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ABSTRACT: Ethanol fuel cells require selective catalysts for complete oxidation of
the fuel, which involves C—C bond cleavage. From experiments on well-defined
surfaces and calculations, the mechanism controlling the ethanol electro-oxidation
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selectivity on platinum in aqueous media as a model system is elucidated. Adsorbed I

OH favors ethanol adsorption and conversion into adsorbed ethoxy, which favorably £

evolves to adsorbed COCHj. On Pt(111), adsorbed OH is also readily incorporated

into adsorbed COCHj; to yield acetic acid. A higher barrier for this latter step on ossev .
Pt(100) enables the COCH; dehydrogenation to adsorbed COCH,, favoring C—C ’ ’

bond cleavage. As adsorbed OH plays an essential role as a reactant in this process, its

adsorption properties have a decisive impact on this reaction. Furthermore, the &

adsorbed OH diffusion rate on the surface, which depends on the adsorbate/media/ ¥ AN

NIZNIN

surface interaction at the interface, modulates the availability of this key reactant.
These results highlight that the search for selective electrocatalysts requires holistic
consideration of reactants, adsorbates, media, and substrate.
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B INTRODUCTION

Stored energy is required to power devices (from cell phones
to vehicles) as well as to cope with the intermittence of
renewable sources (from the daily intermittence of photo-
voltaics to major episodes of renewable contribution short-
age).'~* Energy can be efficiently stored in batteries, although
fuels have higher energy densities.” Moreover, while batteries
must be scaled for both power and capacity, fuel cells can be
scaled for power only. As a result, frequent demands of small
capacities can be met more effectively by batteries, but fuels
can be more effective when large capacities are episodically
required. Thus, both batteries and fuels should play a role in
the future energy storage landscape.

Hydrogen has, by far, the highest specific energy density
among fuels, although alcohols have larger volumetric energy
densities and are more easily stored. Being the simplest alcohol
having C—C bonds, ethanol has a higher specific and
volumetric energy density than methanol. It is also less toxic,
and it can be readily produced under CO, neutral conditions
from biomass.” Moreover, CO, conversion into ethanol is also
being investigated.”'® Thus, ethanol can play a role as an
energy vector. The energy stored in ethanol can be recovered
by combustion as well as by electro-oxidation in fuel cells, even

recovered from ethanol, selective electrocatalysts for complete
oxidation of the fuel are required. Despite platinum being the
best pure metal anode to oxidize ethanol under acidic
conditions, its selectivity for CO, is still low'” and strongly
depends on the surface structure of the electrode. Pt(111)
exhibits nearly 100% selectivity toward the formation of acetic
acid."”'* In fact, studies on stepped surfaces having (111)
symmetry terraces have revealed that C—C bond cleavage takes
place only on the steps.'*'> Thus, the CO, traces measured
during ethanol oxidation on real Pt(111) electrodes should be
attributed to the presence of defects. By contrast, Pt(100) gives
rise to the highest production of CO, during this electro-
oxidation process, although a higher onset potential is required
on this surface."” The formation of acetic acid not only implies
a loss in the energy recovered from the fuel but also hinders
ethanol oxidation since acetate remains strongly adsorbed by
both oxygen atoms of the carboxylic group on these
electrodes.>'® Studies on the formic acid and methanol
oxidations on this metal have revealed that these electro-
catalytic reactions require not only the adsorption and
activation of reactants in the right configuration but also the
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though large overpotentials are required to oxidize alcohols."!

Complete oxidation of ethanol to CO, involves C—C bond
cleavage and CO formation as well as exchange of 12 electrons,
but acetic acid can be also produced as a final product,
exchanging only 4 electrons.'’ Thus, to maximize the energy
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Figure 1. (A) Voltammetric profiles of the Pt(111) electrode in 0.1 M HCIO, in the absence and presence of 1 mM EtOH at 50 mV s™". (B) Effect
of the rotation rate in the voltammetric profiles of the Pt(111) electrode in 0.1 M HCIO, + 1 mM EtOH at 50 mV s™%. (C) Evolution of the
voltammetric profile of the Pt(111) (in capacitance units) with scan rate in 0.1 M HCIO, + 0.1 mM EtOH.

participation of additional species playing key roles in these
processes.’” Bidentate adsorbed formate favors the mono-
dentate adsorbed form, which is the active species in the
formic acid oxidation reaction,'® and adsorbed OH is involved
in the adsorption of methanol to form adsorbed methoxy in
the first step of its oxidation.'"” However, the participation of
additional species in the ethanol oxidation reaction has not
been established yet.

To better understand the ethanol electro-oxidation mecha-
nism on platinum in acidic media and to determine whether
additional adsorbed species are involved in the process, which
is essential to optimize catalysts, new experiments on well-
defined surfaces (Pt(111) and Pt(100)) and density-functional
theory (DFT) calculations are presented herein. Under low
ethanol concentrations at different scan rates, oxidation and
adsorption processes can be discriminated. Furthermore, using
well-defined surfaces, experimental results and calculations can
be more confidently correlated. By doing so, the mechanism
controlling the selectivity of this reaction and how the C—C
bond is cleaved can be elucidated.

B METHODS

Experimental Methods. Pt(111) and Pt(100) single-crystal
electrodes were prepared from small single-crystal beads (ca. 2.5
mm diameter) obtained by melting a 99.999% purity platinum wire
(0.5 mm diameter). These beads were oriented, cut, and polished
until mirror finishing using the procedure described by Clavilier.*’
Prior to any experiment, the electrodes were flame annealed, cooled in
a H,/Ar atmosphere, and protected with water in equilibrium with
this gas mixture. This procedure leads to well-ordered Pt(111) and
Pt(100) surfaces with the nominal orientation.”’ The cleanliness of
electrodes and solutions was verified by voltammetry in perchloric
acid solutions, and the characteristic voltammetric profiles of the
electrodes, which should be stable upon cycling when clean solutions
are used, were obtained.

Experiments were carried out at room temperature in classical two-
compartment electrochemical cells deaerated using Ar (NSO, Air
Liquide in all gases used), including a large platinum counter
electrode and a reversible hydrogen (NS0) electrode (RHE) as the
reference. The solutions were prepared using concentrated HCIO,
(Merck, for analysis) and ethanol (Merck suprapur). Voltammograms
were recorded using an Autolab PGSTAT302N potentiostat in a
hanging meniscus configuration. For scan rates higher than 100 mV
s™!, the ohmic drop was compensated using the current interruption
method.

Computational Methods. All DFT calculations were carried out
using numerical basis sets,”> semicore pseudopotentials®® (which
include scalar relativistic effects), and the RPBE functional®® as

implemented in the Dmol® code.”® Dispersion forces were corrected
by the Tkatchenko and Scheffler method.”® Continuous solvation
effects were considered by the COSMO model.”” Hydrogen bonds
were captured by introducing explicit water molecules. The effects of
nonzero dipole moments in the supercells were canceled using
external fields.”®

The Pt(111) and Pt(100) surfaces were modeled using a periodic
supercell comprised of four layers of metal atoms and a vacuum slab
of 20 A. The bottom two layers were frozen in their bulk crystal
locations, whereas the remaining atoms were allowed to relax with the
adsorbates. Optimal adsorbent/adsorbate configurations were
searched for using numerical basis sets of double-numerical quality.
Transition states were searched for using a generalization of the linear
synchronous transit method for periodic systems,”” combined with a
quadratic synchronous transit method in a complete protocol as
implemented in Dmol®, and through manual sampling and con-
strained optimization. The automatically found transition states were
confirmed by estimating the minimum energy reaction paths
employing the nudged elastic band method.*® For this phase of the
calculations, the optimization convergence thresholds were set to 2.0
X 1075 Ha for the energy, 0.004 Ha/A for the force, and 0.005 A for
the displacement. The SCF convergence criterion was set to 1.0 X
10~ Ha for the energy. Assuming the previously optimized
configurations, energies were estimated using numerical basis sets of
double-numerical quality plus polarization. In this case, the SCF
convergence criterion was set to 1.0 X 107 Ha for the energy.

The orbital cutoff radius of 4.5 A was always used for all of the
atoms. Brillouin zones were always sampled, under the Monkhorst—
Pack method, using grids corresponding to distances in the reciprocal
space on the order of 0.04 1/A. Convergence was always facilitated by
introducing 0.002 Ha of thermal smearing, though the total energies
were extrapolated to 0 K. A value of 78.54 was used as the dielectric
constant for water in the continuous solvation model.

B RESULTS

Experimental Results on Pt(111) and Pt(100). Under
usual voltammetric conditions, large oxidation currents mask
small currents attributed to adsorption steps, making them
difficult to detect such adsorption processes. Low reactant
concentrations and/or high scan rates can be used to increase
the adsorption currents to oxidation currents ratio so that the
adsorbed species can be easily detected. These strategies have
already revealed the roles played by adsorbed formate in the
formic acid oxidation®" and by adsorbed OH in the methanol
oxidation reaction.'” These approaches have been also used in
this research to investigate the adsorption processes involved
in ethanol oxidation on platinum in aqueous electrolytes. From
the comparison between the voltammetric profiles obtained in
the absence and the presence of 1 mM ethanol for the Pt(111)
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Figure 2. (A) Voltammetric profiles of the Pt(100) electrode in 0.1 M HCIO, in the absence (blue line) and presence of 1 mM EtOH (black line,
first scan; red line, second scan) at 50 mV s™". (B) Effect of the upper potential limit in the voltammetric profiles of the Pt(100) electrode in 0.1 M
HCIO, + 1 mM EtOH at 50 mV s™". (C) Effect of the ethanol concentration in the voltammetric profile of the Pt(100) in 0.1 M HCIO, at 50 mV

sL

electrode (Figure 1A), three pieces of evidence regarding the
adsorption processes on this surface can be obtained. First, the
onset of the ethanol oxidation reaction is ca. 0.45 V, which is
lower than that obtained for methanol oxidation."” To
establish whether the ethanol oxidation reaction is triggered
by the presence of adsorbed OH on the surface, the onset of
OH adsorption has to be determined. It is generally accepted
that OH adsorption takes place at potentials higher than 0.55
V because from that point currents start to increase. However,
the actual onset for OH adsorption is lower. Although the
currents measured in the region between 0.4 and 0.55 V are
mainly due to the double-layer charging processes, OH
adsorption can also contribute to them. To separate both
contributions, the current for the double-layer processes
calculated by thermodynamic analysis in perchloric acid
solutions will be used.’> As shown in Figure S1, experimental
currents are higher than those calculated for the double-layer
process for E > 0.45 V. The excess of the measured current
then must be assigned to the OH adsorption process, and
consequently, the onset for OH adsorption is 0.45 V. It should
be noted that the potential of zero free charge (pzfc) for this
surface is located at 0.34 V vs RHE,*® and thus, from that
potential, the surface charge is positive, which favors the
adsorption of OH. Therefore, the onset of the ethanol
oxidation reaction is linked to the onset of OH adsorption.
The higher reactivity for the ethanol oxidation reaction on this
surface’” versus that of methanol®* explains the lower onset for
the ethanol oxidation reaction. For methanol oxidation, it was
found that adsorbed OH favors the adsorption and conversion
of methanol into adsorbed methoxy.'” Thus, a similar role for
adsorbed OH can be anticipated in the adsorption and
conversion of ethanol into adsorbed ethoxy. Second, given that
no differences can be observed in the hydrogen adsorption
region (from 0.0S to 0.4 V) between the first and the second
scan, it can be concluded that adsorbed CO is not being
accumulated during this electro-oxidation process.13 Third,
currents in the negative scan direction significantly smaller
than those in the positive scan direction clearly indicate
oxidation inhibition by the presence of adsorbate. This
inhibition can be attributed to acetic acid adsorbed as
acetate,"* which has been detected by FTIR and ATR-SEIRAS
at these potential values.'®*> Acetate formation is probably
independent of the acetaldehyde formation since no acetate
was detected previously by Rodriguez et al. during the

acetaldehyde oxidation on Pt(111) and Pt(100) by FTIR.*
Indeed, Giz et al. found that the onset for acetic acid formation
on Pt(111) takes place at lower potentials than the formation
of acetaldehyde, which suggests that the production of acetic
acid may follow a parallel pathway that does not have
acetaldehyde as an intermediate.’”

The acetate inhibition effect can be further corroborated
using a rotating disk configuration. For the conditions of
Figure 1A, no effect of the rotation rate on the measured
currents would have been expected because these are well
below the limiting diffusion current of ethanol for this
concentration (ca. 6—8 mA cm™>). However, a significant
current increase is observed at 1600 rpm, especially in the
negative scan direction (Figure 1B). This current increase can
be attributed to the lower interfacial concentration of acetic
acid convectively removed from the interface, which leads to a
lower acetate coverage and a lower oxidation inhibition.

To discard the participation of adsorbed species other than
OH and acetate, voltammetric profiles for the Pt(111)
electrode in 0.1 M HCIO, + 0.1 mM EtOH at different scan
rates were recorded (Figure 1C). At this low concentration, the
acetate desorption signal can be observed in the negative scan
direction as a broad peak centered at ca. 0.5 V. This signal
diminishes with increasing scan rate, disappearing at 10 V s
and giving rise to a voltammogram that is identical to the one
recorded at this scan rate in the absence of ethanol. Thus, it
can be concluded that no other adsorbed species can be
detected during this oxidation and that the presence of ethanol
in the solution does not alter the OH adsorption profile.

Acetate may directly hinder the reaction by preventing the
interaction of ethanol with the surface, but it may also
indirectly displace adsorbates required in this process.
Adsorbed acetate on Pt(111) forms a relaxed adlayer with
relatively low coverage (ca. 0.2) participated by water.”® The
presence of this acetate layer does not inhibit formic acid
oxidation on this surface, implying that the nature of the
acetate adlayer does not hinder the interaction of formic acid
with the substrate.”” However, acetate prevents OH adsorption
on Pt(111), giving rise to significantly lower currents for
reactions in which this species is involved as a reactant, as
happens, for instance, in methanol oxidation.”* In this sense,
Giz et al. found an increasing difficulty to oxidize CO
generated on the possible defects present on a Pt(111) surface
by increasing the ethanol concentration, attributed to the
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Figure 3. Energy profiles for the adsorbed ethoxy evolution to adsorbed COCH; on Pt(111) and Pt(100). Being similar on Pt(111), reactant,
intermediates, transition states, and products are displayed only on Pt(100).

blockage of the Pt surface by intermediates (possibly acetate)
that inhibits the OH adsorption.”” The comparison between
the formic acid oxidation behavior on one side and those of
methanol and ethanol on the other further reinforces the
conclusion that adsorbed OH plays an essential role in the
ethanol oxidation reaction on platinum electrodes.

Similar experiments were conducted on Pt(100). In the
voltammetric profiles obtained in the absence and presence of
1 mM ethanol for this electrode (Figure 2A), it can be
observed that during the first scan these profiles are identical
up to 0.35 V. Then, additional peaks appear at ca. 0.42, 0.5,
and 0.7 V in the presence of ethanol. This latter peak can be
assigned to adsorbed CO oxidation, which is formed when
breaking the C—C bond of ethanol on the surface.”” In the
negative scan direction, currents are very low and the hydrogen
profile recorded between 0.3 and 0.06 V is partially blocked,
indicating that CO has been already formed. In the second and
subsequent scans, the peaks at 0.42 and 0.5 V are not observed
and the peak related to the oxidation of CO is larger. The
absence of the peaks at 0.42 and 0.5 V in the second scan
suggests that they are connected to an oxidative adsorption
process. Apart from the CO oxidation peak, the measured
currents for Pt(100) are significantly smaller than those
recorded on Pt(111).

To gain insight into the nature of the oxidative adsorption
process on Pt(100), a freshly annealed electrode was
immersed, reversing the scan after the peak at 0.42 V (Figure
2B). In the negative scan direction, the hydrogen profile is
partially blocked, being clear proof of the formation of an
irreversibly adsorbed species. Furthermore, in the subsequent
positive scan direction, no peak is observed between 0.4 and
0.6 V and the peak at 0.7 V is larger. Although the peak at 0.42
V is always present under different concentrations (Figure 2C),
shifting to lower values as the concentration increases, the
charge under this peak remains almost constant, which

confirms its relationship with the formation of an adsorbed
species from ethanol.

All of these results indicate that the peaks at 0.42 and 0.5 V
are related to the formation of adsorbed CO from the C—C
bond cleavage of ethanol on Pt(100). In fact, the peak at 0.42
V is very similar to that observed for methanol oxidation,
which has been attributed to the formation of adsorbed CO.*'
Finally, it should be noticed that the onset for cleavage of the
C—C bond, leading to formation of adsorbed CO, coincides
with that of the OH adsorption on this electrode (ca. 0.35 V),
which reveals that both processes are connected, that is,
adsorbed OH is required to activate and completely oxidize
ethanol on Pt(100).

In summary, as recently found for methanol,"” the ethanol
electro-oxidation on platinum in water, both on Pt(111) and
on Pt(100), takes place only in the presence of adsorbed OH.
Large oxidation currents were measured on Pt(111), although
CO was not detected during the process. This fact implies that
ethanol is not being completely oxidized on Pt(111). By
contrast, less intense oxidation currents were measured on
Pt(100), although CO was formed in this case. This
observation implies that the ethanol C—C bond is being
cleaved on Pt(100). From these key experimental findings and
DFT calculations, the mechanisms controlling the ethanol
electro-oxidation selectivity on platinum in water as a model
system can be elucidated.

Activation Mechanism. It has been recently shown that
the coadsorption of OH and methanol in neighboring
locations favors methanol activation on platinum in water,
giving rise to adsorbed methoxy and water in a virtually
barrierless step.'” Since ethanol and methanol have similar
adsorption modes and their oxidation processes take place only
in the presence of adsorbed OH, the activation mechanism
found for methanol was also tested for ethanol. The observed
mechanism is almost identical with that observed for methanol,
that is, adsorbed OH plays a key role as a reactant in this
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mechanism, which is facilitating the formation of adsorbed
ethoxy. The availability of this key reactant at the right location
for the reaction (close to an adsorbed ethanol molecule) is
controlled by the adsorbate/media/surface interactions in the
interface. The nearly perfect match between the geometry of
the water lattice at the interface and the specific atomic
arrangement of the Pt(111) surface™ (hexagonal lattices with
almost identical parameters) allows for optimal oxygen/
platinum interactions on top locations while maintaining the
network of hydrogen bonds. The congruence of the lattices
leads to a quasi-negligible hydrogen transfer barrier between
adjacent oxygen atoms in the water layer, ensuring the fast
movement of adsorbed OH on this plane toward the right
location. Conversely, the larger mismatch between the water
lattice at the interface and the specific atomic arrangement of
the Pt(100)* surface (hexagonal vs square lattices) forces the
competition between hydrogen bonds and optimal oxygen/
platinum interactions on top locations, giving rise to a more
sluggish dynamic evolution of adsorbed OH on this plane. This
mechanism can explain a faster ethanol activation rate on
Pt(111), resulting in higher ethanol oxidation currents on this
surface in agreement with the experimental findings.

Evolution to Adsorbed COCH;. To explore the adsorbed
ethoxy evolution to adsorbed COCH; on Pt(111) and
Pt(100), DFT calculations on periodic models of these
surfaces were carried out. It was found that adsorbed ethoxy
can readily evolve to adsorbed COCHs, both on Pt(111) and
on Pt(100), according to the mechanism schematized in the
energy profiles of Figure 3. Adsorbed ethoxy can favorably
yield adsorbed acetaldehyde, which then can be easily activated
and dehydrogenated to give rise to adsorbed COCHj;. The
successive bonding mode switching of the C—O bond along
this process, from a single to a double bond (to yield
acetaldehyde) and then to single bond (to activate
acetaldehyde) and once more time to a double bond (to
give rise to adsorbed COCHj;) enables the smooth transition
between intermediates, providing easily accessible bonding
alternatives.

Acetic Acid Formation. After verifying that the involved
coadsorptions are not repulsive, acetic acid formation was
computationally investigated on Pt(111) and Pt(100) from the
configurations shown in Figure 4. A continuous solvation
model was only used initially as a solvation effect treatment.
Although this reaction is clearly favorable by more than 1 eV
on Pt(111) and only slightly favorable on Pt(100) by ca. 0.1
eV, the calculations indicate that acetic acid can be much more
readily formed on Pt(111) than on Pt(100) because of the
difference in the barriers (no barrier on Pt(111) vs 0.67 eV on
Pt(100)). This preliminary conclusion partially explains why
ethanol is not completely oxidized on Pt(111). Three reasons
can be pointed out to explain this large barrier difference
between both surfaces. First, in the involved reactant
configurations (Figure 4), adsorbed OH is much closer to
the target carbon on Pt(111) than that on Pt(100) (2.62 vs
3.13 A). Second, OH is much more intensely adsorbed on the
bridge-bond location on Pt(100) (the initial position of this
reactant for this reaction step on this surface) than on the on-
top location on Pt(111) (by 0.78 €V). Third, the OH group
maintains a more favorable orientation along the reaction path
on Pt(111) than on Pt(100). Alternative configurations for this
step on Pt(100) were also studied (Figure S2), although the
calculated barrier was higher.
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Figure 4. Reactant and transition state configurations for the
incorporation reaction of adsorbed OH to the adsorbed COCHj;
intermediate to yield acetic acid on (A) Pt(111) and (B) Pt(100).

Solvation Effects. Additional interfacial solvation effects
involved in the acetic acid formation step from the adsorbed
COCH,; intermediate on Pt(111) were investigated by
including explicit water molecules in the models (Figure S).

Figure S. Relevant configurations used to study in detail the solvation
effect involved in the incorporation reaction of adsorbed OH to the
adsorbed COCH; intermediate to yield acetic acid on Pt(111): (A)
reactant, (B) pseudostate defined by the optimization constraint
indicated in the figure, and (C) transition state. Orange circles
highlight the adsorbed OH evolution. Yellow arrow represents an
optimization constraint.

It was found that OH is not stable in the adjacent location to
the intermediate since adsorbed OH is more favorably solvated
inside the water network at the interface. Thus, the
configuration displayed in Figure SA has to be considered as
the reference reactant state for this reaction step. This result
contrasts with recent findings for methanol, where the
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coadsorption of methanol by the OH group and OH in
adjacent locations is favored by hydrogen-bond formation."
From this reactant state, the reaction barrier to form acetic acid
on Pt(111), corresponding to the transition state of Figure SC,
was found to be 0.36 eV. This significant barrier (vs no barrier
under continuum solvation conditions only) can be explained
by two effects. First, adsorbed OH has to be extracted from
inside the water lattice in the interface, where it possesses
higher solvation energy, to the edge of this lattice, where it can
take part in the reaction step. Second, the interaction between
adsorbed OH and the water lattice has to be weakened in the
transition state to eventually yield acetic acid in a very
favorable reaction step. In any case, the reaction rate for this
step strongly depends on the adsorbed OH diffusion rate,
which controls the movement of adsorbed OH toward the
reacting site. To better understand the kinetic aspects of this
reaction step, the pseudostate in Figure 5B, obtained
constraining the indicated OH bond to a typical value of this
kind of bond in a water lattice in this interface, was considered.
Since the barrier to this reaction step on Pt(111) is essentially
zero in the absence of solvation effects associated with
hydrogen bonds, consideration of this pseudostate allows
decomposing the estimated barrier of 0.36 eV into two
contributions: one for each of the two aforementioned effects.
It was found that this pseudostate (Figure SB) is unfavorably
reached from the reactant state (Figure SA) by only 0.15 eV.
Furthermore, the fast dynamics of adsorbed OH on Pt(111)
guarantee the frequent availability of this reactant in the
reactive location, maximizing the viability of this reaction step.
Thus, it can be confirmed that acetic acid formation is a facile
reaction on Pt(111) with a total barrier of only 0.36 eV after
considering interfacial solvation effects. However, although this
mechanism explains why acetic acid is readily formed on
Pt(111), it does not justify why ethanol is not completely
oxidized on this surface.

A similar evaluation of the role played by the interfacial
solvation effects on the acetic acid formation reaction on
Pt(100) would be desirable. However, the configurations for
adsorbed OH and water on Pt(100) are much more
complex.** For this reason, interfacial solvation effects on
Pt(100) for this reaction step were estimated from the analysis
performed on Pt(111). Since adsorbed OH would be solvated
worse on Pt(100), the energy involved in the movement of
adsorbed OH from inside the water lattice to the edge on this
surface should be lower and might range between one-half and
two-thirds of that calculated on Pt(111). Furthermore, since
only one hydrogen bond with the water lattice is broken to
form the transition state on Pt(100) instead of two on Pt(111),
this energetic component should be also reduced to one-half.
Thus, the barrier to the acetic acid formation on Pt(100)
should be, at least, on the order of 0.85 eV. This high barrier
confirms that acetic acid cannot be so readily formed on
Pt(100) as it can be formed on Pt(111), although it does not
explain how ethanol is completely oxidized on Pt(100).

CH; Group Activation. To completely understand why
ethanol cannot be completely oxidized on Pt(111), the CH,
group activation from the adsorbed COCH; intermediate to
form adsorbed COCH, was investigated on Pt(111) as an
alternative step to the formation of acetic acid. This activation
is the first step in breaking the C—C bond, leading to complete
oxidation of the fuel. Although mechanisms in the presence
and absence of adsorbed OH were explored, direct
involvement of adsorbed OH in this reaction step was not

observed. Thus, the energy profile for this step was estimated
from the transition state of Figure 6A (the whole step is

A B

Figure 6. Transition states corresponding to the CH; group from the
COCH; intermediate activation reactions on (A) Pt(111) and (B)
Pt(100) are completely schematized in Figure S3.

presented in Figure S3A). It was found that dehydrogenation
of the CH; group on Pt(111) to yield adsorbed CH,CO is
slightly unfavorable by 0.14 eV with a barrier of 0.86 eV. A
significant rate for the C—C bond cleavage requires, at least,
that the barrier for CH; group dehydrogenation was
comparable to that calculated for the acetic acid formation.
Thus, despite ethanol electro-oxidation selectivity being
frequently analyzed focusing on the C—C bond cleavage
step, the real reason ethanol is not completely oxidized on
Pt(111) is not that the C—C bond cleavage is impeded but
rather that the step leading to acetic acid formation is much
more favorable than CH; group activation on this surface.

To achieve CH; group activation (a necessary step for
complete oxidation of the fuel), the availability of adsorbed
OH, the barrier for the acetic acid formation, and/or the CH;
group activation barrier should be diminished. All three
mechanisms simultaneously operate on Pt(100). As afore-
mentioned, much more sluggish dynamics for adsorbed OH
can be expected on Pt(100). A higher barrier to acetic acid
formation (0.85 vs 0.36 eV) was found on Pt(100). Finally, a
much more accessible CH; group activation step (0.55 vs 0.86
eV as a barrier, for a similar total energy) was found on
Pt(100) (Figures 6B and S3B). Thus, the significantly lower
barrier for CHj group activation than that for acetic acid
formation allows for complete ethanol oxidation on Pt(100).

The CHj; group dehydrogenation barriers on platinum on
Pt(111) and Pt(100) are not small because, as can be observed
in Figure 6, the C—H bond has to be extraordinarily elongated
(from ca. 1.10 to ca. 1.60 A) on both electrodes before the
carbon and hydrogen atoms can simultaneously interact with
platinum to give rise to the dehydrogenation step. The barrier
on Pt(100) is smaller than that on Pt(111) (0.55 vs 0.86 V)
since the broader output angle for hydrogen on Pt(100) (90°
vs 60°) avoids repulsion between the dehydrogenated
fragment and the hydrogen atom (Figure S).

C—C Bond Cleavage. The ethanol C—C bond can be
favorably cleaved from the COCH, intermediate (by 0.27 eV
with a barrier of 0.81 eV) on Pt(100) according to the reaction
step schematized in Figure 7. The alternative mechanism under
which the CH, group is displaced in the opposite direction was
also considered (Figure S4), although it was found to be less
favorable.
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Figure 7. Ethanol C—C bond cleavage mechanism from the COCH, intermediate to yield adsorbed CO and adsorbed CH, on Pt(100): (A)

reactant, (B) transition state, and (C) product.

B CONCLUSIONS

The practical utility of the fuel cell approach to obtain as much
of the energy stored in ethanol as possible depends on the
availability of catalysts with enough selectivity toward complete
electro-oxidation of this fuel. The reported experimental results
provide evidence that the ethanol electro-oxidation on
platinum in aqueous media takes place only in the presence
of adsorbed OH. Ethanol can be not completely oxidized on
Pt(111), whereas adsorbed CO is readily formed on Pt(100).
The participation of adsorbed OH as a reactant in the
mechanism explains why a large oxidation inhibition is
observed when acetic acid is formed resulting in acetate
adsorption. Although the acetate layer allows ethanol/surface
interaction, it hinders OH adsorption, which is a required
species in this oxidation mechanism. Computational results
confirm the participation of adsorbed OH in this process,
providing a detailed mechanism. Adsorbed OH is required to
form adsorbed ethoxy, which then evolves to adsorbed
COCH;. From this intermediate, the calculated barriers for
the different steps in the oxidation mechanism are very
dependent on the surface structure, which explains the
experimental differences observed for this oxidation process
on Pt(111) and Pt(100). Adsorbed COCH, readily reacts with
an additional adsorbed OH species to yield acetic acid on
Pt(111). By contrast, the higher barrier for this step enables
the dehydrogenation of the CHj group to yield adsorbed
CH,CO on Pt(100). From this latter species, the C—C bond
can be favorably cleaved on Pt(100). The evolution dynamics
of adsorbed OH on the surface, which depends on the
adsorbate/media/surface interactions at the interface, modu-
late the availability of this key reactant, controlling the kinetics
of the reaction. It has been also shown that the involvement of
adsorbed OH in the water lattice at the interface can have a
significant impact on the estimation of barriers for the reaction
steps in which adsorbed OH takes part as a reactant. The
experimental and computational results are therefore mutually
consistent. Furthermore, the feasibility of each reaction step
has been discussed in terms of fundamental effects and
mechanisms. Thus, not only the C—C bond cleavage but also
the CH; group activation from the adsorbed COCHj;
intermediate should be considered when analyzing the
selectivity of the ethanol oxidation reaction. In fact, these
results explain the observed behavior of the reaction on
platinum electrodes modified by oxophilic elements, such as
tin. Although effective catalysis is observed, the selectivity for
CO, is not improved'”** because the increased availability of
adsorbed OH on the surface due to the presence of tin
promotes the incomplete oxidation of ethanol. These insights
can contribute to accelerating the development of selective
catalysts for this fuel and to a better understanding of the
oxidation reactions of alcohols on platinum in aqueous media

and other reactions in which adsorbed OH plays a key role as a
reactant. Moreover, this manuscript provides evidence that
electrocatalytic selectivity research requires holistic consid-
eration of the reactants, adsorbates, media, and substrate in a
potential-dependent environment.
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