst. The ignition poten-
tials for CO, formation, which are similar for Pt/C and Pt;Sn/
C, and lower for PtRu/C, reflect the lower potential for OH
formation on the latter catalysts.

3.4.2 Identification of the intermediates and products by in
situ FTIR spectroscopy. Fig. 8 shows sequences of in situ FTIR
spectra recorded during ethanol electrooxidation on the Pt/C,
PtRu/C and Pt3Sn/C catalysts, while varying the electrode
potential Eg stepwise from 0.14 to 0.84 V (reference potential
0 V). One dominant feature is a bipolar band with its negative
peak at 2030 cm ™! and its positive peak gradually shifting to
higher frequencies as Eg increases.*®>? The bipolar band is
assigned to IR absorption by linearly adsorbed CO (COp),
produced by the dissociative adsorption of ethanol on the
electrocatalyst surface. The bipolar shape results from the
subtraction of the two Stark-shifted, positive COp bands at
sample and reference potential, respectively (see section 2),
which leads to a positive peak at Eg. Anomalous IR properties
of CO adsorbed on nanoscale materials of noble metals, as
evidenced by the positive ‘absorption’ peak, have been re-
ported previously and discussed in detail by Sun’s group®®>?
(see also the related discussion in ref. 54 and 55). The IR
features of the COy bipolar band are similar on the Pt/C,
PtRu/C and Pt;Sn/C catalysts (see Fig. 8b and 8c), while the
peak position and intensity vary between the catalysts due to
their different adsorption properties. A negative peak (corre-
sponding to IR absorption at Eg) near 2345 cm™ ! is attributed
to the asymmetric stretch vibration of CO, which appears at
about 0.49 V on the Pt/C and Pt3Sn/C catalysts, but already at
0.34 V on the PtRu/C catalyst.

Another band located at around 1715 cm ™, assigned to the
stretch vibration of the C—O bond in acetaldehyde and/or
acetic acid as partially oxidized reaction products, appeared at
a potential of about 0.49, 0.34, and 0.24 V on the Pt/C, PtRu/
C, and Pt3Sn/C catalysts, respectively, indicating that the C2
products are more easily formed on the Pt3Sn/C catalyst than
on the other ones. Actually, it is difficult to distinguish
between the carbonyl groups in acetaldehyde and acetic acid,
since the C=O0 bands in these compounds are very close, at
1713 and 1715 em™ !, respectively.7 In addition, we find four
other negative bands located between 1400 and 100 cm™'. For
the Pt3Sn/C catalyst, where these IR bands are strongest, they
appear at 1391, 1368, 1277, and 1108 cm ™" at potentials higher
than 0.24 V. The bands at 1391 and 1277 cm ™" are attributed
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Fig. 8 In situ FTIR spectra recorded during ethanol electrooxidation
on the (a) Pt/C, (b) PtRu/C, and (c) Pt3Sn/C catalyst in 0.1 M H,SO,4
+ 0.1 M C,HsOH solution. 1000 interferograms (resolution 8 cm™")
were collected and co-added into each spectrum (catalyst loading:
86 pg cm ).

to the C-O stretch and O-H deformation vibrations in acetic
acid, the peaks at 1368 and 1108 cm™! are due to the CH;
symmetric deformation and C—H wagging vibration in acet-
aldehyde (see Table 2). At potentials above 0.49 V, a wide
peak around 2622 cm ™! appears, which may be ascribed to an
overlap of the C—H stretch (2700 to 3000 cm™") and a broad
band of the O—H stretch of the carboxylic group between 2500
and 3000 cm ™" in acetic acid. The positive bands (correspond-
ing to more pronounced IR absorption at Ey) at 2977 and
1455 cm™' are assigned to a C—H stretch and a coupled
vibration of the O-H in-plane deformation and the C-O
stretch vibration in ethanol in the solution, whose intensity
decays due to ethanol consumption in the thin electrolyte
layer. In addition, the positive absorption band located close
to 1650 cm™! indicates the consumption of interfacial water.
The negative peaks at 1190 and 1057 cm ™' can be attributed to
IR absorption by adsorbed (bi-)sulfate upon CO,4 removal.
For the Pt/C and PtRu/C catalysts, which exhibit similar
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Table 2 Assignments of the fundamental bands in the spectra in Fig. 8

Wavenumber/cm ™! Assignment Ref.

2977, 2901 C—H stretching 12, 56
2062, 2030 COy, (C=O0 stretching) 12, 14,22
2342 CO,, asymmetric stretching 12, 14, 22
1715 C=0 stretching of acetaldehyde/acetic acid 12, 14, 22
1650 O-H bending in H,O 12, 57
1455 Coupled vibration of in plane O-H deformation and C-O stretching in C,HsOH 58

1391, 1277 C-O stretching and O-H deformation in CH;COOH 2,7,23
1368, 1108 CHj3 symmetric deformation and C—H wagging in CH;CHO 2,7, 58
1190, 1057 HSO, .4 58

spectral features, the same assignment can be used (see com-
pilation in Table 2).

The COy band intensities on the Pt/C, PtRu/C, and Pt3;Sn/C
catalysts at different potentials are plotted in Fig. 9. Because of
the problems in integrating the intensity of the COy band
caused by its bipolar shape, the peak-to-peak values of the
bipolar band were used instead. For comparison, the inte-
grated intensity of the CO, band on the three catalysts is also
included in Fig. 9. On all three catalysts, the COp band
intensity follows a volcano-type behavior, with a low COp
intensity at low potentials, an increase with higher potential up
to a maximum value which is reached between 0.4 and 0.5 V
on the Pt/C catalyst and at 0.36 V on the PtRu/C and Pt3Sn/C
catalysts, and a subsequent decay due to increasing CO,q
oxidation and/or decreasing CO,q formation (C-C bond
splitting). At each potential, the COr band intensity is highest
on the Pt/C catalyst, indicating that C—C bond splitting is
more facile and CO,q is less efficiently removed on Pt/C than
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Fig. 9 IR band intensities of COy (peak-to-peak value in the bipolar

peak) (M) and CO, (integrated intensity) (A) during adsorption/

oxidation of ethanol at different electrode potentials (data from
Fig. 8).

on the other catalysts. On the Pt/C catalyst, the resulting COp
could only be oxidized when the potential is above 0.45 V, in
contrast to the bimetallic catalysts, where, after passing the
maximum at 0.36 V, the COy band intensity descends slowly
for the PtRu/C catalyst and even slower for the Pt;Sn/C
catalyst (see also section 3.4.1). This implies that COy oxida-
tion is faster on the PtRu/C catalysts than on Pt;Sn/C at
potentials higher than 0.36 V, which is also confirmed by the
more pronounced increase of the CO, signal on the PtRu/C
catalyst (see the next paragraph).

Further information on the CO,4 oxidation behavior is
obtained from the CO, band intensity, which during CO,q
oxidation increases at the expense of the COy intensity on the
three catalysts (see Fig. 9). The formation of CO, commences
at about 0.25 V on the PtRu/C catalyst and at 0.45 V on the
Pt/C and Pt3Sn/C catalysts, indicating that under present
conditions COyp species are more easily removed on the
PtRu/C catalyst than on the other ones. This contrasts the
behavior observed in CO,q4 oxidation (CO,q4 from CO adsorp-
tion), where CO, formation starts at substantially lower
potential on Pt;Sn/C than on PtRu/C or even Pt/C). One
might speculate whether this is due to a different bonding
situation of the CO,q4 or whether this difference simply results
from a different CO,q coverage and adlayer composition
obtained upon ethanol adsorption or CO adsorption. The
CO, intensity increases with potential until 0.69 V, in good
agreement with the results reported in ref. 30. For the Pt/C
and PtRu/C catalysts, the CO, band intensity decreases slowly
from 0.69 to 0.84 V, with the decay on the Pt;Sn/C catalyst
being even slower. When the potential is above 0.5 V, more
CO, is detected over the Pt/C catalyst than over the Pt;Sn/C
catalyst at the same reaction potential. This latter result is
similar to our findings from the DEMS measurements (section
3.4.1). The slight differences in the potential dependence of the
adsorbate coverages derived from the DEMS and FTIR
measurements are most simply explained by the differences
in the experimental protocol and the transport conditions in
the two types of experiments. The DEMS experiments were
carried out under continuous flow conditions and at a fixed
potential, starting with a freshly prepared electrode at each
potential, while the IR measurements were performed in
stagnant electrolyte, changing the potential stepwise to higher
potentials. The different transport characteristics lead to a
continuous removal of acetaldehyde and acetic acid from the
electrode, while in the thin-layer IR configuration, intermedi-
ates are trapped in the catalyst layer and can be further
oxidized. In addition, the metal loading in the three catalysts
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also influences the intensity of the IR signals. This should lead
to higher CO, and CO,q4 signals for the higher loading Pt/C
catalyst compared to the bimetallic catalysts, while the elec-
trochemical and mass spectrometric signals are normalized to
the active surface area, removing the loading effects.

Finally we would like to note that the intensity of the COL
band assumes its minimum value at the same potential where
the intensity of the CO, related band reaches its maximum,
similar to reports by Léger et al.>*>! This result, together with
the time spent at each potential (460 s in the IR measure-
ments), underlines that CO, formation is not only possible by
oxidation of adsorbed CO species formed at lower potentials,
but can also occur via dissociation and subsequent oxidation
of C2 species at higher potentials, in agreement with the
DEMS results presented in section 3.4.1 and ref. 51.

In total, the FTIR measurements have shown that, in
addition to the strongly adsorbed CO,4 species and CO,,
C=0 containing products are also formed in the EOR, in
agreement with the DEMS results. The FTIR measurements
cannot distinguish, however, between acetaldehyde or acetic
acid as the two most likely candidates. The increasing forma-
tion of CO, correlates with a decrease in COy_ species intensity
and hence in COp coverage. Removal of the COp species
commences at lower potentials on the PtRu/C and Pt;Sn/C
catalysts than on the Pt/C catalyst. With increasing potential,
the decay of the COp intensity and the increase of CO,
intensity are less pronounced for Pt;Sn/C than for PtRu/C,
reflecting a higher activity of the PtRu/C catalyst for COp
oxidation/CO, formation under these conditions. While the
trends are compatible with the DEMS results presented be-
fore, a quantitative comparison between results from the two
techniques has to consider the different catalysts’ loadings and
experimental conditions in the two types of experiments.

4. Conclusions

We have presented and discussed results of a comparative in
situ spectro-electrochemical study on the interaction of etha-
nol with carbon supported Pt/C, PtRu/C and Pt;Sn/C cata-
lysts performed under realistic reaction conditions and under
enforced electrolyte flow, i.e., under controlled mass transport
conditions, which allowed the identification and quantification
of adsorbed reaction intermediates and products (in situ
FTIR) and volatile reaction (side) products (on-line DEMS)
on realistic catalysts and under close to realistic conditions.
The measurements provide information on the nature and
(potential dependent) abundance of adsorbed reaction inter-
mediates and products, and on the nature and yields of volatile
reaction products and side products, which is important for
the mechanistic understanding of the EOR and the different
reactions going on during the overall reaction. The catalysts
were synthesized via a modified polyol method which results in
a homogeneous distribution of the metal particles on the
carbon support and very small metal particles with diameters
of 2.2-2.7 nm, as derived from XRD and TEM measurements.

Information on the activity of the catalysts for the disso-
ciative adsorption of ethanol, in particular for C-C bond
breaking as a first step for ethanol oxidation, was derived
from mass spectrometric ethanol adsorbate stripping experi-

ments (detection of volatile CO,). These measurements
showed that ethanol adsorption is totally inhibited on the
Pt/C catalyst at the lowest potentials investigated (0.06 V),
while on PtRu/C and Pt3;Sn/C catalysts ethanol adsorption
could proceed under these conditions at rather low, but non-
zero rates. The complete (Pt/C) or almost complete (bimetallic
catalysts) inhibition of ethanol adsorption at the lowest po-
tential was attributed to a blocking of adsorption sites by
H,pq, which is most strongly bound on the Pt/C catalyst, and
therefore leads to the most efficient inhibition on that catalyst.
At potentials above 0.1 V, however, the adsorbate coverage on
the Pt/C catalyst increases sharply to exceed that on the other
two catalysts, indicating that in the absence of H,pq dissocia-
tive ethanol adsorption is more facile on the Pt/C catalyst than
on the other ones. The dissociative adsorption of ethanol
results in strongly adsorbed CO,q4 and CH, .4 species, which
act as reaction poison for the EOR at lower potentials. There
is no evidence for significant amounts of other stable adsor-
bates formed upon interaction with ethanol on these catalysts.

The electrocatalytic activity of the Pt;Sn/C catalyst towards
the EOR is much higher than that of the Pt/C and PtRu/C
catalysts at potentials below 0.6 V. For all three catalysts and
under all reaction conditions investigated, however, partial
oxidation products (acetaldehyde and acetic acid) are the
major EOR products, with CO, contributing only less than
2% of current efficiency and less than 1% of the product yield,
depending on the reaction potentials and different catalysts.
The higher EOR current on the Pt;Sn/C catalyst at lower
potentials is due to the higher yield of C2 products, not of
CO,. At the same reaction potential, the current efficiency (or
product yield) for CO, formation is lowest on the PtRu/C
catalyst and highest on the Pt/C catalyst.

The combined electrochemical and in situ spectroscopic data
underlines that the current efficiency for CO, formation is
determined by two factors, the activity for C—C bond splitting
and the ability to remove the resulting CO,q and CH, ,q
species, which act as reaction poison, by oxidation. Both of
these rates will depend on the potential, particularly interest-
ing from a technical point of view are relatively low potentials
(0.4-0.6 V). The resulting CO,4, however, is difficult to remove
from the Pt surface due to its lower oxidation activity. On the
PtRu/C and Pt;Sn/C catalysts, the dissociative adsorption of
ethanol on the surface is less facile than on the Pt/C surface at
these potentials, but the reaction products are oxidized faster,
resulting in lower steady-state CO,q coverages at the same
potential and in a maximum of the steady-state CO,4 coverage
at lower potentials compared to Pt/C. Under continuous
reaction conditions at higher, but constant potentials, CO,
formation by consumption of CO,q4 species formed at lower
potentials is not possible; the steady-state CO, formation rate
instead reflects the oxidation of CO,q and CH, .4 species
produced at this potential.
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