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In this report, we discuss some of the advances in surface science and theory that have enabled a more
detailed understanding of the mechanisms that govern the electrocatalysis. More specifically, we examine
in detail the electrooxidation of C; and C, alcohol molecules in both acidic and basic media. A combination
of detailed in situ spectroscopic measurements along with density functional theory calculations have

helped to establish the mechanisms that control the reaction paths and the influence of acidic and alkaline
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media. We discuss some of the synergies and differences between electrocatalysis and aqueous phase
heterogeneous catalysis. Such analyses begin to establish a common language and framework by which
to compare as well as advance both fields.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

The rates of electrocatalytic reactions depend upon the sur-
face structure and composition [1] of the electrode as well as on
the applied potential [2]. The former includes the chemical com-
position of the electrode surface, its long-range geometry (with
possible surface reconstructions or relaxations) and the in situ
surface atomic arrangement on a short range scale whereas the
later follows the changes that result in the atomic of the above
as well as the electronic structure of the metal. Recent develop-
ments in electrocatalysis have been driven by progress in ab initio
theory of catalysis, [4] development of new experiment methods
to study materials and surfaces [6-8] and the synthesis of new
catalytic materials [9-12]. The discovery of new nanoscale mate-
rials with unique surface structures and geometric architectures
[9-11,13] often provide unexpected surface properties as well as
enhanced electrocatalytic performance. Such structure-property
relationships can be explored in detail through the use of in situ
spectroscopy, rigorous materials characterization as well as by the
use of first-principles quantum mechanical calculations and molec-
ular simulations. This process of synergistically integrating detailed
characterization and spectroscopy, theory, electrocatalytic perfor-
mance and novel materials development provides consistency to
the electrocatalysis field across its known efforts and domains.
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The tremendous surge in the research efforts in modern elec-
trocatalysis that have occurred over the past two decades have
provided unprecedented advances in the fundamental principles
that control electrocatalytic reactions and applications in fuel cell
science where chemical energy stored in materials such as primary
alcohols (methanol and ethanol), polyols (glycerol), and formic
acid can be electrochemically converted in electricity. This has
been led by the tremendous advances that have occurred in devel-
opment and application of novel in situ spectroscopic methods,
atomic-scale characterization techniques, and theory and simula-
tion methods that provide a more detail molecular level insights in
the factors that control electrocatalysis.

While the explosion of efforts focused on the application of fuel
cellsisimpressive, there are arange of other exciting areas that have
taken advantage of these fundamental efforts, including CO, reduc-
tion [14], electrochemical supercapacitors [15,16], and molecular
electronics [17,18]. Another fast growing area are the generation of
fuel for electrochemical applications from renewable resources and
the design of efficient and selective catalysts for reactions that con-
vert electrical energy into chemical bonds in fuels [19,20]. Beside
research activities in the field of electrochemical energy generation,
research for efficient energy storage e.g. for lithium ion batter-
ies remains a highly active and growing field that does not show
evidence of slowing down [21,22].

In general, a fuel cell is an electrochemical device [23] which
requires electrocatalysts at the anode oxidize the fuel to produce
electrons and protons and at the cathode reduce oxygen and con-
sume the protons and electrons produced (as shown in Fig. 1).
The differences in the rates of reaction at the anode and cathode
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Fig. 1. A schematic of the polymer fuel cell. The proton conducting membrane,
such as Nafion allows the proton to rapidly transfer from the anode to the cathode
whereas the wire which connects the two electrodes allows for electron transfer.
The fuel oxidation at the anode and the reduction of oxygen which occurs at the
cathode are shown.

Source: www-rpl.stanford.edu.

dictate the potential at which the cell can operate and the max-
imum current density. On the anode side, the challenge is to
efficiently catalyze the oxidation of hydrogen or oxygenate fuels
such as methanol, formic acid or ethanol. Unfortunately, the fuel
sources are often contaminated by CO or other species that can
poison the electrode surface. On the cathode side, the requirement
is to effectively reduce oxygen [24], usually from air and to prevent
the dissolution and loss of catalyst. The most active electrocatalytic
materials are typically comprised of expensive transition metals
nanoparticles such as Pt that are too costly to provide viable com-
mercial solutions. Core-shell [25] nanoparticles have of a very thin
shell of the active Pt catalyst supported onto a second metal. To syn-
thesize these systems, bimetallic nanoparticles are often leached
in acid to remove the excess of the electro-dissolving non-noble
element leaving the protective layer composed of the Pt or the Pt-
enriched surface phase [25]. In other words, the electro-dissolution
creates de-alloyed Pt bimetallic catalysts that are composed of
an inexpensive core element with platinum present only in the
nanoparticle shell. This leaves the composition of the material in
use active and close to the nominal (started) alloyed/bimetallic
specification.

Dissolution also results in lattice mismatch between the
core and the shell [26] that may lead to enhanced activity (d-
band rearrangement of the bimetallic catalyst causes weakens
chemisorption of oxygen to improve the catalytic rate of the
oxygen reduction reaction, ORR [24]). Most frequently, dealloyed
Pt-Co bimetallic alloy nanoparticles are studied for electrocatalyst
cathodes [27,28].

The primary challenge at both the anode as well as the cath-
ode is to maintain the catalyst activity for at least a few thousand
hours. Despite the significant academic and industrial research and
development efforts, electrocatalytic materials are still quite a ways
away from meeting these requirements and thus requiring more
dedicated research efforts. In addition, while recent efforts have
helped to reduce the amount of platinum required at the anode for
neat hydrogen applications, there are still significant challenges in
reducing the amount of Pt at the anode for more the oxidation of
hydrogen reformate (containing a measurable amount of CO) thus
creating further research needs. The use of ruthenium additives to
platinum to promote CO oxidation at the anode offers one solution
that will be discussed later in this paper.

Significant developments in the application of electrochemical
devices and the design of new electrocatalytic materials have been

significantly advanced by the developments and application of
detailed materials characterization and surface science. The under-
standing of the surface structure and composition of the active
catalytic materials, the nature of the active site, and insights into
the interaction between three-phase interface that occurs between
the metal, polymer electrolyte and the carbon-conducting sup-
port have been advanced by the applications of surface sensitive
probes, such as synchrotron extended X-ray absorption spec-
troscopy (EXAFS) and the synchrotron X-ray absorption near edge
spectroscopy (XANES), electron microscopy (TEM), Auger electron
spectroscopy (AES), X-ray photoelectron spectroscopy (XPS) and
UV photoelectron spectroscopy (UPS), just to mention a few. Except
for the synchrotron options, the procedure requires bringing the
electrode from an electrochemical cell to an ultra-high vacuum
(UHV) for a post-pumping electrode characterization. Fortunately,
pumping is not breaking chemical bonds in stable electrode sys-
tems [29], so genuine information on the electrode adsorption
state (in solution) is obtained through the measurements in UHV
[30].Such an “emersion” experiment connects electrode adsorption
study and study of adsorption in UHV the most directly. However,
water desorbs to UHV from metal surfaces at ca. 160 K which may
destabilize some of the electrode systems.

2. Surface vibrational spectroscopy with SFG in fuel cell
electrocatalysis

Ethanol is an interesting feed for fuel cells [31-33] that can be
produced from biomass. It is renewable, and its complete oxida-
tion to CO, provides a comparably high yield of twelve electrons
per molecule [34]. While fuel cell reactions involving ethanol have
been intensively investigated and reported [35-45], new obser-
vations were provided by in situ, Fourier transformed, infrared
spectroscopy (FTIR) [46,47] and broad-band sum-frequency spec-
troscopy (BB-SFG). Using an attenuated and surface enhanced FTIR
(ATR-FTIRS) it was shown that the catalytic oxidation of ethanol
on polycrystalline Pt leads to predominant formation of acetalde-
hyde and acetyl [46,47] intermediates on the electrode surface that
can subsequently decompose to form CO which at lower potentials
poisons the surface.

SFGis a powerful vibrational spectroscopic technique for studies
of surfaces and interfaces [48,49]. The sum-frequency is generated
by overlapping a tunable infrared and a fixed visible laser beam in
time and space at the interface of interest. The SFG intensity is pro-
portional to the square of the second-order susceptibility x(2) [49],
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
centrosymmetry and give rise to non-vanishing x(2) contributions
from the interface. For that reason SFG signals from the bulk of cen-
trosymmetric materials are virtually absent and molecular layer on
electrode surface such as adsorbed CO, but also a number of other
adsorbed molecules become accessible with SFG [31,50].

The following equation describes the model used for the inten-
sity I(wsr) of the SFG signals and its dependent parameters:

(iR - -Q)]
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Here, )(5\,2,3 and XE;Z) correspond to the non-resonant and reso-

nant parts of x(2), respectively. The resonant part of x(2) is related
to the amplitude Aq, frequency wq, bandwidth " and phase 64 of

the gth vibrational mode, while Xﬁ,g is due to non-resonant elec-

tronic excitations at the interface. In broadband SFG (BB-SFG) a
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tunable broadband infrared (BBIR) laser pulses with the frequency
£2and abandwidth A of >150 cm~! are mixed at the interface witha
narrowband (<10 cm~1) ‘visible’ laser pulse, where the correspond-
ing sum frequency of visible and IR frequencies is generated. Using
BB-SFG, vibrational spectra can be recorded within the entire band-
width of the BBIR pulse, which eliminates the need for tuning the
IR frequency within the limit of the BBIR bandwidth and allows for
rapid acquisitions of vibrational spectra [51,52].

Because we are mostly interested in the resonant contributions
of xwhich are associated with adsorbed molecular species, we
have applied a previously reported suppression technique [53,54]
for the non-resonant contribution [50-56]. This technique, how-
ever, requires a compromise between a complete suppression of
XE\JZR) and maintaining a relatively good signal-to-noise ratio of the
observed vibrational bands. A detailed description of the BB-SFG
setup can found elsewhere [54].

SFG helps to solve two of the greatest problems in surface molec-
ular spectroscopy, sensitivity and selectivity. As described above
selectivity results from being nonlinear and coherent while sen-
sitivity is due to the product of IR and visible intensities at the
surface, and the particularly huge intensity of focused femtosecond
IR pulses.

The broadband-SFG (BB-SFG) apparatus for spectro-
electrochemistry employed in this study is presented in Fig. 2.
The spectrometer allows for rapid acquisitions of vibrational
spectra synchronized with a voltammetric scan and has been
reported elsewhere [51]. The broadband technique measures
a spectrum with point-by-point scanning and obtains a large
region of the SFG spectrum with every laser shot. As a result
of high sensitivity, we can tolerate substantial IR attenuation
due to the optical absorption of the aqueous electrolyte layer.
We are able to use electrochemical cells where thickness of the
electrolyte film is controlled by a spacer of thickness 25 um or
more [51]. The importance of using this thicker electrolyte cannot
be overemphasized. Thinner electrolyte layers can significantly
distort the electrochemistry and may lead to major errors in the
interpretation of surface vibrational spectra. Too thin layers also
preclude studies of fast kinetics due to the limited diffusion of
reaction educts and product through the thin-layers electrolyte.

3. Advances in theory in electrocatalysis

The past decade has witnessed novel developments in ab initio
methods and exponential advances in the computing power that
have enabled the simulation of complex metal/solution interfaces
and electrocatalytic systems. Anderson and colleagues [57-59]
were some of the first to establish ab initio methods to treat elec-
trochemical systems in their development of a reaction center
model. While the reaction models were comprised of only one
or two Pt atom centers, their results provided important insights
into electrocatalytic behavior. Schmickler et al. [60,61] developed
a model Hamiltonian that was subsequently used to capture bond-
breaking and bond-making phenomena in electrochemical systems
and provide novel insights in surface reaction chemistry. Ngrskov
and colleagues [62] developed and elegant approach in which gas
phase surface energies can be used to predict the chemistry in the
presence of solution and an applied surface potential. The approach
is used by many today to provide a first-order understanding of the
influence of potential.

These simple models were subsequently followed by more
advanced methods and detailed simulations aimed at modeling
the explicit factors that give rise to electrochemistry and electro-
catalysis on metal surfaces at applied potentials. Filhol, Taylor and
Neurock [63,64] used explicit electrolyte in solution along with the
metal surface to examine the changes the result from an applied
potential. The model was subsequently simplified by appropri-
ately charging the metal and allowing for a counter charge in the
aqueous media to establish the double layer at the interfaces. By
using a double reference they could directly and quantitatively
relate the changes in charge to the change in potential and thus
control the potential at the interface. Otani et al. [65] coupled
rigorous density functional theory methods to describe the chem-
istry at the metal surface together with an effective screening
medium to mimic the polarizable continuum. Jinnouchi and Ander-
son [66] followed a similar approach but coupled DFT with a
modified Poisson-Boltzmann theory to model the double layer. A
more recent approach by Rossmeisl et al. [67] used explicit protons
to simulate constant potential electrochemistry. All four of these
methods offer unique insights into the interfacial electrochemistry
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Fig. 2. Schematic setup for surface vibrational spectroscopy with broadband SFG synchronized with voltammetry. Top views show the necessary optics of the BB-SFG
spectrometer, while the side view shows the basic components for simultaneous electrochemical characterizations.
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but differ somewhat in the way in which they simulate the double
layer.

4. Methanol electrocatalysis

The oxidation of methanol proceeds over most transition metals
through a sequence of elementary C—H and O—H bond activation
steps that occur on vacant surface sites on the metal, and ultimately
result in the formation of CO [3]. Through the combination of cyclic
voltammetry, chronoamperometry and DFT studies we confirmed
that methanol decomposition occurs via a dual path mechanism
[3]. At potentials below 0.35V RHE, the mechanism proceeds pre-
dominantly through a sequence of C—H activation steps that lead
to the formation of the hydroxyl methylene (CHOH) intermedi-
ate which subsequently reacts to form adsorbed CO. At potentials
above 0.35V, the O—H bond of methanol can also be activated thus
resulting in the formation of formaldehyde which subsequently
desorbs or continues to react to form CO. The onset potential was
found to be a function of specific surface structure. The dual paths
for the oxidation of methanol to CO over Pt(11 1) along with their
corresponding reaction energies calculated at 0.5V RHE are shown
in Fig. 3. Stepped defect sites, which are known to be present on the
Pt(11 1) surface, reduce the onset potential to 0.4 V which is consis-
tent with the experimental results which indicate a value of 0.35V
RHE [3]. While CO is an intermediate to CO,, it readily builds up
on the surface at lower potentials and poisons more active metals
such as Pt.

As stated, at higher potentials, the O—H bond of methanol can
be activated on the Pt surface, leading to formation of formalde-
hyde. Formaldehyde can subsequently hydrate in solution to form
methanediol via an equilibrium process [68]. Methanediol can sub-
sequently dehydrogenate to form observed formic acid in solution,
which can dissociatively adsorb on Pt resulting in adsorbed for-
mate. Formate has been observed experimentally [69], and has
been proposed as an active intermediate in the direct formation of
CO; which proceeds via the C—H bond activation providing a path

Potential =+0.5 Vvs. NHE
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that bypasses the formation of the strongly bound CO intermediate.
DFT calculations indicate that formate binds very strongly through
the oxygen atoms in a di-sigma interaction. This binding mode will
likely cause a large barrier for the final dehydrogenation of for-
mate to form CO,, which could explain why large overpotentials
are required to fully oxidize the formate intermediate [69,70].

5. Methanol electrocatalysis on platinum surfaces
containing ruthenium

Pt is often alloyed with a more oxophilic metal such as Ru to
promote the adsorption and dissociation of water thus creating
bifunctional sites on the surface [71-78]. These bifunctional fuel
cell catalysts show enhanced “CO-tolerance” compared to pure
Pt during methanol oxidation reactions [79]. Alloying Pt with Ru
results in the formation of OH groups which interrupt the CO
adlayer and readily oxidize CO to CO, (bifunctional effect) and in
addition reduce the Pt-CO bond strength via an increased electron
density on Pt through electronic interactions with Ru (ligand effect
as per the NMR work: [80-82]). We also showed that CO adsorbed
on nanoparticle Pt/Ru is confined within the Pt and Ru island bor-
ders on the surface [83]. The total effect of Ru is a reduction in the
overpotential for CO oxidation by ~0.25V [84-87] which leads to a
decrease in CO poisoning during methanol oxidation.

6. Ethanol electrocatalysis

The electrocatalytic oxidation of ethanol is much more complex
than the oxidation of C; molecules such as methanol or formic acid.
The desired complete oxidation to CO, produces twelve electrons
per molecule, which is two times that produced by methanol in the
direct methanol fuel cell. However, in order to achieve complete
oxidation, C—C cleavage must occur without significant poison-
ing of the catalyst by C; intermediates. For that reason, breaking
the C—C bond of ethanol and the selectivity of the electrocatalyst
toward the formation of CO5 as the final reaction product have been
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Fig. 3. DFT calculated potential-dependent reaction paths for the oxidation of methanol to CO over Pt(1 1 1). The onset potential for the dual path occurs at about 0.5V. The
primary path, available over a wide range potentials, is shown in red. It proceeds via a sequence of C—H bond activation steps ultimately forming the hydroxyl methylene
intermediate (CHOH) before activating the final 0—H bond to form CO. The minor path proceeds at 0.5-0.6 V RHE proceeds via the initial activation of O—H bond of methanol
to form a surface methoxy intermediate which subsequently reacts to form formaldehyde consistent with previous speculations. The presence of steps that are likely present
on the (11 1) surface reduces the onset potential to 0.4V which is consistent with the experimental results [3,5].
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identified as the major challenges for ethanol oxidation. The com-
plete oxidation of ethanol to CO, is very difficult and only accounts
for a few percent of the current that is generated.

Incomplete cleavage of C—C bonds results in partial oxidation
pathways and the formation of acetaldehyde and acetic acid. These
partial oxidation intermediates subsequently desorb from the sur-
face and diffuse into the bulk electrolyte due to the concentration
gradient of these species. As such, they are removed from the
surface and do not undergo further oxidation thus resulting in a sig-
nificant loss in efficiency since only a small fraction of the ethanol
is fully oxidized. Evidence for these bulk related processes comes
mostly from IR spectroscopy.

Our BB-SFG studies also provide a more in-depth treatment of
the surface intermediate and show that within 3 min, a monolayer
surface of CO has formed, indicating that it is apparently easy to
break the C—C bond. Two other strongly bound surface intermedi-
ates, however, are formed which are absent in methanol oxidation:
adsorbed acetate at higher potentials (demonstrating the difficulty
of breaking the C—C bond) and —CHy species at lower potentials
[31,32]. Consequently, these additional species tend to block sur-
face sites and inhibit ethanol oxidation under acidic conditions. The
electrocatalytic oxidation of ethanol over Pt electrodes in acid has
two predominant limitations that prevent its viability [88]:

(1) The predominant partial oxidation leads to the formation of
acetaldehyde and acetic acid thus resulting in the production
of 2 or 4 electrons which are minor contributions to the current.
Both acetate and acetic acid are also unwanted side products in
the electrocatalytic oxidation.

(2) The path to C1 oxidation is rather complex as it requires break-
ing the C—C bond and removal of both —CHy and CO from the
surface. Both of these tend to poison the surface at lower poten-
tials.

7. Spectroscopic information on ethanol electrocatalysis by
sum-frequency generation

Fig. 4a demonstrates that CO as one of reaction intermediates
during ethanol oxidation accumulates on the Pt catalyst surface
at low potentials and shows that the ethanol carbon-carbon bond
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Fig. 4. Broadband SFG spectra in (a) the CO and (b) acetate spectral regions during
the electrooxidation of 0.1 M ethanol on a polycrystalline Pt disk.
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Fig. 5. Broadband SFG spectra in the CO spectral region that were recorded dur-
ing the electrooxidation of 0.1 M '2CH3'3CH,OH isotopically labeled ethanol on
polycrystalline Pt.

can be broken under these conditions. The CO adlayer is oxida-
tively removed from the Pt surface as the electrode potential is
increased above 0.4V vs. Ag/AgCl thus resulting in a dramatic
decrease in the intensity of the CO vibrational band. SFG spectra
at E> 0.6V in Fig. 4a appear featureless and indicate the absence of
adsorbed CO for these potentials. In addition to a direct observation
of CO vibrational bands, the non-resonant contribution XE\JZR) to the
second-order susceptibility x(2) (see above) can be used to track
changes in the CO adlayer. In Fig. 4b the non-resonant contribu-
tion arises at ~1300 cm~! and is shaped by the Gaussian spectrum
of the broadband IR pulse. A close inspection of Fig. 4b reveals
that between 0.2 and 0.4V X%;g is strongly coupled to the pres-
ence of the CO adlayer and is consequently significantly decreased
during the oxidation of CO [31,32,50]. After the CO adlayer has
been stripped off of the Pt surface at potentials >0.4V, Pt surface
sites become available for other more weakly adsorbed molec-
ular species such as acetate or (bi)sulfate (in sulfate media). In
fact, vibrational bands at 1400 cm~! and 1280cm~! are observed
(Fig. 4b). These bands can be assigned to symmetric carboxylate
(—COO0™) stretching vibrations of adsorbed acetate (1410cm~1)
and S—O stretching vibrations of co-adsorbed (bi)sulfate anions
(1280cm™1). The acetate band at 1410cm™! arises at E>0.6V,
increases in intensity with increasing potential, reaches a local
maximum and subsequently decreases to negligible intensities
prior to 1.0V. On the cathodic sweep, a similar intensity-potential
profile is observed in the same potential region. Kutz et al. [31,32]
compared the SFG amplitudes A of acetate and (bi)sulfate bands as
a function of the applied potential in HCIO4 and H,SO4 electrolytes
and showed that the co-adsorption of acetate and (bi)sulfate leads
to a cooperative effect where the acetate adlayer can be observed in
awider potential range, where co-adsorbed (bi)sulfate confines the
acetate anions on the Pt surface in a more ordered fashion [31,32].

Once the acetate is desorbed and surface oxides are removed, the
CO vibrational band reappears on the cathodic sweep and a dense
CO adlayer is formed again on the surface (Fig. 5). The acetate anion,
however, does not oxidize within the potential range in which fuel
cells operate and thus either diffuses from the surface as acetic acid
(step (g) in Scheme 1, see below) or blocks Pt catalyst sites. The
stabilization of acetate on the surface by (bi)sulfate co-adsorption
additionally discourages the use of dilute sulfuric acid as an elec-
trolytic medium for fuel cells, since the reaction pathway in which



202 B. Braunchweig et al. / Catalysis Today 202 (2013) 197-209

CH,COOH

ls

CH,CH,0H —2  CH,CHO —L CH,COO .,

\b /
-CH, and “CH,O fragments o4
l e \ c l )
CH4 Co (ads) C02

Scheme 1. Proposed reaction pathways for the electrooxidation of ethanol on a
platinum surface in acidic electrolytes (Ref. [31] compared to that in Ref. [34]).

acetate and acetic acid are produced yields only four electrons per
ethanol molecule and is therefore undesirable.

Further information on the oxidation of the different carbon
species —CH3 and —CH,OH of ethanol can be gained by the use of
isotopically labeled 12CH3!3CH,OH molecules since CO vibrational
bands of both 12C0O and 13CO are clearly resolved and are indica-
tive of the oxidation of ethanol fragments according to step (c) in
Scheme 1. The coverages of 13CO and '2CO are not identical, how-
ever, as we observe a greater quantity of 13CO formed from the
—13CH,0 fragment. Because the latter fragment is already partially
oxidized, further oxidation to CO is far more facile than the oxi-
dation of —12CH, fragments [31,32]. Although a small fraction of
the —CHy species can oxidize to CO at potentials as low as —0.2V,
the majority of the —CHy species possibly persists on the catalyst
surface at higher potentials or is reduced to methane at cathodic
potentials. A complete reaction scheme based on our experiments
and additional evidence reported in the literature is proposed in
the diagram (Scheme 1) for ethanol decomposition on platinum
surfaces shown below. It should be pointed out, that acetyl which
is a dehydrogenated product that results from acetaldehyde, was
not included in Scheme 1 since at the present it has not been
observed with BB-SFG. Note, that the BB-SFG method is only sen-
sitive to the adlayer adjacent to the electrode surface the absence
of strong acetyl related bands in our spectra suggests that there
is no adsorbed acetyl in the first surface layer. Although, there
could be the possibility that the acetyl species is SFG inactive and
does not contribute to the SFG spectrum, it appears to be rather
unlikely since similar adsorbates such as acetate is identified with
SFG [31,32,50].

8. Theoretical efforts in ethanol electrocatalysis

In order to gain further insights into the possible elementary
steps involved in the pathways for ethanol oxidation presented
in Scheme 1, first principle DFT calculations were carried out
over model Pt(11 1) and Pt(2 1 1) surfaces [89,90]. The calculations
examine the first order effects of potential by shifting the reac-
tion energies to reference them to the standard hydrogen electrode
using the approach developed by Ngrskov et al. [62]. The results do
not include the solution phase or the potential dependent changes
in the capacitance or charging of the surface.

Reaction energies were calculated for various plausible paths
involving C—H, O—H and C—C bond activation steps. The specific
paths examined and the resulting reaction energies are shown at
0V over the Pt(111) and Pt(2 1 1) surfaces in Fig. 6a and c, respec-
tively. On Pt(111)at 0V, the results show that the initial activation
of ethanol is much more likely to occur at the C—H rather than the
O—H bond of the alcohol —CH,OH group. This is consistent with
the previously reported theoretical and experimental results for
methanol oxidation discussed above [55]. The subsequent activa-
tion of the O—H bond of the hydroxylethyl intermediate (RCH*OH)

to form the observed acetaldehyde intermediate is thought to
proceed as the next step in the sequence, although it is not the
most thermodynamically favored route at lower potentials as it is
endothermic by 1.07 eV. Increasing the electrode potential, how-
ever, shifts the energies for all of the electrochemical reaction steps
which release an electron down by an energy which is directly pro-
portional to the number of electrons released. The results presented
in Fig. 6¢ indicate that as the potential is increased to 0.68 V RHE
the two step path to acetaldehyde becomes favorable (exothermic).
This is consistent with previous reported results for the activation
of methanol over ideal Pt(1 1 1) surfaces [3].

As was discussed for methanol oxidation, it is well established
that the ideal Pt(11 1) surfaces, contain step defect sites that can
be considerably more reactive. This is consistent with results that
show that increases in surface step density increase the current
[91]. The Pt(2 1 1) surface was, therefore, used as a simple model of
step sites. The results for the activation of ethanol on the Pt(211)
surfaces which are shown in Fig. 6¢, indicate that the two paths for
the activation of ethanol have very similar reaction energies. The
activation of O—H is decreased by over 0.9 eV at the step edges over
that on the Pt(11 1) surface as is shown in comparing the results
in Fig. 6a with those in Fig. 6¢. The results in Fig. 6d indicate that
the route of ethanol to acetaldehyde now becomes exothermic (on
Pt(211)) at an onset potential of 0.38V RHE which is consistent
with the experimental results that show onset potentials close to
0.4V RHE. This suggests that the current at these low-potential may
be the result of steps or defect sites as was previously suggested
[91,92].

In order to achieve complete oxidation of ethanol to CO,, the
C—C bond must be activated. The results shown in Fig. 6a for the
activation of ethanol over Pt(11 1) surface indicate that C—C bond
breaking reactions become increasingly more exothermic as we
increase the degree of dehydrogenation of ethanol. We confirmed
this in recent studies that examined the activation barriers for a
number of C—C cleavage reactions of the acetaldehyde intermedi-
ate and further dehydrogenated intermediates as is shown in Fig. 7
[92,93]. The activation barrier for C—C cleavage of acetaldehyde was
found to be 1.55eV, compared to 0.92 eV for the dehydrogenated
CH=C=0 ketene-like intermediate. As was observed for O—H acti-
vation, C—C activation is also more facile over step-like defect sites
modeled by a (21 1) surface as shown in Fig. 6¢. On Pt(2 1 1), all but
one of the C—Cactivation steps were calculated to be exothermic. As
the potential is increased, the dehydrogenation reactions become
linearly more exothermic, whereas the C—C activation steps remain
unaffected as they are not explicitly potential dependent. This indi-
cates that as the potential is increased, C—C cleavage is more likely
to occur via one of the more-dehydrogenated surface intermedi-
ate. For example, Fig. 6¢ shows that at 0V, C—C activation of the
CH3CHOH is exothermic by —0.52 eV, whereas that to activate the
C—C bond of acetaldehyde is endothermic by +0.14eV. At 0.38V
RHE, the dehydrogenation barrier to form acetaldehyde becomes
exothermic with areaction energy of —0.24 eV asis shown in Fig. 6d.
This is consistent with experimental results which suggest that at
potentials <0.4V RHE, C; intermediates are formed via C—C cleav-
age of ethanol or a partially dehydrogenated intermediate such as
CH3CHOH. Whereas for potentials>0.4V RHE, the C—C cleavage
step is thought to occur through activation of acetaldehyde [92,88].

At all potentials <0.7 V RHE, it appears that the current is limited
by the unavailability of metal sites on the ideal Pt(1 1 1) surface that
can activate the O—H and C—C bonds. As discussed, these reactions
are much more facile over steps and defect sites that are present
even on the ideal Pt(1 1 1) surfaces used experimentally. While the
defect sites clearly enhance the activation of the initial activation of
the C—0 and C—C bonds, they are likely to be poisoned by strongly
bound C; intermediates form especially at lower potentials. For
thatreason, as previously mentioned, many efforts have been made
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Fig. 6. Reaction energies of elementary steps (referenced to adsorbed ethanol) for dehydrogenation and C—C cleavage reactions (dashed lines) for (a) Pt(111) at 0V and (b)
0.68V RHE and for (c) Pt(211) at 0V and (d) 0.38 V RHE.

to alloy Pt with other more oxophilic metals such as Ru and Sn
which help to facilitate the oxidation of the C; intermediates. It is
thought, that the main role of Ru and Sn in these alloys is to acti-
vate water, generating surface-bound hydroxyl intermediate (OH*),

which assists in C; oxidation [94-98].

On pure Pt, the activation of water to form surface hydroxyl
intermediates occurs at potentials>0.63 V. DFT calculated phase
diagrams of the water/Pt(11 1) interface indicate that water is the
most stable surface intermediate between 0.08 and 0.63V [99].

Water, however, activates at 0.63 V and form stable hydroxyl (OH*)
intermediates on the surface. The presence of defect sites, however,
significantly lowers the potentials for the activation of water. The
formation of these surface OH* and O* intermediates can significant

influence and alter the surface chemistry as both species tend to

CH;CHO* + * — CH;* + CHO*

Eact=1.55 Erxn=-0.22

CH,CHO* + * — CH,* + CHO*

Eact=1.16 Erxn =-0.02

CHCHO* + * — CH* + CHO*

Eact=1.02 Erxn =-0.47

CH,CO* + * — CH,* + CO*

Eact=1.30 Erxn =-0.50

CH,CO* + * — CH,* + CO*

Erxn =-0.05

Eact=1.20

CHCO* +* — CH* + CO*

Eact=10,92 Erxn =-0.58

Fig. 7. Various C—C cleavage reactions of dehydrogenated acetaldehyde intermediates on a Pt(11 1) surface at 0V [92,88].

lower the activation barriers for proton transfer and thus facilitate
hydrogen abstraction reactions.

The oxidation of acetaldehyde to acetic acid and acetate inter-
mediates also likely occur through reaction with surface-bound
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OH* intermediates. The addition of OH* to the aldehyde results in
the formation of a substituted CH3CHOH-O* alkoxide intermedi-
ate on the electrode which subsequently dehydrogenates to give
acetic acid as well as acetate. This is consistent with experimen-
tal results, which shows that the oxidation of acetaldehyde takes
place near 0.7V, forming mostly acetic acid [100]. Furthermore,
OH* can facilitate removal of strongly bound CO* species through:
OH*+CO* — CO, +H* +e-

Thus, it appears that the shift at potentials of 0.6V RHE from
CO-covered to acetate-covered surface seen in the BB-SFG results
is due to ability to activate water at those higher potentials to
form the surface OH* species. Once OH* is present are formed,
they can readily oxidize the CO species to form CO,, and react with
acetaldehyde to form the observed acetate species and acid prod-
ucts. These OH*-driven mechanisms are also observed in alkaline
anion exchange fuel cells (AAEFCs) and in aerobic oxidation in het-
erogeneous catalysis operating in aqueous phase at high pH as will
be discussed in further detail in the next section.

9. Synergy between electrocatalysis and heterogeneous
catalysis

Many of the fundamental constructs in electrocatalysis have
direct analogies with heterogeneous catalysis as both are often car-
ried out over supported metals where the metal is critical in the
adsorption of the reactants, the activation of surface intermediates,
stabilizing transition states and reaction intermediates and control-
ling the molecular transformations. In addition, the metal/support
interaction present in both catalysis and electrocatalysis is impor-
tant as it controls catalyst stability, particle size, electronic effects,
spillover phenomena, as well as the formation of bifunctional sites.
While there is significant degree of overlap and synergies between
catalysis and electrocatalysis, there are also unique differences
between the two that often result from the presence of electri-
fied metal/solution interfaces that occurs in electrocatalysis. We
restrict our discussions here to the comparison of catalysis and
electrocatalysis over metal particles.

Heterogeneous catalysis often takes place in gas phase over
metal surfaces which allow one to take advantage of the signif-
icant advances in in situ spectroscopic measurements, isotopic
labeling and comprehensive kinetic studies to establish detailed
insights into reaction mechanism. A significant database of fun-
damental knowledge has been established for catalytic reactions
that occur on metal surfaces which has, and will continue to, assist
in understanding of catalysis as well as electrocatalysis. Many of
the most active metals used in electrocatalysis are very often the
same as those used in heterogeneous catalysis. For example, Pt and
other group VIII metals are known to be very active for fuel cells,
automotive exhaust, hydrogenolysis, and hydrogenation cataly-
sis. Group VIII metals are often present in heterogeneous catalysis
and electrocatalysis as a result of the well-established Sabatier’s

Table 1

principle which suggests that the metals in middle of the periodic
table demonstrate optimal metal-adsorbate bond strengths neces-
sary to drive surface reactivity and still allow product desorption
[101-105].

The complex aqueous phase and the buried interfaces that are
present in electrocatalysis have made it much more challenging to
provide molecular level insights into how these reactions proceed.
As a result electrocatalysis has often followed from the advances
in heterogeneous catalysis. The exponential rise in fundamental
research efforts in the catalytic conversion of biomass derived
intermediates over supported metal catalysts in solution, however,
have begun to reverse this trend. Many of the issues involving the
metal/support stability and reaction mechanisms that now arise
in aqueous phase heterogeneous catalysis are essentially the same
as those that have already been solved in electrocatalysis. We are
beginning to recognize a growing important trend where there is a
significant transfer of knowledge from electrocatalysis back to het-
erogeneous catalysis. We present herein just a few areas concerning
reaction mechanisms for both aqueous phase heterogeneous catal-
ysis as well as electrocatalysis in order to highlight the similarities
and differences between the two. A fundamental understanding of
the similarities and difference should help to advance both areas.

The oxidation of alcohols is one area in which there is signifi-
cant synergy between electrocatalysis and heterogeneous catalysis.
As was discussed previously in the manuscript, the electrocatalytic
oxidations of methanol and ethanol have been extensively exam-
ined in acidic PEMFCs as well as in alkaline anion exchange fuel
cells (AAEFCs). Similarly, a number of researchers have now shown
that polyols, such as glycerol and glucose, can be oxidized in fuel
cells [103-105,121]. The area is important for both catalysis and
electrocatalysis as we witnessed an exponential rise in the number
of papers on the catalytic oxidation of alcohols and polyols over
supported metals as result of their important in the conversion of
biorenewable intermediates to chemicals.

Recent reports on the selective oxidation of alcohols such as
ethanol, glycerol, glucose and hydroxymethylfurfural to mono- and
di-acids over aqueous-phase heterogeneous catalysts indicate that
the presence of alkaline media strongly promotes the activity and
selectivity toward acid products over Pt and Pd catalysts across a
range of alcohol substrates. Furthermore, the oxidation of ethanol
and glycerol were found to be over an order of magnitude more
active over supported Au catalysts. As shown in Table 1 glycerol
is selectively oxidized over Au/C at pH near 12 to glyceric acid
with greater than 60% selectivity with glycolic acid being the main
byproduct [106]. Isotopic labeling was used to show that the source
of additional oxygen in the acid products results solely from the
OH/H,O0 system, rather than the O, co-reactant. While no activity
was observed for alcohol oxidation over Au/C in the absence of base,
both Pt/C and Pd/C show lower activities with limited selectivity to
acid products, instead generating glyceraldehyde and dihydroxy-
acetone, which are the products of oxidative dehydrogenation. On
Pt/C, a series of experiments were run varying the NaOH:glycerol

Aqueous-phase heterogeneous glycerol oxidation over Au/C and Pt/C published in Zope et al. [106].

Catalyst NaOH:glycerol (mol:mol) TOF (s71) Conversion (%) Selectivity (%)
Glyceric acid Glycolic acid Tartronic acid Glyceraldehyde Dihydroxy-acetone

Au/C? 2.0 6.1 6.8 67 33 0.0 0.0 0.0

Au/CP 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

Pt/C? 2.0 1.6 16 70 21 7.0 0.0 0.0

Pt/C? 1.0 0.76 7.1 78 14 7.0 0.0 0.0

Pt/C? 0.5 0.48 4.7 72 28 0.0 0.0 0.0

Pt/CP 0.0 0.06 9.0 25 0.0 0.0 54 21

a Reaction conditions: 0.3 M glycerol (G), 0.6 M NaOH, 30 mL, 333 K, pO, 150 psig, G:Au=G:Pt=8000 (mol:mol), G:Pd =2500 (mol:mol), t=0.5h.
b Reaction conditions: 0.3 M glycerol (G), 5mL, 333K, pO, 150 psig, G:Au=G:Pt=5000 (mol:mol), G:Pd=2000 (mol:mol), t=5h; gold particle sizes: Au/C=10.5nm,

Au/TiO; =3.5 nm; dispersion: Au/C=0.05, Au/TiO, =0.29, Pt/C=0.43, Pd/C=0.33 (31).
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Table 2

Selected DFT results on the oxidation of ethanol and the oxygen reduction reaction
in aqueous solvent, from Zope et al. [106]. All of the reported energies are given in
units of kJ/mol.

Reaction Au(111)

w/solvent

AHRXN EAC'['
CH3CH,0H* +* — CH3CH,O* + H* 196 204
CH;CH,OH* + OH* — CH3CH,0* + H,0* 13 22
CH3CH,0* +* — CH3CHO* + H* —40 46
CH3CH,0* + OH* — CH3CHO* + H,0* —222 12
CH3CHO* + OH* — CH3CH(OH)O* +* -33 5
CH3CH(OH)O* +* — CH3COOH* + H* -151 21
CH3CH(OH)O* + OH* — CH3COOH* + H,0* -334 29
3CO*+O0H* — CO, +H* +e~ -230 0
OH*+H* - H,0*+* -183 39
0% +*— 0*+0* 41 105
0,*+H* - OOH*+* -161 25
0,*+H,0* — OOH* + OH* -4 16
OOH*+*— OH*+0* -56 83
OOH*+H*— HOOH* +* -146 19
OOH*+H,0* — HOOH* +* 37 48
HOOH* +* — OH* + OH* —86 71

2 From this work.

ratio. The observed TOF was shown to be linearly proportional to
the concentration of base, indicating that the rate-limiting-step of
the reaction is first order in hydroxide concentration. This is consis-
tent with studies of electro-oxidation of ethanol over Au electrodes
which show a near-logarithmic relationship between activity and
pH [88]. These results demonstrate that glyceraldehyde and dihy-
droxyacetone are likely the primary products of oxidation, followed
rapidly (for systems at high pH) by further oxidation to form glyc-
eric acid.

The role of the catalyst during this further oxidation is unclear.
Zope et al. [106] suggest that the catalyst is necessary for carrying
out the subsequent C—H bond activation of the gem-diol interme-
diate that forms. Electrocatalytic experiments carried out by Lai
et al., however, suggest that the subsequent reactions are carried
out instead solely by the base in solution. Glyceraldehyde is not
stable in solution at high pH [107], and that with O, present [108],
the aldehyde can decompose into a number of products. Under
electrochemical conditions the decomposition produced equimo-
lar amounts of glycolic and formic acids. These products, however,
were not seen in this study over supported heterogeneous catalysts
[107]. Furthermore, if the catalyst’s role is only to facilitate 8-H
elimination in forming the aldehyde intermediates, then it would
be unlikely to observe different selectivities of secondary products
on different metals, as is shown in Table 2 where the selectivity
to Cy acids is slightly higher for Au/C than for Pt/C. Although the
cause of these shifts is unknown, it has been shown [107] that H, 05,
an observed byproduct of the oxygen reduction reaction, leads to
greater amounts of C—C cleavage.

Recent studies on electrooxidation of glycerol over Pt and Au
electrodes show direct similarities with this work but also reveal
interesting differences [109]. Au electrodes are significantly more
active, albeit at higher potentials, than their Pt counterparts and
demonstrate higher selectivity toward C—C cleavage reactions.
Although, in the case of Au electrodes, the presence of formic acid
was detected and the selectivity toward C—C cleavage products was
much higher than the selectivity to glyceric acid, which contrasts
the results found over heterogeneous gold catalysts. As previ-
ously mentioned, glyceraldehyde decomposition has been shown
to form equimolar amounts of glycolic and formic acids [108,110].
This solution-phase degradation is likely to be the dominant path-
way over Au electrodes; however, on Pt where the aldehyde is
more likely to remain chemisorbed to the surface, oxidation via

surface hydroxide is the more likely path. This competition
between desorption (leading to degradation) and further oxidation
on the surface could explain the dramatic differences in glyceric
acid selectivity observed between the Au and Pt electrodes.

DFT calculations were carried out which explore the roles of
hydroxide and the metal during the oxidation of ethanol. These cal-
culations demonstrated that OH species on the Au surface promote
the activation of both the O—H and C—H bonds in the dehydrogena-
tion of alcohol to the aldehyde via the reactions shown in Egs. (1)
and (2). The aldehyde intermediate that results can easily desorb
and hydrate in the solution phase through a base-catalyzed mech-
anism, thus yielding a geminal diol intermediate (Eq. (3)). Once
formed, the geminal diol intermediate can readily deprotonate in
solution or on the surface yielding a stable surface alkoxide inter-
mediate. (Eq. (4)) The C—H bond of the alkoxide is subsequently
activated by surface-bound hydroxide or directly over the metal
thus resulting in formation of acetic acid (Eq. (4)). The energetics
for these reactions are given in Table 2.

CH3CH,0H + OH™ — CH3CH,0™ + Hp,0 — CH3CH,O % +e~ (1)
CH3CH,0 * + OH#% — CH3CH=O0 # + H,0x 2)

CH3CH=0 + OH™ +H,0 — CH3CHOOH™ +H,0
— CH3CH(OH); + 2H,0 (3)

CH5CH(OH), + 20H# — CH3CHOOH* + H,0 + OHx
— CH3COOH + 2H,0 (4)

OH™ < OH*te~ (5)

The ability of hydroxide to act as a nucleophile during the oxi-
dation/hydration of the aldehyde intermediates is very similar to
the widely examined electrocatalytic oxidation CO. As discussed
previously, CO species are commonly observed at high coverage
during alcohol oxidation over Pt and other group VIII metals as was
presented above in the BB-SFG results over Pt. However, hetero-
geneous CO oxidation has also demonstrated high activity on Au/C
catalysts [111]. In both cases, it is believed that the CO-removal
mechanism often occurs through reaction with hydroxide-bound
species.

CO % +OH% — COOH#* — COy(aq) + H™ +e~ (6)

DFT calculations were carried out over model Au(111) sur-
faces in the presence of discrete water molecules to examine in
more detail the mechanism of this reaction and charge transfer
over bulk Au in alkaline media. The results, which are summa-
rized in Fig. 8, demonstrate that the two-step reaction is essentially
barrier-free and highly exothermic. In order to localize atomic
charges and follow the evolution of charge as a function of the reac-
tion coordinate, the wavefunctions of the DFT calculations were
restructured into a series of quasi-atomic-minimal basis set orbitals
(QUAMBO) [112], which enabled a Mulliken charge analysis. The
results from the charge analysis depicted in Fig. 8 show that as
CO* and OH* combine on the surface and release 0.4 electrons that
directly transferred to the metal. Once the COOH* intermediate
is formed, it rapidly deprotonates into solution, followed by CO,
desorption, which transfers another 0.4 electrons into the metal
surface. Through the deprotonation of COOH*, the water phase also
loses 0.3 electrons over the course of the reaction; a total of 1.1 elec-
trons are deposited into the metal surface. This demonstrates the
decoupling of the proton and electron shown in Eq. (6).

At neutral or slightly acidic pH, Au is inactive for both selective
heterogeneous oxidation as well as electrooxidation [91,106,107].
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While the rates for the heterogeneous and low-potential electro-
catalytic oxidation of alcohols over Pd and Pt are very low at neutral
and acidic conditions, they increase significantly in the electrocat-
alytic systems with increases in the potential as was previously
discussed. During selective heterogeneous oxidation, it is unclear
whether there is a change in mechanism due to the reduced avail-
ability of hydroxide. Recent theoretical studies on the selective
oxidation of ethanol oxidation over Pd(111) [113] conclude that
the reaction proceeds via C—H activation of the alcohol to form the
RC*HOH hydroxyalkyl intermediate over the metal rather than by
O—H activation via surface or solution phase OH intermediates. This
is consistent with the known electrocatalytic pathways for the oxi-
dation of methanol and ethanol carried out in acidic media as was
discussed earlier. The subsequent activation of the C—H or O—H
bond of the adsorbed hydroxyalkyl intermediate to form the RC-
OH intermediate or the aldehyde, respectively, were found to have
similar activation barriers. As that work was focused on selective
oxidation to form organic acids, it did not examine the nature of
the C—C bond activation. The work does, however, reveal similari-
ties between ethanol electrooxidation in acid media and neutral-pH
selective heterogeneous oxidation.

CH3CH,OH % +% — CH3CHOH x + Hx (7)
CH3CHOH # +% — CH3COH % + H  orCH3CHO % + Hx (8)

The heterogeneous catalytic oxidation mechanism thus does
not require the direct reaction or interaction with the O, co-
reactant which is similar to electrocatalytic systems where the
alcohol and O, co-reagents react in isolated half-cells. The role
of O, in the catalytic system is to consume electrons produced
during the oxidation reaction via the oxygen reduction reaction

which is essentially identical to that found in electrocatalysis. In the
heterogeneous catalytic system, these two processes take place in
concert, creating a single-particle electrochemical cell, where the
metal nanoparticle acts as an electron reservoir. In electrocatalysis,
the oxidation and reduction reactions occur at separate electrodes.

The ORR mechanism has been the subject of numerous electro-
chemical studies [114-120], as research into reducing the amount
and cost of the catalyst at the cathode has been a major focus in cur-
rent fuel cell research. In heterogeneous catalysis, ORR mechanisms
that are thought to be operative in the selective heterogeneous oxi-
dation over Au and Pt have been examined by density functional
theoretical calculations [106,113]. DFT results indicate that under
the conditions used for alcohol oxidation, oxygen reduction occurs
via the reaction between oxygen and water to generate peroxide
species on the surface. These peroxide species can readily dissoci-
ate over Pt and Pd, thus resulting in the formation of O* and OH*
intermediates. Au, however, cannot readily activate the O—OH bond
and is thus further reduced to form hydrogen peroxide, an observed
reaction byproduct, some of which is likely to dissociate, reform-
ing hydroxide consumed during the reaction. Further reduction of
hydroxide to water is also likely, consuming any atomic hydrogen
generated on the surface. This is similar to work in electrocatalysis,
which has indicates that under acidic conditions, O, does not ini-
tially dissociate, but instead is reduced via reaction with a proton
in solution (and an electron of the electrode) to form OOH* species
which then dissociates [120,121]. Peroxide species have also been
observed and lead to undesired side-reactions and catalyst insta-
bility [120].

Oy% + 2H;0% — OOH % +H,0 % + OHx — Ox +Hy0 + 20Hx

— 40H =« Pd/Pt: 9)
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Oy% + 2H;0% — OOH * +Hy0 % + OHx — HOOH % + 20Hx*
— 40H % Au: (10)

OH x +Hx — Hy0x% (11)

It is clear that there are some obvious similarities between
heterogeneous and electrocatalysis. In the selective oxidation of
alcohols, the heterogeneous catalytic system establishes a local
electrochemical cell that directly mimics the oxidation and reduc-
tion behavior that occur at the anode and cathode of the PEM and
AAEFC fuel cells. In addition, to the similarities, there are unique
differences that often arise between heterogeneous catalysis and
electrocatalysis. A more detailed understanding of the similarities
and differences will clearly help to advance both the fields of catal-
ysis and electrocatalysis.

10. Conclusions

Electrocatalysis is perhaps the most challenging branch in all of
catalysis as the chemistry is controlled by the complex three phase
interface that results between the metal, aqueous media/polymer
electrolyte and carbon support as well as by the applied poten-
tial. This interface dictates the catalyst stability, morphology and
reaction mechanism, and interestingly mimics may of the fea-
tures found in aqueous-phase heterogeneous catalytic systems. The
advances that have occurred over the past decade in in situ as
well as ex situ spectroscopy, characterization, and first principle
simulations begin to allow for the much more in-depth interroga-
tion and understanding of catalysis at such complex interfaces. The
detailed understanding of the similarities and differences between
the electrocatalytic as well as aqueous phase catalytic systems
should ultimately enable significant advances in both fields.

Studies in heterogeneous catalysis as well as electrocatalysis
have shown that supported Pt and other group VIII metals as well as
Au can carry out the oxidation of methanol, ethanol and other poly-
ols but their activities and extents of oxidation are very strongly
influenced by the reaction conditions and the reaction medium in
which they carried out. These studies have shown that Au electro-
catalysts are severely limited in neutral or acidic media, whereas
Pt takes on limited reactivity at these same conditions, where its
activity is proportional to hydroxide concentration. In situ BB-SFG
spectroscopy show, that CO as well as other C; surface species that
form as a result of the dehydrogenation of the alcohol dominate the
surface at low pH/potential and limit catalytic reactivity. At higher
potentials, CO* is oxidized to off of the surface as CO,, thus allow-
ing other oxidized intermediates such as acetate and acetic acid to
bind in their place.

These in situ spectroscopic studies together with first-principle
DFT calculations offer a reliable picture of the understanding of
activity and mechanism for methanol as well as ethanol oxidation.
The results show that at low potentials/low pH, Ptis initially active,
with defect sites likely responsible for the O—H and C—C bond cleav-
age. These sites, however, become poisoned with time by strongly
bound C; intermediates, thus limiting the rates of oxidation of these
species from the surface. At higher potentials, water is activated
to form hydroxide intermediates that can readily oxidize the C;
species from the surface. The surface hydroxyl intermediates can
also activate the alcohol to form the corresponding aldehyde and in
addition react with the aldehyde to form stable acid products which
go on to form acetate intermediates that cover the surface. Further-
more, the acid products appear to be quite stable, preventing C—C
activation and complete oxidation of ethanol to CO,, which is the
desired reaction.

The significant advances in spectroscopy, characterization, syn-
thesis, theory and simulation as well as their synergistic integration
have allowed enabled the community to begin to provide unique
insights into the similarities and differences between catalysis and
electrocatalysis. These insights provide for a stronger foundation
of the fundamental chemistry and mechanistic features that con-
trol both catalysis and electrocatalysis and enable advances and
developments across both fields. However, it is important to note
that the advances discussed herein focus on model systems of these
complex catalytic environments, whether in the form of idealized
surface calculations or single-crystal surface science studies. Real
fuel cell materials, such as supported metal nanoparticles, have
many features which are not captured by these idealized models.
These include the effects of particle size and under-coordinated
sites on metal nanoparticles, the effects of the catalyst support, and
ion and mass transport limitations, just to name a few. For these
reasons it is important to understand the discrepancies between
these model systems and real fuel cells as we continue to develop
an understanding of the unique mechanistic chemistry.
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