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Ethanol electrooxidation reaction (EOR) pathways on polycrystalline platinum were studied with broad-
band sum-frequency generation (BB-SFG) spectroscopy and electrochemistry in unprecedented detail
and under working fuel cell conditions. We present the first observation of adsorbed acetate and co-
adsorbed sulfuric acid anions with SFG and a discussion of their relation to the EOR. Surface-adsorbed
intermediates such as CO on Pt atop sites and acetate are observed in both H,SO4 and HCIO,4 solutions.
However, CO molecules on bridge sites and sulfuric acid anions are found in H,SO4 only. At E<0.5V

;(ter)ll:;oorlds: vs. Ag/AgCl, CO is the predominantly adsorbed species. Increasing the potential to E > 0.5V results in
Acetic acid the oxidative removal of CO and the adsorption of acetate anions. Experiments with isotopically labeled
Sulfate ethanol ('CH;">CH,OH) reveal information on the carbon-carbon bond cleavage and the subsequent CO
Bisulfate formation. In particular, the methyl fragment (-'2CH,) produces far less '2CO and suggests methyl elec-
Oxidation troreduction to methane and/or the persistence of ~CH, on the Pt surface.

Platinum © 2010 Elsevier Inc. All rights reserved.
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1. Introduction

Ethanol is one of the most promising fuels [1-3] for alcohol-
based fuel cells since it can be easily produced in large quantities
from plant matter, is renewable, and its complete oxidation to
CO, provides a comparably high yield of 12 electrons per molecule.
Pt model catalysts are well known as highly active but inefficient
catalysts for the oxidation of small alcohols [1,2,4]. Although etha-
nol oxidation on Pt-based catalysts has been studied for many
years, the precise reaction pathways and effects of the supporting
electrolyte have yet to be fully elucidated [4,5]. Based on the obser-
vation of ethanol intermediates, very simple but incomplete mod-
els of possible reaction pathways were deduced in previous studies
of ethanol electrooxidation [4,6,7]:multiple ethanol oxidation
pathways occur simultaneously and often yield undesirable prod-
ucts and long-lived intermediates such as CO, acetaldehyde, and
acetic acid. While CO and acetaldehyde can be further oxidized
to CO, at fuel cell relevant potentials, acetic acid cannot, and there-
fore constitutes a ‘dead end’ for the reaction. Nevertheless, the per-
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sistence of adsorbed intermediates is indicative of an incomplete
ethanol oxidation, and their presence significantly reduces the effi-
ciency of ethanol-based fuel cells. In order to design more efficient
fuel cells that suppress the formation of undesired intermediates
such as CO and increase the selectivity of oxidation pathways
toward CO, formation, a molecular-level understanding of the
ethanol oxidation reaction (EOR) as it occurs on the catalyst surface
and the effect of the supporting electrolyte is vital. For that reason,
EOR has been studied previously with differential electrochemical
mass spectrometry (DEMS) [8-10], infrared [4,5,11-14], Raman
[15,16], and vibrational sum-frequency generation (SFG) spectros-
copy [12,17]. However, Raman and IR studies can suffer from back-
ground issues and often struggle to disambiguate surface-adsorbed
molecules from those diffused in the bulk solution [4,14,18]. Addi-
tionally, SFG studies of EOR have been limited so far to investiga-
tions of CO vibrational bands [12,17,19]. As a result, observations
of surface-adsorbed species such as acetaldehyde [5,11,14], acetyl
[4,14], and acetate [5,11,14] have, until now, been limited to linear
spectroscopic techniques.

In this article, we have combined surface-specific and back-
ground-free (Section 2) SFG experiments with electrochemical
experiments to study the ethanol oxidation reaction on polycrys-
talline Pt surfaces. We report the first SFG spectra of adsorbed ace-
tate and co-adsorbed sulfuric acid anions during ethanol oxidation,
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while first studies with isotopically labeled ethanol on polycrystal-
line Pt reveal significant new information on C-C bond cleavage
and the behavior of adsorbed single-carbon fragments from etha-
nol oxidation on this catalyst. Our results and conclusions are
expected to have far-reaching implications for new and efficient
ethanol-based fuel cells.

2. Theory of sum-frequency generation

Sum-frequency generation (SFG) has been developed into a
powerful vibrational spectroscopic technique for studies of sur-
faces and interfaces [20,21]. The sum-frequency wsr originates
from a second-order non-linear process and is generated by over-
lapping a tunable infrared and a fixed visible laser beam in time
and space at the interface of interest. The SFG intensity is propor-
tional to the square of the second-order susceptibility »? [22],
which vanishes within the dipole approximation in the bulk of cen-
trosymmetric materials such as platinum and aqueous electrolytes.
Surfaces and interfaces, however, necessarily break the prevailing
bulk symmetry and give rise to non-vanishing x® contributions
from the interface. The following equation describes the model
used for the intensity I(wsr) of the SFG signals and its dependent
parameters:

A, e i0q
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Here, © and 4 refer to the frequency and bandwidth of the imping-
ing broadband infrared (BBIR) pulse, while Ag, 604, g, and Iy are
amplitude, relative phase, frequency, and homogenous linewidth
of the gth vibrational mode, respectively. '& is the non-resonant
component of the interfacial second-order non-linear susceptibility
%@, %% is nearly independent of the BBIR frequency € and mani-
fests as a featureless SFG contribution produced by the surface,
but is highly dependent on the electronic structure of the surface
[22]. Modifications such as a change in the surface oxidation or
the presence of strongly adsorbed molecules such as CO can alter
the interfacial electronic structure and influence & considerably.
Thus, ¥\ is not a background, because it contains useful informa-
tion about the electronic nature of the catalyst surface as well as
a phase reference for determining the orientations of adsorbed
molecular species [22-25]. Because we are mostly interested in res-
onant contributions of y*> which are associated with adsorbed
molecular species, we have applied a /;\,2,% suppression technique
previously reported by Lagutchev et al. [26,27]. This technique,
however, requires a compromise between a complete suppression
of xﬁR) and maintaining a relatively good signal-to-noise ratio of
the observed vibrational bands.

3. Experimental

In all SFG and electrochemical experiments, a polished poly-
crystalline platinum disk (Matek) with a diameter of 6 mm was
used as working electrode. A flame-annealed platinum wire
(99.99%) and a commercial Ag/AgCl (BASi; MF-2052; —0.25 vs.
RHE) electrode served as counter and reference electrodes, respec-
tively. All potentials throughout this article are reported with
respect to this Ag/AgCl reference. Voltammetric experiments in
0.1 M H,SO4 and HCIO4 electrolytes (double distilled, GFS Chemi-
cals) with 0.5 M ethanol CH3CH,0H (99.5%) were recorded with a
Princeton Applied Research (PAR 263A) potentiostat. Solutions of
0.2 M isotopically labeled ethanol were made in 0.1 M HCIO4 with
12CH;'3CH,0H (>99%). All electrolytes used in this study were

prepared with ultra-pure water (>18.2 MQ, total oxidizable car-
bon <4 ppb) obtained from a Millipore Gradient A10 purification
system and were thoroughly purged with Ar gas (ultra-high
purity). Prior to each experiment, the Pt disk was cleaned in con-
centrated sulfuric acid, rinsed with ultra-pure water, and electro-
chemically cleaned by potential cycling between —0.28 and 1.4V
for 50 or more cycles at a sweep rate of 200 mV/s.

The BB-SFG apparatus for spectro-electrochemistry employed
in this study allows for rapid acquisitions of vibrational spectra
synchronized with a voltammetric scan and has been reported
elsewhere [28]. Tunable broadband infrared (BBIR) pulses were
generated in an optical parametric amplifier (Light Conversion;
Topas) pumped by a femtosecond Ti:Sapphire laser system (Quan-
tronix; Integra C series) at a repetition rate of 1 kHz. The BBIR
pulses had pulse durations of ~120fs, typical bandwidths
A>150cm™!, and pulse energies of approximately 8 and 3 pJ at
frequencies € of 2083 and 1429 cm™!, respectively. Narrow-band
visible pulses with 5 pJ pulse energy and a fixed wavelength of
800 nm were generated by narrowing the fs pulses to a bandwidth
of <10 cm~! with a Fabry-Pérot etalon. Narrow-band visible and
BBIR pulses were overlapped in time and space at an incident angle
of ~60° to the normal of the Pt-electrolyte interface. Sum-
frequency photons were collected with a spectrograph (Andor
Technology, SR-303i-A) and a charge-coupled device (CCD) (Andor
Technology, DU401A-BV). The SFG, visible, and IR photons were all
p-polarized. Spectro-electrochemical experiments were carried out
in a previously described [28] electrochemical cell for synchro-
nized SFG and electrochemical experiments. In this electrochemi-
cal cell, a well-defined gap of 25 pum between the electrode
surface and a CaF, optical window is established by a Teflon spacer
of the same thickness. The electrolyte gap used in this study allows
for voltammetric scans at sweep rates of <5 mV/s without the det-
riment of strong ohmic drop effects that are associated with thin-
layer electrochemistry [28].

4. Results

Hanging-meniscus cyclic voltammograms (CVs) of 0.5 M etha-
nol electrooxidation on a polycrystalline Pt surface immersed in
0.1 M perchloric acid and 0.1 M sulfuric acid solutions are pre-
sented in Fig. 1a and b, respectively. These CVs reveal four distinct
voltammetric features, which are characteristic of ethanol oxida-
tion (three features on the anodic and one on the cathodic sweep)
that are qualitatively similar in both electrolytes. The onsets of the
three features on the anodic sweep appear at approximately 0.2 V,
0.4V, and 0.75V, respectively. The first two oxidation features are
more distinct in sulfuric acid electrolyte than in the perchloric acid
electrolyte. On the cathodic sweep, the onset of a reactivation fea-
ture corresponding to the reductive stripping of Pt surface oxides
and subsequent ethanol oxidation is observed around 0.5-0.6 V
(Fig. 1).

Chronoamperometric measurements for the electrooxidation of
0.5 M ethanol on polycrystalline Pt were performed in order to
demonstrate the long-term difference in current densities pro-
duced in sulfuric and perchloric acid solutions. Fig. 2 shows the
chronoamperograms (CAs) at potentials of 0, 0.5, and 0.8 V. At
0.5V, the current density in perchloric acid reaches equilibrium
at ~0.8 mA/cm?, whereas in sulfuric acid, the equilibrium is estab-
lished at a notably lower current density of ~0.6 mA/cm? (Fig. 2).
Similarly, at 0.8V, the current density equilibrates at ~0.3 mA/
cm? in perchloric and slightly below ~0.2 mA/cm? in sulfuric acid
solution. Although the current densities for each of the above elec-
trochemical measurements are consistently lower in sulfuric acid,
the overall shape of the chronoamperograms is similar in both
electrolytes.
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Fig. 1. Hanging-meniscus cyclic voltammograms (CVs) of a polycrystalline plati-
num disk in 0.5 M ethanol with (a) 0.1 M HCIO,4 and (b) 0.1 M H,SO,4. The CVs were
recorded with a sweep rate of 5 mV/s.
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Fig. 2. Chronoamperograms of a polycrystalline Pt disk in solutions of (a) 0.1 M
HClO,4 and (b) 0.1 M H,SO,4 each with 0.5 M ethanol. Potentials were stepped from
open-circuit conditions to the potentials indicated in the figure.

Fig. 3a and b presents two series of potentiodynamic BB-SFG
spectra recorded in 0.5 M regular ethanol (2CH;'>CH,OH) on a
polycrystalline Pt electrode in 0.1 M HCIO4 and 0.1 M H,SO4,
respectively. Vibrational bands in Fig. 3 correspond to adsorbed
CO molecules which are formed by electrooxidation of ethanol.
For these experiments, the BBIR frequency was tuned to
~1960 cm™! to excite vibrations of CO molecules adsorbed on both
Pt atop (~2080 cm~!) and Pt bridge sites (1850 cm™!). Vibrational
bands attributable to CO molecules adsorbed on Pt atop sites are
observed in both supporting electrolytes, while vibrational bands
at 1850 cm~! due to CO molecules adsorbed on bridge sites are
present in sulfuric acid solution only.

The electrooxidation of isotopically labeled ethanol was studied
with SFG in order to elucidate the formation of CO. BB-SFG spectra
with the BBIR pulse centered at 2174 cm~! were recorded in 0.1 M
HClO, with 0.2 M isotopically labeled ethanol (>CH3'>CH,0H) and
are presented in Fig. 4a and b, respectively. Fig. 4a reveals two
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Fig. 3. Consecutive series of potentiodynamic SFG spectra of atop and bridge-
bonded CO vibrational bands recorded during 0.5M ethanol (*2CH;'2CH,OH)
electrooxidation on a polycrystalline Pt electrode in (a) 0.1 M HCIO,4 and (b) 0.1 M

H,S0,. Electrode potentials E/V were as indicated in the figure. The frequency € of

the BBIR pulse was centered at 1961 cm™".

vibrational bands at 2030 cm™! and 2100 cm™! that are attribut-
able to 3CO and '?>CO molecules adsorbed onto Pt atop sites,
respectively. Note that the SFG intensity of the '3CO vibrational
band is much higher than the SFG intensity of the 12CO vibrational
band.

In order to obtain a better understanding of surface-adsorbed
intermediates of ethanol and their potential dependence, we have
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Fig. 4. Consecutive series of potentiodynamic SFG spectra of (a) '>CO/'3CO and (b)
symmetric carboxylate (-'3CO0™) stretching vibrations. SFG spectra were recorded
during electrooxidation of 0.2 M isotopically labeled ethanol ('?CH;'>CH,0H) on a
polycrystalline Pt electrode in 0.1 M HClO4. Electrode potentials E/V are indicated in
the figure. The frequency ( of the BBIR pulse was centered at (a) 2174 cm~! and (b)
1408 cm™ .
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fitted the vibrational bands with model functions of the interfacial
second-order susceptibility x'?) and with Ay, I'y, @, and %\ as
adjustable parameters (see Section 2). The amplitudes A, of the
atop CO band arising from regular ethanol ('>CH;'3CH,OH) as a
function of applied potential are shown in Fig. 5a and b for HClO4
and H,SO,4 solutions, respectively. As reported earlier, the vibra-
tional band assigned to bridge-bonded CO is observed only in sul-
furic acid electrolyte, and its amplitude is presented in Fig. 5c. The
amplitudes of >CO and '2CO vibrational bands are shown in Fig. 6a
and b, respectively. The potential dependences of all CO vibrational
band amplitudes in Figs. 5 and 6 follow very similar behavior dur-
ing both the anodic and cathodic sweeps. After an initial slight in-
crease of the CO amplitudes for potentials E from —0.2 to 0.4V,
they start to decrease rapidly for E > 0.4V to negligible values for
E>0.7V. The amplitudes remain negligible through the end of
the anodic sweep and do not begin to increase again until poten-
tials of E< 0.6V are established during the cathodic sweep (Figs.
5 and 6).

Fig. 7 presents a comparison of SFG spectra recorded at two dif-
ferent BBIR frequencies during the electrooxidation of ethanol on a
polycrystalline Pt surface in 0.1 M H,SO,. In Fig. 7a, the frequency
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Fig. 5. (a and b) Potential dependence of modeled SFG amplitudes for atop CO atop
vibrational bands (~2080 cm™!) in Fig. 3 during electrooxidation of 0.5 ethanol on
polycrystalline Pt in 0.1 M HCIO4 and 0.1 M H,S0O,, respectively. (c¢) SFG amplitude
of vibrational bands in Fig. 3b corresponding to bridge-bonded CO (1850 cm™!)
during ethanol oxidation on Pt in 0.1 M H,SO,. (d) Potential dependence of the non-
resonant contribution X;,ZR) in Fig. 7 (1300 cm™'). Curves are a guide to the eye.
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Fig. 6. Potential dependence of modeled SFG amplitudes of (a) '>CO and (b) '?CO
vibrational bands in Fig. 4 during electroxidation of 0.5M isotopically labeled
ethanol ('?CH;'>CH,0H) on polycrystalline Pt in 0.1 M HCIO,. Curves are a guide to
the eye.
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Fig. 7. Consecutive series of potentiodynamic SFG spectra recorded during 0.5 M
ethanol ('2CH;'?CH,0H) electrooxidation on a polycrystalline Pt electrode in 0.1 M
H,S0,. Spectra in a) show vibrational bands of 'CO adsorbed on atop Pt sites, while
spectra in (b) reveal (bi)sulfate and adsorbed acetate vibrational bands as well as
y}fR) contributions. Electrode potentials E/V are indicated in the figure. The frequency
© of the BBIR pulse was centered at (a) 2083 cm ™' and (b) 1428 cm™".

of the BBIR pulse was tuned to 2080 cm~! to excite CO stretching
vibrations, while in Fig. 7b, the BBIR frequency was at
~1400 cm™! to probe vibrational bands attributable to adsorbed
acetate and adsorbed sulfuric acid anions.

The SFG spectra in Fig. 7a show a vibrational band at ca.
2080 cm™~! corresponding to the adsorption of CO molecules on
the Pt surface at potentials E <0.4V. CO is oxidatively removed
from the Pt surface at E> 0.4V which results in a dramatic de-
crease in the intensity of the CO vibrational band. SFG spectra at
E>0.6V in Fig. 7a appear featureless and indicate the absence of
adsorbed CO for these potentials. In Fig. 7b, a broad feature arises
at 1300 cm ™' between —0.2 and 0.4 V due to a non-resonant con-
tribution to the SFG intensity (see Section 2, Eq. (1)). The amplitude
%) of this non-resonant contribution is plotted as a function of
electrode potential in Fig. 5d. For E> 0.4V, X,(\,ZIQ contributions rap-
idly decrease to negligible values in the anodic sweep and recover
during the cathodic sweep for potentials <0.6 V (Fig. 5d). It should
be noted that the potential dependence of ¥ for both anodic and
cathodic sweep follows exactly the potential dependence of the
previously described CO vibrational bands (Figs. 3-6).

At potentials between 0.5 and 1.0 V with negligible y{) contri-
butions and in the absence of adsorbed CO (Figs. 3-6), vibrational
bands at ~1400 cm~! and ~1280 cm™! are observed. These bands
are assigned to symmetric carboxylate (-'2COO™) stretching vibra-
tions of adsorbed acetate [4,29,30] (~1410 cm™!) and S—O stretch-
ing vibrations of co-adsorbed sulfuric acid anions (~1280cm™!)
[31-33]. The chemical identity of the adsorbed sulfuric acid anion
- whether it is sulfate or bisulfate - is still a matter of considerable
debate. Radiotracer and STM experiments combined with cyclic
voltammetry [34,35] as well as theoretical studies [36,37] suggest
that the adsorbate is sulfate rather than bisulfate. However, infra-
red studies contend specific adsorption of bisulfate [32,33].
Although evidence may be mounting in favor of the sulfate assign-
ment, it is beyond the scope of this study to offer a conclusive
assignment. Therefore, we refer to the adsorbed species as (bi)sul-
fate. Fig. 8a and b enhances the particularly interesting potential
and frequency regions for acetate and (bi)sulfate adsorption in
HClO4 and H,SO, electrolytes, respectively. In both electrolytes,
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Fig. 8. Consecutive series of potentiodynamic SFG spectra of adsorbed acetate
(1410 cm™!) and co-adsorbed (bi)sulfate (1280 cm™!) vibrational bands. Spectra
were recorded during 0.5 M ethanol ('?>CH5'?>CH,0H) electrooxidation on a poly-
crystalline Pt electrode in (a) 0.1 M HClO4 and (b) 0.1 M H,SO,. Electrode potentials
E[V are indicated in the figure. The frequency Q of the BBIR pulse was centered at
1429 cm~.

the acetate vibrational band at ~1410 cm™! arises at E> 0.6V, in-
creases in intensity with increasing potential, reaches a local max-
imum and subsequently decreases to negligible intensities prior to
1.0 V. On the cathodic sweep, a similar intensity-potential profile is
observed in the same potential region. The vibrational band as-
signed to co-adsorbed (bi)sulfate is, however, observed in H,SO4
electrolyte only (Fig. 8). Fig. 9 shows the amplitudes A, of acetate
and (bi)sulfate bands as a function of the applied potential. In
HClO,4, the maximum amplitude of the acetate vibrational band is
observed around 0.7V for both anodic and cathodic sweeps
(Fig. 9a) while Fig. 9b reveals acetate adsorption in dilute H,SO,4
in a wider potential range with the maximum amplitude at a much
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Fig. 9. (a and b) SFG modeled amplitudes of acetate vibrational bands (1410 cm™!)
in Fig. 8 during electrooxidation of 0.5 M ethanol ('2CH5'2CH,OH) on polycrystal-
line Pt in 0.1 M HCIO4 and 0.1 M H,SO4, respectively. (c) SFG amplitude of
vibrational bands (1280 cm™') due to co-adsorbed sulfuric acid anions during
ethanol oxidation in 0.1 M H,SO,4. Curves are a guide to the eye.

Table 1
Frequencies w, and bandwidths I'; of vibrational bands used to identify adsorbates.
References for these assignments are provided in the text.

Molecular species Iy (cm™) wq (cm™1)
12C0 (atop) 28 2080-2100
2CO (bridge) 40 1850

13O (atop) 30 2030
Acetate (HCIO,4) 50 1410
Acetate (H,SO4) 29 1410
Acetate (2CH;'3CH,0H) 25 1350
(Bi)sulfate 41 1280

higher potential of 0.9 V. The amplitude of the (bi)sulfate band in-
creases for potentials >0.7 V and reaches its maximum at the end of
the anodic sweep. During the cathodic sweep, it steadily decreases
from 1V to 0.6V, where it is displaced by the newly formed CO
adlayer.

In addition to the SFG experiments with regular ethanol
(*2CH5"2CH,0H) in this frequency region, potentiodynamic SFG
spectra shown in Fig. 4b were recorded during electrooxidation
of isotopically labeled ethanol (2CH5'*CH,OH) and reveal a vibra-
tional band due to symmetric —'2COO~ stretching vibrations of ad-
sorbed and isotopically labeled acetate. A comparison of the
spectra in Fig. 8a-b reveals remarkable differences in the line-
widths I'y of the acetate vibrational bands between the two differ-
ent supporting electrolytes (Table 1). In perchloric acid solution,
the linewidth I', is ~50 cm™!, whereas in sulfuric acid, I'y is
~29 cm™! only. The linewidth of labeled acetate shown in Fig. 4b
is ~25cm™~.

5. Discussion

Potentiodynamic SFG spectra that were recorded during the
electrooxidation of both regular and isotopically labeled ethanol
reveal CO as the main surface-adsorbed intermediate at E < 0.6 V
(Figs. 4 and 7). Increasing the electrode potential leads to an oxida-
tive removal of CO and to the predominant adsorption of acetate
and, in the case of a H,SO, electrolyte, to the co-adsorption of
(bi)sulfate anions (Fig. 8). On the basis of our spectroscopic and
voltammetric observations, we propose a reaction mechanism for
ethanol electrooxidation on polycrystalline Pt in Scheme 1, which
will be substantiated and discussed later in the text. Scheme 1
shows oxidation of ethanol by dehydrogenation and the formation
of acetaldehyde in step (a). In step (b), adsorbed acetaldehyde and
adsorbed ethanol (parallel to (a)) quickly decomposes into surface-
adsorbed -CH, [15] and -CH,O fragments. Note that no direct
observation of a -CH,O fragment has been made so far. This is pos-
sibly due to a short lifetime of this species. It is, however, reason-
able to assume that after the ethanol C-C bond is broken, a -CH,O
fragment has to exist on the catalyst surface as a logical precursor
to more oxidized species such as CO or CO,. Both -CH, and -CH,O

CH,COOH

I.e

CHCH,OH —%— CH,CHO —L— CH;CO0

-CH, and “CH,O gagments (ads)
k¢ \ « |
CH, CO gy — CO,
Scheme 1. Proposed reaction pathways for the electrooxidation of ethanol on a

platinum surface in acidic electrolytes. Each pathway is discussed in detail in the
text.
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fragments can oxidize and form adsorbed CO (step (c), Scheme 1)
at potentials as low as —0.2 V, although oxidation of -CH, is more
difficult (Section 5.1). For electrode potentials >0.4V, the ad-
sorbed CO molecules oxidize further to CO, (step (d)) (Section
5.2), which diffuses away from the catalyst surface. Not all sin-
gle-carbon fragments of ethanol oxidize to CO and subsequently
to CO,, however. As shown in step (e) of Scheme 1, adsorbed -
CH, fragments can be electroreduced at sufficiently low potentials
to CHy4, which subsequently desorbs from the surface and diffuses
in the bulk electrolyte [9,10] In the likely case that the C-C bond is
not broken, acetaldehyde can oxidize to adsorbed acetate (step (f))
(Section 5.3). At this point, the adsorbed acetate can only diffuse
from the surface by conversion to acetic acid (step (g)). Some
authors have also reported that acetic acid can be formed on
Pt(11 1) by a direct pathway without an acetaldehyde intermedi-
ate [8,11]. Further oxidation of acetic acid to CO, at fuel cell rele-
vant potentials is not possible. Therefore, the formation of this
product represents an undesirable ‘dead-end’ of the ethanol
oxidation.

5.1. Electrooxidation of —CH,, and -CH,O fragments from ethanol

The formation of CO from both -CH, and -CH,O fragments (step
(c)) is confirmed by our spectroscopic data on the electrooxidation
of regular (Fig. 3) and isotopically labeled ethanol ('2CH;'3CH,0H)
(Fig. 4). In Fig. 4, CO vibrational bands of both '2CO and '3CO are
clearly resolved and indicative of the oxidation of ethanol frag-
ments in step (c). The coverages of '>CO and 2CO are not identical,
however, as we observe a greater quantity of '3CO formed from the
-13CH,0 fragment. Because the latter fragment is already partially
oxidized, further oxidation to CO is far more facile than the oxida-
tion of —-!2CH, fragments, as is evidenced by the SFG amplitudes
shown in Fig. 6. Here, the amplitude of the '3CO vibrational band
is considerably higher than the amplitude of the '2CO vibrational
band. Such a difference strongly implies that the surface coverage
of adsorbed '3CO molecules is much higher than the surface cover-
age of adsorbed '>CO molecules and consequently indicates that
the —12CH, fragment oxidizes to '2CO to a far lesser extent. At this
point, it should be noted that dipole-dipole-coupling effects aris-
ing from interactions between the different CO species could be
the cause for different '3CO and '>CO SFG amplitudes. These cou-
pling effects, which are well-known phenomena observed in
closed-packed CO adlayers [38-40], may shift vibrational intensity
from the '2CO vibrational band to the '*CO vibrational band and
consequently may result in a virtually lower '2CO intensity. If such
a shift in intensity was present in Fig. 4a, then the higher ampli-
tude observed in the '3CO vibrational peak would not necessarily
correspond to higher '>CO coverages. However, this scenario is
rather unlikely since a previous analysis of dipole-coupling effects
with well-defined mixtures of >CO/'3CO on Pt(1 1 1) by Severson
et al. [38] shows the opposite behavior. In their work, Severson
et al. showed that for mixtures with >17% '2CO, the 2CO vibra-
tional band dominated the infrared spectra. It therefore appears
clear that there is an intensity shift from the '>CO vibrational band
to the '2CO band. Thus, if our Pt catalyst has an equal coverage of
13C0O molecules (formed from -CH,O fragments) and 2CO mole-
cules (formed from -CH,) fragments, we would expect much high-
er intensities of the '>CO vibrational band. The fact that we see the
opposite, a higher intensity of '*CO vibrational bands, suggests that
the surface coverage of '2CO molecules is less than 17%. This is fur-
ther supported in a FTIR study of ethanol (*2CH5'3*CH,0H) oxida-
tion on Pt(3 3 2) surfaces performed by Souza-Garcia et al. [13],
where the existence of an adsorbed -CH, species is inferred by
comparing the notably different intensities for '2CO, and '3CO,
vibrational bands (1:3 respectively). We therefore conclude that
the oxidation of adsorbed -CH, species to CO is significantly more

difficult than the oxidation of -CH,O species. In addition, the diffi-
culty of oxidizing —CH, species has been demonstrated in recent
DFT model calculations [41] which show a much higher potential
barrier for the oxidation of -CH, compared to —CH,O species. This
leads to an accumulation of adsorbed -CH, on the catalyst surface
and is supported by previous DEMS [8-10] as well as surface-en-
hanced Raman spectroscopy (SERS) [15] studies that report sur-
face-adsorbed -CH, species. In fact, Abd-El-Latif et al. point out
in their recent DEMS study that the remaining fraction of the -
CH, species which has not been converted to CO may be oxidized
in the oxygen region only [8]. Furthermore, at potentials lower
than 0 V, adsorbed -CH, species can be electroreduced to methane,
as shown in step (e) of Scheme 1 and supported by prior DEMS
studies [9,10]. Therefore, the electrooxidation of adsorbed -CH,
species to CO is expected to be less efficient and competes with
the electroreduction of -CH, to CH4 at lower potentials. Since -
CH, species block available adsorption sites at fuel cell relevant
potentials, oxidation of —~CH, has to be considered as a serious issue
in the performance of ethanol-based fuel cells.

5.2. Electrooxidation of CO from ethanol

Our spectroscopic results presented in Figs. 3-7 show that as
soon as the electrode potential is increased to 0.4 V, there is a stea-
dy drop in the intensity of the CO vibrational bands, as is most
clearly seen in the corresponding SFG amplitudes in Figs. 5 and
6. This drop in amplitude originates from the oxidative removal
of CO from the Pt surface and the formation of CO, according to
step (d) in Scheme 1. The dramatic decrease in CO amplitudes
(Figs. 5 and 6) at potentials >0.4 V coincides with the first voltam-
metric feature at the same potentials Fig. 1a and b. This voltam-
metric feature on the anodic potential sweep corresponds largely
to CO oxidation, as confirmed in prior studies by Hitmi et al.
[42]. Conversely, on the cathodic potential sweep, we see the re-
appearance of the CO vibrational band at E <0.4V, where the Pt
oxide layer is stripped and ethanol is oxidized to CO on active Pt
sites. There is a slight hysteresis observed in the recovery of the
CO atop vibrational band amplitude at E <0.4V on the cathodic
sweep, seen in Fig. 5a and b. This is likely attributable to the slow
diffusion of ethanol into the 25-pum gap and subsequent accumula-
tion of CO on the atop Pt sites. We do not observe such a slow rise
in the vibrational band amplitude at the beginning of the anodic
sweep because the electrode is held at 0 V for several minutes prior
to the scan, which is sufficient time to achieve saturation coverage
of CO molecules on the catalyst surface. The recovery of bridge-
bonded CO (Fig. 5c¢) is more reversible, as one might expect given
that CO binds more preferentially to bridge sites when overall CO
coverage is lower [43]. The X,(\,z,% amplitude is also highly reversible.
A close comparison of Fig. 5a-c with d as well as a comparison of
Fig. 7a and b reveal a nearly identical potential dependence of
the non-resonant contribution Xﬁ,@ (Eq. (1)) compared to the poten-
tial dependence of the CO amplitudes. In fact, Fig. 7 shows substan-
tial changes in the contribution of y\ as soon as the CO adlayer
starts to oxidize. We recall that the y\;) contribution is purely elec-
tronic in origin and is caused by the non-linear response of free
electrons at the metal side of the interface. The strong chemisorp-
tion of CO on most metal surfaces localizes the electrons in the
adsorbate-metal bonds and decreases y\&) contributions [23,24].
Consequently, the observed changes in Xﬁ,@ can be attributed to
changes in CO coverage [25,44,45].

In addition to the potential-induced changes in CO coverage, a
significant effect of the H,SO, and HClO,4 supporting electrolyte
on CO amplitudes and CO binding behavior is observed. Fig. 3
shows that the vibrational band assigned to CO molecules bound
to bridge sites of the Pt electrode is observed in sulfuric acid
electrolyte only. This observation is in agreement with previous
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studies of ethanol electrooxidation which also report the absence
of bridge-bound CO in HCIO4 [10,15,18,46]. The presence of CO
molecules on bridge sites in vibrational SFG spectra (Fig. 3b) is
indicative of an overall lower surface coverage of CO in sulfuric
acid electrolyte. This conclusion is supported (i) by previous spec-
troscopic studies of CO on Pt surfaces which established that CO
molecules bind preferentially to Pt bridge sites for low CO cover-
ages [43] and (ii) by our electrochemical data, which show signif-
icantly lower current densities from ethanol oxidation in sulfuric
acid media compared to perchloric acid media (Figs. 1 and 2).
The presence of a (bi)sulfate band in our SFG spectra (Fig. 8a) con-
firms the specific adsorption of (bi)sulfate, while the absence of a
perchlorate band at 1100 cm™! in Fig. 4b [10] indicates weaker
interaction between perchlorate anions and the Pt catalyst surface.
These results suggest that (bi)sulfate anions block adsorption sites
on the Pt surface and, therefore, inhibit ethanol oxidation which
further implies a lower CO coverage and a significantly reduced
reaction efficiency.

5.3. Formation of acetate species from ethanol oxidation

After the CO adlayer has been stripped from the Pt surface at
potentials >0.4 V, Pt surface sites become available for other more
weakly adsorbed molecular species such as acetate or (bi)sulfate.
In fact, a vibrational band of adsorbed acetate arises, as shown in
Figs. 7 and 8 at these potentials. The formation of acetate is repre-
sented as step (f) in the reaction Scheme 1. Additionally, we ob-
serve a pronounced effect of the supporting electrolyte on the
presence and potential dependence of interfacial molecular spe-
cies. Fig. 8b shows an additional vibrational band at 1280 cm™!
attributable to (bi)sulfate anions that is present between 0.5 and
0.9V in sulfuric acid solution, but absent in perchloric acid
(Fig. 8a). Co-adsorption of (bi)sulfate with the acetate anion wid-
ens the potential range in which both anions are adsorbed. This
is most clearly seen in Fig. 9, which contrasts the potential depen-
dence of acetate and (bi)sulfate amplitudes. In comparison to the
acetate band in sulfuric acid media, the band in perchloric acid is
found in a much narrower potential range of approximately 0.6-
0.8 V (Fig. 9a). In addition to the different potential dependence
of acetate adlayers in both supporting electrolytes, co-adsorbed
(bi)sulfate confines the acetate anions on the Pt surface in a more
ordered fashion. The latter is evidenced by a notably smaller line-
width I'; of acetate vibrational bands in sulfuric acid compared to
perchloric acid solutions (Table 1). Furthermore, the decline of the
acetate vibrational band amplitude on the cathodic sweep occurs
between 0.5 and 0.6 V (Fig. 9), which corresponds with the voltam-
metric reactivation of the Pt surface via the removal of surface oxi-
des (Fig. 1). Once this acetate vibrational band disappears and the
surface oxides are removed, the CO vibrational band reappears on
the cathodic sweep (Fig. 7).

The acetate anion, however, does not oxidize within the poten-
tial range in which fuel cells operate and thus either diffuses from
the surface as acetic acid (step (g) in Scheme 1) or blocks Pt cata-
lyst sites. The stabilization of acetate on the surface by (bi)sulfate
co-adsorption additionally discourages the use of dilute sulfuric
acid as an electrolytic medium for fuel cells, since the reaction
pathway in which acetate and acetic acid are produced yields only
four electrons per ethanol molecule and is therefore undesirable.

5.4. Other surface-adsorbed ethanol intermediates

In this section, we will address other possible intermediates
that have been frequently reported by previous studies of ethanol
electrooxidation on polycrystalline Pt surfaces. Acetaldehyde is
well established as a reaction intermediate and has been identified
mostly by infrared spectroscopy [17,46]. So far, it is agreed that

acetaldehyde either desorbs from the Pt surface and diffuses in
the bulk electrolyte or it remains adsorbed on the surface, but is
quickly decomposed into CO via steps (b) and (c) of Scheme 1. Fur-
ther oxidation of acetaldehyde to acetate and subsequently to ace-
tic acid is also possible (steps (f) and (g)). Heinen et al. [4] report in
their recent study of ethanol oxidation on thin-film Pt electrodes
an acetyl anionic species with a vibrational band at ca.
1630 cm~!. Hypothetically, this species is a long-lived surface-
adsorbed intermediate of ethanol and acetaldehyde electrooxida-
tion. As Heinen et al. point out, the observation of molecular spe-
cies with vibrational bands in the frequency region of 1600-
1700 cm~! with linear-optical infrared spectroscopy is impaired
by potential-induced background changes related to the changing
molecular structure of interfacial H,O. The broad bending mode
of liquid water is at 1644 cm~! [47] which renders the unambigu-
ous identification of molecular species such as acetyl extremely
difficult. One way to circumvent this problem is to substitute
D,0 for H,O for these experiments. D,O has no strong adsorption
bands for frequencies of 1600-1700 cm™~' and is well suited to ver-
ify possible acetyl bands. We have therefore performed additional
background-free vibrational SFG experiments of ethanol oxidation
in electrolytes that substituted D,0O for H,O. We did not observe
any acetyl vibrational bands at or around 1630 cm™! in our broad-
band SFG spectra, which in fact appeared featureless.

6. Conclusion

Reaction pathways of ethanol electrooxidation on polycrystal-
line Pt electrodes in contact with H,SO4 and HClO,4 electrolytes
were studied with broadband sum-frequency generation and elec-
trochemistry. In this article, we report the first SFG spectra of ace-
tate and (bi)sulfate co-adsorption during ethanol oxidation. A
summary of all possible pathways substantiated by our experi-
mental results is given in Scheme 1. Low potentials (E < 0.4 V) pro-
duce pathways that lead to the formation of CO, while for E> 0.4V,
acetate is the main surface product of ethanol electrooxidation.
Our observations of '2CO and '2CO species from the electrooxida-
tion of isotopically labeled ethanol ('2CH;'>CH,OH) show that
the carbon-carbon bond of an ethanol molecule can be easily bro-
ken at low potentials. Oxidation of the resultant —-CH, fragment to
molecular CO is, however, far less easy than the oxidation of the
complementary -CH,O fragment: while a small fraction of the -
CH, species can oxidize to CO at potentials as low as —0.2 'V, the
majority of the —-CH, species possibly undergoes electroreduction
to methane at potentials lower than 0V [10] and/or persists on
the catalyst surface at higher potentials. A comparison of SFG
vibrational spectra and voltammetric data reveals significant ef-
fects of the supporting electrolyte: ethanol electrooxidation in
H,S04 results in lower current densities, adsorption of CO onto Pt
bridge sites, and co-adsorption of acetate with (bi)sulfate in a rel-
atively wide potential range, none of which is observed in HCIO4.
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