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ABSTRACT: Ethanol is a promising alternative fuel to methanol
for direct alcohol fuel cells. However, the complete electro-
oxidation of ethanol to CO, involves 12 electrons and C—C bond
splitting so that the detailed mechanism of ethanol decomposition/
oxidation remains elusive. In this work, a spectroscopic platform,
combining SEIRA spectroscopy with DEMS, and isotopic labeling
were employed to study ethanol electrooxidation on Pt under well-
defined electrolyte flow conditions. Time- and potential-dependent
SEIRA spectra and mass spectrometric signals of volatile species
were simultaneously obtained. For the first time, adsorbed enolate 0.00
was identified with SEIRA spectroscopy as the precursor for C—C 700 1800
bond splitting during ethanol oxidation on Pt. The C—C bond
rupture of adsorbed enolate led to the formation of CO and CH,,
ad-species. Adsorbed enolate can also be further oxidized to adsorbed ketene at higher potentials or reduced to vinyl/vinylidene ad-
species in the hydrogen region. CH, and vinyl/vinylidene ad-species can be reductively desorbed only at potentials below 0.2 and 0.1
V, respectively, or oxidized to CO, only at potentials above 0.8 V, and thus they poison Pt surfaces. These new mechanistic insights
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will help provide design criteria for higher-performing and more durable electrocatalysts for direct ethanol fuel cells.

1. INTRODUCTION

Compared to internal combustion engines, fuel cells possess
higher energy conversion efficiencies, and thus have attracted
increasing attention. Among different types of fuel cells,
hydrogen fuel cells have been extensively studied as potential
power sources.' > However, hydrogen gas has a very low
volumetric energy density and is difficult to handle. Direct
ethanol fuel cells (DEFCs) have advantages over hydrogen fuel
cells.*”® Ethanol has a higher volumetric energy density than
hydrogen and is a renewable fuel that can be generated from
biomass or via the reduction of carbon dioxide.”™”

However, the complete electrooxidation of ethanol to CO,
involves 12 electrons, and thus, a number of adsorbed and
soluble intermediates are generated.'”>* Among them, CO
and other non-CO ad-species can adsorb onto Pt surfaces, and
consequently poison Pt.'>~'®!7192023725 Ethanol electro-
oxidation on Pt-based catalysts mainly generates acetaldehyde
and acetic acid, and the current efficiency (CE) for CO,
generation is very low because C—C bond splitting and
subsequent oxidation are slower than the oxidation reaction
without C—C bond rupture.'******>?° Rh has been claimed to
enhance C—C bond splitting in PtRh and Pt-Rh-SnO,
catalysts, thus increasing CE for CO, formation.””** However,
DEMS measurements did not support such claims.*”?
Although ethanol electrooxidation on Pt has been studied for
decades, the mechanistic details of ethanol decomposition and
oxidation still remain elusive.
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In this work, we used a home-built spectroscopic platform,
which combined surface-enhanced infrared absorption
(SEIRA) spectroscopy with differential electrochemical mass
spectrometry (DEMS) through a dual thin-layer spectroelec-
trochemical flow cell (Figure 1A). This enabled identification
of surface adsorbed species during ethanol decomposition/
electrooxidation on Pt using SEIRA spectroscopy, and
simultaneous detection of volatile solution products by
employing DEMS under well-defined flow conditions. Under
the well-defined flow conditions of our cell design, the effects
of ethanol depletion, which is well known to take place in the
thin-layer external reflection configuration of infrared reflection
absorption spectroscopy, as well as product readsorption, can
be significantly mitigated. For the first time, adsorbed enolate
has been identified as the precursor for the C—C bond splitting
during ethanol electrooxidation on Pt, and a detailed ethanol
decomposition/electrooxidation mechanism is proposed. The
new insights into the ethanol electrooxidation mechanism will
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Figure 1. (A) Illustration of the dual thin-layer flow cell for simultaneous DEMS and FTIR investigations. (B) AFM image of Pt film chemically
deposited on a Si prism. (C) Cyclic voltammograms for ethanol electrooxidation on a Pt film in 0.1 M ethanol + 0.1 M HCIO, at a scan rate of S
mV/s (a), and corresponding mass spectrometric signals at m/z = 15 (b), m/z = 22 (c), m/z = 29 (d), m/z = 30 (e), and m/z = 61 (f). The red
traces show the first positive-going scan. (D) Expanded low-potential region of Figure 1C (a and b).
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Figure 2. (A, B) SEIRA spectra, simultaneously recorded with DEMS in Figure 1C. In (A), the reference spectrum was taken at 1.2 V. (B) SEIRA
spectra in the low-potential region for the first positive-going scan. (C) SEIRA spectra for a-C isotopically labeled ethanol (CH;"“*CH,0OH)
oxidation in 0.1 M CH;*CH,OH + 0.1 M HCIO,. In (B) and (C), the reference spectra were taken in background solution (0.1 M HCIO,) at
each individual potential.

reflection. In the bottom compartment, a porous Teflon
membrane was used as the interface between vacuum and the
aqueous solution. The gases and volatile species, electrochemi-
cally generated in the top compartment and transported into
the lower compartment, can evaporate into the vacuum, and be

help guide the design of more effective electrocatalysts for
DEEFCs.

2. RESULTS AND DISCUSSION

Figure 1A shows a schematic illustration of the dual thin-layer

spectroelectrochemical flow cell, which allows for the
integration of DEMS and SEIRA spectroscopy. The cell has
two compartments. In the top compartment, a rough Pt film
(~90 nm thick; its AFM image is shown in Figure 1B),
chemically deposited on the rectangular face of a hemi-
cylindrical Si prism, was used as the working electrode, while
the Si prism served as the infrared window. The infrared light
traveled through the Si prism and was then reflected by the Pt
film into a liquid N,-cooled mercury—cadmium—telluride
(MCT) detector. An evanescent wave extends into the Pt
film and interacts with adsorbates so that a small fraction of the
infrared light is absorbed, resulting in a slightly attenuated total

subsequently detected with a quadrupole mass spectrometer.
The cell details have been described in previous papers.’**
Ethanol electrooxidation on the Pt film was studied using
the above-mentioned integrated spectroscopic setup, and the
simultaneously recorded DEMS data and SEIRA spectra for
potentiodynamic oxidation of ethanol are presented in Figures
1C,D and 2, respectively. The decomposition/oxidation of
ethanol began at ca. 0.2 V and exhibited an oxidative peak at
ca. 0.25 V in the first positive-going scan (Figure 1D(a)). This
process was accompanied by the accumulation of CO and CH,,
ad-species on the Pt surface (Figure 2), suggesting that the C—
C bond was split at the Pt surface in the upper hydrogen
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Figure 3. (A) Integrated band intensities for CO,4;, (a) CO,q5 (b), adsorbed acetate (c), acetyl (d), acetaldehyde (e), and enolate (f) plotted vs
potential in 0.1 M CH;CH,OH. (B) Integrated band intensities for CO,qy, (a) CO,q43 (b), adsorbed acetate (c), vinyl or vinylidene (d), ketene (e),
and enolate (f) plotted vs potential in 0.1 M CH;"*CH,OH. The red lines indicate the first positive-going scan, while the black lines denote the

subsequent negative-going and positive-going scans.

region. The decomposition/oxidation rate of ethanol started to
decrease at potentials above 0.25 V since the Pt sites were
gradually blocked by CO, CH,, and C,H,0, ad-species (see
below).'” At potentials just beyond O. 25 V, ethanol
decomposition to form adsorbates was slowed down due to
a decrease in the number of free Pt surface sites (which have
been blocked as stated above), while the oxidation of ethanol
to soluble acetaldehyde and acetic acid had not started.
Methanol oxidation on Pt also exhibited a similar peak in the
first positive-going scan.>® A fraction of the CH, ad-species was
reductively desorbed to form methane in the hydrogen region
so that the mass spectrometric (MS) cyclic voltammogram
(MSCV) at m/z = 15 (the fragment of methane, CH;")
exhibited a peak at ca. 0.3 V (Figure 1D(b)). This is consistent
with the ethanol oxidation on Pt/C nanoparticles and

mesoporous Pt catalysts reported by the Pastor group.””*

As the potential was scanned beyond 0.5 V, the oxidation of
CO and CH, ad-species started freeing Pt surface sites so that
the Faradaic current increased again. The intensities of m/z =
15 (the fragment of acetaldehyde, CH;*), m/z = 22 (doubly
charged CO,, CO,*), m/z = 29 (the fragment of
acetaldehyde, CHO"), and m/z = 61 (the fragment of
ethylacetate, C,H;O,") also started to increase. 10,2526 At
potentials above 0.9 V, the current decreased due to the
formation of platinum oxides that can block the surface. As the
potential increased beyond 1.05 V, the current increased again.
In the reverse scan, the Faradaic current and mass
spectrometric signals at m/z = 22, 29, and 61 started to
increase again at potentials below 1.0 V due to the reduction of
Pt oxides and generation of fresh Pt surface sites. As the
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potential went below 0.8 V, the Faradaic current decreased due
to CO,q and CH, ,4 poisoning. At potentials below 0.2 V, the
MS signals at m/z = 15 and 30 increased, indicating that
methane and ethane were generated from the reductive
removal of adsorbed CH, and Csz(Oy) (likely vinyl/
vinylidene) (see Figures 2 and 3).!%17222% 1t should be
noted that the MS signal at m/z = 30 in the high-potential
region was mainly due to an isotopic effect from acetaldehyde
(’CHO*, CDO*, and CHY0O") and CO, (C'"0%)." In
general, the MS signal of acetaldehyde followed the Faradaic
current of ethanol oxidation since acetaldehyde is a major
product of ethanol oxidation on Pt (see Table S1).

While acetic acid is not sufficiently volatile to be detected by
DEMS, ethylacetate, the product from the reaction between
ethanol and acetic acid, was detected, suggesting (albeit
indirectly) that acetic acid was also formed. It should be noted
that ethylacetate was probably formed directly at the Pt surface
rather than in the solution, similar to the formation of
methylformate during methanol oxidation.”® Adsorbed acetate
was also detected by SEIRA spectroscopy (Figure 2), again
indicating that acetic acid was formed. In 0.1 M ethanol
solution, the average CEs for CO, and acetaldehyde generation
were ca. 4 and 90%, respectively (Table S1). At the peak
potential of 0.9 V and the upper potential limit of 1.2 V, the
CE:s for acetaldehyde were ca. 90 and 63%, respectively. This
suggests that at 1.2 V, acetaldehyde can be further oxidized to
acetic acid. This is further confirmed by the fact that
acetaldehyde can be easily oxidized to acetic acid at 1.2 V
(Figure S1). As the concentration of ethanol was decreased to
0.02 M, the CE for acetaldehyde generation decreased, while
the CEs for CO, and acetic acid increased. This is attributed to
the fact that acetaldehyde has a higher probability of being
further oxidized to CO, and acetic acid at low ethanol
concentrations.

To determine from which carbon CO, was formed, the
oxidation of a-C labeled ethanol was studied (Figure S2).
Figure S2 presents the cyclic voltammogram (CV) of
CH,'"3CH,OH oxidation on a Pt film (a), and the
corresponding MSCVs of CO, at m/z = 22 (CO,*") and
BCO, at m/z = 22.5 (**C0,*") (b), and CH;"*CHO at m/z =
30 (®CHO") (c). Clearly, CO, formation came from both
carbon atoms,'”** and their ratio was close to one in a single
potential cycle between 0.05 and 1.2 V.

In Figure 2, the infrared band, observed at ca. 1409 cm ™, is
assigned to the symmetrical stretching vibration of OCO
(v,(0CO)) from adsorbed acetate since this band was also
observed in acetic acid solution (Figure $3)."* The infrared
bands at around 2055 and 1810 cm™" are assigned to v(C=0)
of linearly bonded CO (CO,q;) and bridge-bonded CO
(CO,4p), respectively (Figure 2A). They appeared at
potentials higher than 0.2 V, suggesting that ethanol can
decompose to form adsorbed CO on Pt through C—C bond
rupture. The bands at around 3485 and 1616 cm™' are
assigned to #(OH) and the bending mode of HOH [6(HOH)]
for H,0 adsorbed on H-covered Pt, respectively. As the CO
band appeared, another band was observed at ca. 3646 cm™.
This band is assi§ned to v(OH) for H,O adsorbed on the top
of adsorbed CO.”® The band at 1635 cm™ is often assigned to
acetyl (CH3CO).">"* For only CO adsorbed on Pt, we also
observed this band (Figure S4), and thus it can be assigned to
v(C=0) of adsorbed acetyl (major) and also 5(HOH) of
H,O adsorbed on top of the CO adlayer (minor). When
isotopically labeled ethanol (CH;"“CH,OH) was used, this

acetyl band was shifted to 1619 cm™" (Figure 2C). When the
reference spectra were taken in background solution (0.1 M
HCIO,) at each individual potential, two additional bands
were clearly observed at ca. 1560 and 1670 cm™ in the low-
potential region (Figure 2B), which can be assigned to v(C=
C—0) for adsorbed enolate’”** and v(C=0) for adsorbed
acetaldehyde,” respectively.

In CH;"*CH,OH solution (Figure 2C), two CO,4; bands,
observed at ca. 1987 and 2019 cm ™, are assigned to *CO,4;
and "»CO,q;, respectively. Although there was an intensity
transfer from *CO,4; to '*CO,q; due to their dipole—dipole
coupling, the band intensity of *CO,4; was still higher than
that of CO,q;, suggesting that the CH,OH group is more
easily decomposed into CO than the CH; group. The *CO, 45
band shifted to a lower wavenumber (1788 cm™") (Figure 2C),
compared to '“CO,4p (Figure 2A). Two bands, which
appeared at 1383 and 1344 cm™', are assigned to the
symmetric stretching 1,(0*CO) and asymmetric bending
5(CH,) of adsorbed CH;*COOT, respectively. The band at
1535—1575 cm™ is assigned to the (C="C—0) of adsorbed
enolate (CH,"? CHO™) with a large Stark tuning rate of ca. 113
cm™!/V. The band at around 1708 cm™! is assigned to the
v(PC=0) of adsorbed ketene (CH,"CO)," which had a
Stark tuning rate of 21 cm™'/V. Another band at ca. 1571 cm™!
was observed in the hydrogen region with a stark tuning rate of
81 cm™'/V, which could be assigned to the v(C="C) of vinyl
or vinylidene ad-species (H,C="CH,q or H,C="C_)."
Feliu et al. previously reported an infrared band occurring in
the same wavenumber region for ethylene adsorbed on Pt.*'

The integrated intensities of infrared bands are plotted vs
potential in Figure 3. The CO,q;, and CO,45 bands onset at ca.
0.2 V, and their intensities increased with increasing potential
and then decreased at potentials beyond 0.5 V due to oxidative
removal of CO,, As the CO,4 started to be oxidized, the
acetate band intensity increased (Figure 3A). It reached a
maximum at ca. 0.8 V and then decreased with further
increasing potential due to the formation of Pt oxides. In the
reverse scan, the intensity of the acetate band increased again
at potentials below 0.8 V, reached a maximum at ca. 0.6 V, and
then decreased due to displacement by adsorbed CO, CH,,
and C,H,(O,). In the first positive-going scan, the enolate
band had a maximum intensity at ca. 0.25 V (Figure 3A(f)),
which was parallel to the oxidation peak in Figure 1D(a). This
suggests that in the low-potential region, ethanol is
preferentially oxidized to enolate on fresh Pt surfaces due to
the lack of OH ad-species. Acetyl and acetaldehyde bands also
appeared with the enolate band, indicating that ethanol was
likely first oxidized to acetaldehyde and then to enolate and
acetyl. Adsorbed enolate was subsequently decomposed to
form adsorbed CO and CH,, at potentials higher than 0.2 V.
Here, adsorbed enolate is proposed to be the precursor for the
rupture of the C—C bond to form adsorbed CO and CH, since
the growth rate of the CO,4; band intensity was proportional
to the band intensity of adsorbed enolate (Figures 3A(f) and
S5). Recently, Feliu et al. reported that adsorbed OH
promoted ethanol adsorption and successive conversion into
ethoxy and then COCH,, which was proposed to be the
precursor for C—C bond rupture.”” In this work, ketene
(COCH,) ad-species was identified using SEIRA spectroscopy.
However, it was formed only at potentials more positive than
0.9 V (Figure 3) from further oxidation of adsorbed enolate.
The formation of adsorbed OH is favored on low-coordinated
Pt sites,” as are the adsorption and decomposition of
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Figure 4. (A, B) Time-dependent SEIRA spectra for ethanol decomposition on a Pt film in 0.1 M CH;CH,OH + 0.1 M HCIO, (A) and 0.1 M
CH,"*CH,OH + 0.1 M HCIO, (B) at a potential of 0.25 V (vs RHE). (C) Integrated band intensities of CO,qy. (a), CO,p (b), and adsorbed
enolate and vinyl/vinylidene (c) from (B) plotted vs time. The open symbols in (C, a) represent the derivative of the CO,q;, band intensity with

respect to time.

methanol and ethanol. We believe that adsorbed OH might
not be necessarily required for the decomposition of ethanol
on Pt in electrochemical environments and that ethanol is first
oxidized to acetaldehyde then enolate or acetyl, without
adsorbed OH. It has been previously reported that
acetaldehyde can decompose to form CO,q at 0.05 V (Figure
S1),"**** where OH ad-species are not supposed to form.
Ethoxy might be formed from the decomposition of ethanol on
Pt in vacuum and has been identified using FTIR spectros-
copy.”* However, we did not observe it during the electro-
chemical oxidation of ethanol on Pt using SEIRA spectroscopy.

Adsorbed CO and CH, were further oxidized to CO, at
potentials higher than 0.5 V. Adsorbed acetyl was then
oxidized to acetic acid/acetate at potentials higher than 0.4 V,
as indicated by the fact that the increase in the band intensity
of adsorbed acetate was parallel to the decrease in the band
intensity of adsorbed acetyl with increasing potentials from 0.4
to 0.85 V. In the subsequent negative-going scan, adsorbed
enolate was reduced to form vinyl/vinylidene ad-species at
potentials below 0.4 V (Figure 3B(d)) and then further
reduced to ethane at potentials below 0.1 V. CH,, can also be
reduced to form methane at potentials below 0.2 V. This is
evidenced by the fact that methane and ethane were observed
in the hydrogen region using DEMS during ethanol oxidation
(Figure 1) and also the reductive stripping of ethanol
adsorbates (see below).'%'7**7**

In CH;"CH,OH solution, the band intensities of CO,4;,
CO,¢p and adsorbed acetate plotted vs potential exhibited
similar profiles to those in CH;CH,OH solution (Figure 3).
The band intensity of adsorbed isotopic enolate exhibited a
similar potential-dependent profile to adsorbed acetate. The
bands of adsorbed isotopic acetyl and acetaldehyde overlapped
with S(HOH) of H,0,4, so it is difficult to clearly analyze their
intensities. The band intensity for adsorbed isotopic ketene at
1708 cm ™" increased with increasing potential from 0.85 to 1.2
V, and its increase and the simultaneous decrease in isotopic
enolate band intensity suggested that adsorbed enolate was
further oxidized to adsorbed ketene.

SEIRA spectra and plots of integrated band intensity vs time
for time-dependent ethanol decomposition on Pt at different
potentials are presented in Figures 4, S6, S7, and S8. The
CO,q1, and CO,4p bands for ethanol adsorption at 0.25 V were

observed at 2017 and 1817 cm™!, and their intensities
increased with time: initially fast, and then slowly after ca.
100 s due to the blockage of the surface by adsorbed CO, CH,,

and C,H,(O,). The CO,q; and CO,qp bands for ethanol
adsorption at 0.3 and 0.4 V (Figures S7 and S8) had similar
time-dependent profiles. At potentials of 0.25 and 0.3 V, the
enolate band, observed at 1557 cm™, exhibited a maximum
intensity at 40 and 25 s, respectively. Its intensity then
decreased with time due to the surface blockage by adsorbed
CO, CH,, and C,H,(O,). The derivative of the CO,q; band
intensity with respect to time (open symbols in Figures 4C(a)
and S6(a)) exhibited a similar profile to the plot of enolate
intensity vs time (Figures 4C(c) and S6(c)). This again
suggests that adsorbed enolate is the precursor for C—C bond
splitting to form adsorbed CO and CH,. The intensity of the
CO,4p band reached its maximum much earlier than CO,q;,
band since at low CO coverages, CO prefers to occupy the
bridge sites. Then, the intensity of the CO,4p band remained
relatively constant, while the intensity of CO,4; band
continued to increase with time. At potentials of 0.25 and
0.3 V, higher CO coverages were obtained, compared to 0.4 V
(Figures 4, S7, and $8), likely due to reductive removal of CH,

and C,H,(0),. Durmg ethanol decomposition, a downward
band at 1598 cm™' and an upward band at 1635 cm™'
developed, which are ascribed to the depletion of adsorbed
water and the acetyl adsorption, respectively. A weak band of
adsorbed acetaldehyde appeared at ca. 1682 cm™!, which
overlapped with the acetyl band at 1635 cm™.*”

In CH;"*CH,OH solution (Figures 4B and S9) and at 0.25
V, we observed an infrared peak at 1972 cm™ and a shoulder
on the high- frequency side, assigned to *CO,q; and COad Ly
respectively. The COad L band was ca. 45 cm™! red- shifted
compared to COadL The band intensity of “CO,q; was
much stronger than that of ' COadL, suggesting that the
BCH,OH group is easier to convert into CO,4 than the *CH,
group. The *CO,45 band at ca. 1757 was 60 cm™" red-shifted
compared to "“CO,qp. The CO,45 band overlapped with
BCO,4p so that they were ill-resolved, resulting in a broader
CO,4p band. The band of adsorbed a-C labeled enolate shifted
from 1557 to 1521 cm™, and its intensity also increased
compared to unlabeled enolate. The intensification of
CH,"CHO,y™ band is attributed to an increase in the dipole
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Figure 6. (A) SEIRA spectra for CH;"*CH,OH adsorbate stripping from the Pt film in the positive-going scan in 0.1 M HClO4. The reference
spectrum was taken at 0.25 V in 0.1 M HCIO,. Scan rate: S mV/s. (B) Integrated band intensities of CO,q,. (including ' COadL and ! COadL),
CO,4p (including *CO,45 and '>CO,45) (a), adsorbed vinyl/vinylidene (H,C = "*CH,,4), acetaldehyde/acetyl (CH313CHOad/ CH;' COad),
acetate (CH,*CO0Q,4"), enolate (H,C = *CHO,47), and ketene (H,C = *C=0,4) (b) plotted vs potential.

moment of the C="C—O bond. Using CH;“CH,OH,
another band, which appeared at 1578 cm™’, is assigned to
v(C="C) of adsorbed vinyl/vinylidene (CH,="CH, ). In
the CH3;CH,OH solution, the ©(C=C) band of adsorbed
vinyl/vinylidene was likely too weak and overlapped with water
bending bands so that it was not observed.

The profiles of the integrated band intensities of CO,qy,
CO,4p and adsorbed enolate plotted vs time in CH;"*CH,0OH
solution are similar to those in CH;CH,OH solution (Figures
4C and S9B). The band intensity of adsorbed vinyl/vinylidene

initially increased with time and then decreased gradually
about 100 s later. After 100 s, the slow decrease in the band
intensity of adsorbed vinyl/vinylidene was accompanied by the
slow increase in the band intensity of CO,q;, suggesting that
adsorbed vinyl/vinylidene was slowly decomposed to adsorbed
CO and CH,.**

Besides CO,q, enolate, acetyl, acetaldehyde, vinyl/vinylidene,
and ketene ad-species, CH,, ad-species were also formed on Pt.
However, they could not be identified with SEIRA spectros-
copy. They are likely infrared-inactive according to the surface
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Scheme 1. Pathways of Ethanol Oxidation on Pt
H,C=C=0,4 CH,
>0.8V <02V
>0.2V 20.05V 20.05V
CH5CH,0H CH3CHO, COugs* CHy ags
I >0.2V <0.4V >0.5V
HyC-CO . H,C=CH,,o¢ CO,
>0.4V <01V
CHsCOO,q == CH,COOH  CH,CH,

selection rules.">'* In contrast, as a complementary technique,
DEMS could provide additional information about ethanol
adsorbates through their reductive and/or oxidative stripping/
desorption.'”**~** Figures 5 and S10 present the DEMS data
for the reductive and/or oxidative stripping of ethanol
adsorbates from a Pt film. After ethanol adsorption and
exchanging to an ethanol-free electrolyte, as the potential was
first scanned negatively down to —0.05 V, a large amount of
methane and a small amount of ethane were detected,
suggesting that adsorbed CH, and C,H,(O,) were formed
during ethanol decomposition.'”'”**~** In Figure 5B, the total
amounts of CO, and "CO, from oxidative stripping of
adsorbates were comparable. For the first CO, peak at 0.65 V,
the amount of “CO, is relatively higher than '*CO,. In
contrast, in the second CO, peak at 1.05 V, the amount of
2CO, is relatively higher than *CO,. The first CO, peak is
ascribed to the oxidation of *CO,q and '*CO,4 while the
second CO, peak is attributed to the oxidation of *CH, 4 and
"*CH,"*CH,(0O,),4 which are more difficult to be oxidized. In
the subsequent negative-going scan, small amounts of methane
were still formed in the hydrogen region. This is consistent
with the previous findings for the electrooxidation of
isotopically labeled ethanol on polycrystalline Pt and porous
Pt films.'”**

During the oxidative stripping of CH;"*CH,OH adsorbates
that were formed at 0.25 and 0.3 V, the SEIRA spectra were
simultaneously recorded and are shown in Figures 6 and S11,
respectively. Upon ethanol adsorption at 0.25 and 0.3 V, large
amounts of CO,y were formed, while small amounts of
adsorbed vinyl/vinylidene, acetaldehyde, and acetyl were also
formed on Pt. CO,g started to be oxidized as the potential went
up to ca. 0.5 V and was completely removed from Pt at
potentials >0.8 V. With increasing potential, the band intensity
of adsorbed vinyl/vinylidene and acetaldehyde decreased,
while the band intensity of adsorbed acetyl increased and
reached a maximum at 0.4—0.5 V. It should be noted that the
integrated band intensities of both adsorbed acetyl and
acetaldehyde are shown in Figures 6B and S11B since they
significantly overlapped. Afterward, the band intensity of
adsorbed acetyl decreased with further increasing potential,
while the band intensity of adsorbed enolate and acetate
increased. As the potential went up beyond 0.85 V, the band
intensity of adsorbed ketene started to increase, while the band
intensity of adsorbed enolate decreased, suggesting that
enolate was gradually oxidized to adsorbed ketene. A portion
of the adsorbed enolate was also oxidized into CO, at potential
>0.85 V (Figures SB(c) and S10C(c)). The band intensity of
adsorbed acetate also gradually decreased with increasing
potential from 0.9 V, likely due to the displacement of
adsorbed acetate by OH/O adsorption."”'* It is evident that

C-2 ad-species were gradually oxidized from adsorbed vinyl/
vinylidene and adsorbed acetaldehyde through adsorbed acetyl
and then adsorbed enolate into adsorbed ketene without C—C
bond rupture, while a portion of adsorbed enolate was also
oxidized to CO, with C—C bond splitting. Small amounts of
acetic acid were also formed during the positive stripping of
ethanol adsorbates at high potentials, as indicated by the
decrease of the band intensity of adsorbed acetate at potentials
>0.9 V (Figures 6 and S11).

Based on our experimental data, the mechanism of ethanol
oxidation on Pt can be described by Scheme 1. Ethanol
electrooxidation on Pt in acidic media proceeds through many
parallel and successive pathways. In one pathway, ethanol is
oxidized to acetaldehyde, which can be further oxidized to
acetic acid through acetyl ad-species by OH ad-species. In
another parallel pathway, acetaldehyde was dehydrated to form
adsorbed enolate, which can dissociate into CO and CH,, ad-
species through C—C bond splitting, or be oxidized to ketene
at high potentials or reduced to vinyl/vinylidene ad-species in
the hydrogen region. Acetaldehyde is the major product
without C—C bond rupture, while CO, is only a minor
product due to slower C—C bond rupture and successive
oxidation than the formation of acetaldehyde without C—C
bond splitting. Thus, increasing the CO, efficiency will require
the design of more effective electrocatalysts to enhance the C—
C bond rupture of adsorbed enolate for ethanol oxidation.

3. CONCLUSIONS

We have built a spectroscopic platform, which combined
SEIRA spectroscopy and DEMS, to study ethanol and
isotopically labeled ethanol decomposition/oxidation on a Pt
film electrode under well-defined electrolyte flow conditions.
CO,41, CO,qp, acetate, acetaldehyde, acetyl, enolate, ketene,
and vinyl/vinylidene were identified with SEIRA spectroscopy
as ad-species. In particular, adsorbed enolate, ketene, and
vinyl/vinylidene were identified for the first time with SEIRA
spectroscopy and adsorbed enolate was proposed to be the
precursor for C—C bond splitting during ethanol electro-
oxidation. CH, ad-species were also formed on Pt but were
infrared-inactive. However, they can be detected as methane
with DEMS through reductive stripping. Ethanol is first
oxidized to acetaldehyde at potentials above 0.2 V, which can
be further oxidized to enolate by the removal of one #-H. The
enolate is further decomposed to form CO,q and CH, 4
through C—C bond rupture or further oxidized to ketene
without C—C splitting. Meanwhile, acetaldehyde can also be
oxidized to acetic acid through adsorbed acetyl by the removal
of an a-H and addition of an OH at potentials above 0.4 V,
and acetic acid cannot be further oxidized at room temper-
ature. Adsorbed enolate can also be reduced to form vinyl/
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vinylidene ad-species and then ethane in the hydrogen region.
The enolate pathway and the acetate/acetic acid pathway are
competing processes, and both are slower than ethanol
oxidation to acetaldehyde at potentials below 1.0 V, and thus
ethanol oxidation on Pt mainly forms acetaldehyde. To
increase the CE of CO, generation, it will be necessary to
find effective catalysts to enhance the enolate pathway.
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