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ABSTRACT: Electrocatalytic oxidation of glycerol (EOG) is an attractive
approach to convert surplus glycerol to value-added products. Experiments have [
shown that EOG activity and selectivity depend not only on the electrocatalyst but
also on the electrode potential, the pH, and the electrolyte. For broadly employed
gold (Au) electrocatalysts, experiments have demonstrated high EOG activity
under alkaline conditions with glyceric acid as a primary product, whereas under
acidic and neutral conditions Au is almost inactive producing only small amounts
of dihydroxyacetone. In the present computational work, we have performed an
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extensive mechanistic study to understand the pH and potential dependency of

Au-catalyzed EOG. Our results show that activity and selectivity are controlled by the presence of surface-bound hydroxyl groups.
Under alkaline conditions and close to the experimental onset potential, modest OH coverage is preferred according to our constant
potential calculations. This indicates that both Au(OH),s and Au can be active sites and they cooperatively facilitate the
thermodynamically and kinetically feasible formation of glyceric acid thus explaining the experimentally observed high activity and
selectivity. Under acidic conditions, hydroxide coverage is negligible and the dihydroxyacetone emerges as the favored product.
Calculations predict slow reaction kinetics, however, which explains the low activity and selectivity toward dihydroxyacetone
reported in experiments. Overall, our findings highlight that computational studies should explicitly account for pH and coverage
effects under alkaline conditions for electrocatalytic oxidation reactions to reliably predict electrocatalytic behavior.

KEYWORDS: electro-oxidation, glycerol, electrocatalyst, electrolyte

B INTRODUCTION

In this era of depleting fossil resources, the production of
biofuels and specifically biodiesel has become immensely
important. In biodiesel production via transesterification of
triglycerides, glycerol emerges as a major byproduct, and
accounts for approximately 10% of the total product mixture."”
The production of surplus glycerol has driven its market price
down,” and it has consequently been listed by the U.S.
Department of Energy’ as one of the most important
bioderived platform chemicals for synthesizing oxygen-
functionalized organic molecules. These molecules include
organic acids, aldehydes, and ketones such as glyceric acid
(GLA), glyceraldehyde (GLD), and dihydroxyacetone (DHA).
Various approaches such as thermocatalytic oxidation,” "
catalytic decomposition''~** and hydrodeoxygenation,*"* and
electrocatalytic oxidation'®™*° have been recently considered
to utilize and upgrade the excess glycerol.

The thermocatalytic oxidation of glycerol has been
extensively studied experimentally over numerous metal
catalysts,””'? but this approach has several shortcomings. For
example, the intensive activation of oxidants, low conversion,
poor selectivity, and high operating temperature and pressure
are problematic. The catalytic decomposition''~"* of glycerol,
on the other hand, is hindered by slow reaction kinetics due to
high activation barriers, and the catalytic hydrodeoxygena-
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is limited by high H, pressures or flow rates. Both
thermocatalytic and decomposition approaches produce
mainly carbonaceous molecules with little to no oxygen
content and fail to synthesize highly oxidized value-added
chemicals. To improve selectivity toward the oxygen-rich
products and to facilitate milder reaction conditions, the
electrocatalytic oxidation of glycerol (EOG) has emerged as a
highly competitive alternative.”">*** EOG can be efficiently
operated at ambient reaction conditions eliminating the need
for additional chemical oxidants such as oxygen or hydrogen
peroxide. The electrocatalytic approach also allows finer
control over activity and selectivity by modulating the applied
electrode potential, electrolyte, and pH. In addition, coupling
anodic EOG with the hydrogen evolution reaction (HER)
taking place at the cathode makes hydrogen production a
valuable side reaction.”>*”**

Given its numerous advantages, EOG has been studied on
various metal electrocatalysts, including Au,16’18’19’22’29’30
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Pd,>13% pt, 1923252933 Nj 3435 Cy,*® and Rh,”” and their alloys
such as AuPd,*® AuPt’ NiPt>” and RuPt>’ Previous
experiments'®'®'”?’ have shown that Au electrocatalysts
exhibit promising EOG performance and high activity in
alkaline media compared to other single metal electrodes. The
extraordinary performance of Au in alkaline conditions has
been explained by its resistance toward catalyst poisoning,'®**
that is, the formation of oxides or hydroxides at highly
oxidizing potentials. For instance, Au’s surface oxidation
potential is ~0.5 V higher than that of Pt*” indicating that,
unlike Pt, Au is not oxidized under the reaction conditions. Au
has long been considered totally inactive toward EOG in acidic
media due to the lack of proton acceptors such as OH™ ions in
solution.'”'”*” However, a recent joint experimental and
computational study”> demonstrated that Au retains some
activity even under acidic conditions in 0.1 M HCIO,,”* while
in 0.5 MH,SO,, no activity was observed.'®'? The differences
are likely related to the specific adsorption of (H)SO,*~ which
adsorbs on the surface even in dilute (H)SO,>” solutions.***!
Perchlorate also adsorbs on the Au(111) surface although not
as strongly as (hydrogen)sulfate’” which may explain the
differences between the EOG activity in solutions containing
ClO,” and (H)SO,*". Specifically, sulfates adsorb on the
surface around 0.2 V vs RHE (henceforth referred to as Vgyg)
in 1.0 MH,SO, reaching a total coverage of 0.2 monolayer
(ML) at 1.05 V' while perchlorate adsorbs under more
oxidative conditions starting at 0.4 Vyyg reaching a 0.15 ML
coverage at 1.05 Vg in 0.1 M HCIO,.*!

The promising results for Au-catalyzed EOG in alkaline
media have led to substantial research efforts devoted to
understand its activity and selectivity."”'*'*'>**™* Gaining
molecular understanding of EOG, however, has been difficult
due to the high functionality of glycerol (GLY) and the
complex reaction network with a variety of possible product
molecules. Furthermore, solution pH substantiallzf affects the
conversion, activity, selectivity, and yield.”'**" In highly
alkaline conditions, GLY oxidation is considered to take
place via the primary hydroxyl group producing glyceraldehyde
(GLD), which is very unstable under these conditions and
quickly oxidizes to the first primary product, glyceric acid
(GLA)."®" Further oxidation products include, e.g., glycolic
acid and formic acid."” Under neutral and acidic conditions,
Au electrocatalysts mainly produce dihydroxyacetone (DHA)
via the oxidation of a secondary C group in GLY** but minor
amounts of GLD have also been observed under neutral
conditions using a Na,SO, electrolyte.'” Further oxidation of
DHA under acidic conditions may lead to various products,
such as, e.g, hydroxypyruvic acid and mesoxalic acid.”*
Production of DHA-derived species, however, depends on
the electrochemical conditions.

Previous alcohol electro-oxidation experiments indicate that
the catalytic performance of Au in an alkaline environment
results from the formation of surface-adsorbed hydroxide
species (referred to as Au(OH)ads).m’sg’%’47 Au(OH),4,
species are known to directly participate in various alcohol
oxidation reactions by lowering the C—H and O—H bond
dissociation barriers.*” "> The precise role of Au(OH),, on
the reaction mechanism, thermodynamics, and kinetics is
currently well understood for the oxidation of simple alcohols,
such as methanol and ethanol.*”** The effects of pH in more
complex electro-oxidation reactions of multifunctional alco-
hols, like GLY, however, are less well understood. For instance,
the role of aqueous OH™ ion or adsorbed OH on the EOG
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mechanism or kinetics under different electrochemical
conditions has not been explored in atomic detail. The exact
EOG mechanism remains controversial. Issues such as whether
Au(OH) 4, catalyzes the dissociation of a C—H bond’"** or an
O—H bond,”"*"** and whether primary or secondary O—H/
C—H bonds are more reactive on the bare Au surface have
remained unresolved.””>” Experiments have shown that, under
alkaline conditions close to or above the glycerol pK, (14.15),
the dissociation of the primary O—H bond to glycerolate
(GLD1) and even the formation of GLD may be driven by
aqueous OH™ ions.'®>* It remains unclear, however, whether
the aqueous hydroxide or Au(OH),s is responsible for
catalyzing the first O—H dissociation under less alkaline
conditions where the concentration of GLDI1 decreases
exponentially. Regardless of the mechanism that forms
GLD1, oxidation to GLA or further requires an electrocatalyst
and either glycerolate or glycerol must adsorb onto the
surface.'®** In addition, chemical steps, such as the keto—enol
tautomerism between DHA and GLD which has been
identified for thermochemical glycerol oxidation,”>*® may
contribute to EOG under different pH conditions.

Though the thermodynamic origin of an electrocatalyst’s
EOG activity and selectivity as a function of the pH and the
electrode potential is partially understood from computations
and experiments, the elementary kinetics has not been
addressed even under acidic EOG conditions.”” Instead, the
kinetics have been analyzed computationally only for
thermocatalytic glycerol decomposition on close-packed
transition metal surfaces such as Pt(111),""°” Pd(111),"
Rh(111)," Cu(111),"* and Ni(111)."* These results, however,
are not directly transferable to EOG as the pH, electrode
potential, and solvent effects have been omitted. Furthermore,
experimental studies show that many thermocatalytic materials
undergo surface oxidation and subsequent deactivation at
relevant electrode potentials'”*” but such information for
EOG active catalysts is still scarce.

In this work, we performed density functional theory (DFT)
calculations to elucidate the initial EOG reaction mechanism
on Au under different electrochemical reaction conditions and
to understand how the activity and selectivity are modulated
by the pH and electrode potentials. Specifically, the influence
of the pH and potential on the EOG thermodynamics and
kinetics was carefully analyzed. Pourbaix diagrams computed
with the grand canonical ensemble DFT (GCE-DFT) are used
to estimate the coverage of OH species on Au in oxidative
environments as a function of pH and potential. The Pourbaix
analysis is followed by a computational investigation of
elementary reaction steps from GLY to dihydroxyacetone,
glyceraldehyde, and glyceric acid at different pH conditions.
Our findings show that the presence of Au(OH),4 species and
keto—enol tautomerism are critical in explaining the
experimentally observed pH-dependent EOG activity and
selectivity on Au. In alkaline conditions, high activity and
selectivity toward GLA stem from adsorbed OH whereas the
absence of Au(OH),4 leads to slow kinetics and DHA as the
main product.

B COMPUTATIONAL DETAILS

All density functional theory (DFT)*®*” calculations were
performed with the GPAW 1.5.2 software.””"®* The projector-
augmented wave (PAW)® formalism was employed to treat
the frozen core electrons. The Kohn—Sham equations were
solved using a real-space grid method with a grid spacing of
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0.18 A, which has been demonstrated to yield converged
energies for alcohols and oxides on Au.’* The exchange and
correlation effects were described using the PBE®>* functional
with the Tkatchenko and Scheffler (TS09)°” dispersion
correction. The solvent was accounted for by using a
continuum solvent model®® for water as implemented in
GPAW. For oxygen and hydrogen, standard cavity radii®® were
used but a larger radius of 2.0 A was used for Au based on our
previous results.”” The details of the grand-canonical ensemble
(GCE)-DFT calculations can be found in the Supporting
Information.

The Au lattice constant was calculated to be 4.142 A, which
agrees well with the experimental value (4.065 A”°). An
Au(111) surface was selected to model the electrode surface
because it is the most stable and abundant Au surface.”" It also
exhibits the highest EOG activity among the simple gold single
crystal surfaces.”® While Au(111) can reconstruct under
electrochemical conditions due to the electrode potential and
the electrolyte species,*” this is beyond the focus of the present
study. The Au(111) surface consists of a four-layer periodic 3
X 4 orthogonal unit cell. The coordinates of bottom two layers
were fixed at their ideal bulk positions, while the top two layers
were allowed to relax. The surface slabs were separated by a
continuum solvent of 10 A on both sides of the slab and a 4X 4
X 1 k-point mesh was applied. Test calculations with (3X 2 X
1, 3x 3 X 1 and 4X 3 X 1) k-point samplings showed that
adsorption energies of GLY and OH were underestimated by
0.05—0.09 eV, while (5X 4 X 1 and 5X § X 1) k-point
samplings predicted the energies within 0.01 eV compared to a
4X 4 X 1 k-point sampling. The aqueous-phase species were
treated in nonperiodic unit cells with 20 A of implicit solvent
in each direction. The geometry optimization was done using
the BFGS method until the maximum residual force was below
0.05 eV A™!, First-order saddle points (transition states) on the
potential energy surface (PES) were located using the climbing
image nudged elastic band (CI-NEB) method,””"* and the
forces were converged below 0.05 eV A™' except for the
transition state of R9 on a 1/3 ML surface where the
convergence criteria was relaxed to 0.15 eV A™". The additional
degrees of freedom introduced by the increased number of OH
on the surface made convergence below 0.05 eV/A tedious.
Intermediate images were created using the image-dependent
pair potential (IDPP) interpolation scheme.””

A vibrational analysis was carried out for all optimized
minimum and transition state structures. The transition state
structures were confirmed to have a single imaginary
frequency. All free energies were calculated at NTP conditions
and aqueous-phase free energies were obtained using the ideal-
gas approximation. The free energies of surface-bound
adsorbates were computed using hindered 2D rigid-rotor/
translator approximation to account for the adsorbate free
<energies.76’77 The rotational and translational barriers were
taken to be 0.05 and 0.1 eV, respectively, which are typical
values for adsorbed organic molecules.”® Given the negligible
pV term for adsorbed species, the Gibbs free energies are
comparable to Helmholtz free energies (see the Supporting
Information for further details).

Computation of Adsorption, Activation, and Electro-
chemical Free Energies. The adsorption free energies
(AG,q) of glycerol and its derivatives were computed as
follows:

AG,y, = G(A*) — G(A) — G(¥) (1)
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where G(A*), G(A), and G(*) represent the free energies of
the surface-bound species, the isolated aqueous-phase species,
and the bare surface, respectively.

The activation free energies (AG,,) for an elementary
reaction step were determined as

AG,, = G - G (2)

where G™ and G** are the free energies of optimized transition
state and reactant structures, respectively. For some highly
exergonic Au(OH), g.-catalyzed dehydrogenation reactions,
transition states were impossible to locate as the reactants
immediately converted to the corresponding product during
structure optimization. We ensured that this behavior does not
result from our computational setup but genuine features of
the studied system as shown in the Supporting Information.
The EOG reaction free energies were computed using the
computational hydrogen electrode (CHE) model,”® which
treats the electrochemical potentials of proton and electron at
equilibrium with (1/2)H, under standard conditions.

e + A = 120y (3)

We mainly used the reversible hydrogen electrode (RHE)
scale, which can be obtained from standard hydrogen electrode
(SHE) as Ugyg = Ugyg + 1kgT'In 10 X pH. On the RHE scale,
the potential-dependent free energies for the oxidation steps
(AG(Ugyg)) within the CHE approximation are obtained as

AG(Upyg) = AG(U = 0) — neUpyg (4)

where n is the number of electrons transferred and e is
elementary charge.

The EOG thermodynamics are discussed in terms of the
standard equilibrium potential (Ug,) and the surface
equilibrium potential (U") which use the solution and
surface species as references, respectively. The U(e)q and Use‘érf
values correspond to CHE-derived equilibrium potentials,
where reactant and product species are equally stable. We also
use the limiting potential (U) to determine which applied
electrode potential makes all elementary steps spontaneous or
thermoneutral. These potentials are defined as

erq(RHE) = Z AG(aq),(U = 0vs RHE) |/n,
i (8)
US(RHE) = | ) AG(U = 0vs RHE) /1,
i (8b)
U, = max{AG,(U = 0 vs RHE)} (5¢)

where index i denotes an electrochemical reaction step and *
refers to an adsorbed species.

While the potential-dependent kinetics was not explicitly
addressed, we confirmed that the Fermi levels are reasonably
close to the experimentally relevant potential range of 0.2—1.1
Viug- The Fermi levels correspond to absolute electrode
potentials® and can be converted to the RHE scale through
U(SHE) = —e(Eg + 4.44 eV) using the implicit solvent model.
The Fermi levels (electrode potentials vs RHE) are —4.8 eV
(0.2 Vat pH = 0 and 0.96 at pH = 13), —4.8 eV (0.2 V), and
—4.9 eV (0.3 V at pH = 0 and 1.06 at pH = 13) for GLY
adsorption, neutral/acidic NEB calculations, and alkaline NEB
calculations, respectively. At other potentials, the barriers can
be estimated using a Butler—Volmer-like equation,
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AAG'(AU) ~ 0.5 X AU, derived from the general grand
canonical rate theory.”” During NEB calculations, the changes
in the potential are less than +0.05 V.

Surface Pourbaix Diagrams. A surface Pourbaix diagram
represents the thermodynamic stability of different phases as a
function of the electrode potential and pH. Here, we
constructed surface Pourbaix diagrams in order to understand
the precise role and abundance of surface-bound OH species in
alkaline EOG.*" The oxidation of liquid water is considered to
occur through the following mechanism:

H,0(l) + * & OH* + 1/2H, (6)

To model water oxidation and OH coverage as a function of
the electrode potential and pH, we carried out GCE-DFT
calculations,” detailed in the Supporting Information. The
computational procedure was as follows: various OH coverages
fora range of constant potentials were simulated using the SJM
method®’ to obtain surface grand free energies as a function of
the electrode potential on the SHE scale. These values were
then converted to RHE scale and the treatment of Duan and
Henkelman®” was followed to explicitly address the pH effects.
As derived in the Supporting Information, the OH adsorption
grand free energies on the RHE scale are computed using

AG(Upgp) = 1 X (125, = Unpel + 'uAu(OH)n(RHE)

- [”'”Hzo + /lAu(RHE)] (7)
where p is the chemical potential of the given species. To
obtain quantitatively accurate predictions for the OH
adsorption energies, it is necessary to consider the deficiencies
of the implicit solvent model applied. To that end, we also
tested the effect of explicit solvent interactions by adding a
correction of 0.53 eV for each adsorbed OH. This value was
obtained by comparing OH adsorption energies calculated
with an implicit solvent model and ab initio molecular dynamic
simulations of an explicitly solvated Au(111) interface.*> The
solvent correction, however, overstabilizes the OH adsorption.
For example, if the stabilization by explicit solvent interactions
is accounted for, full OH coverage at pH = 13 is predicted to
take place at 0.76 Vg (see Figure S2) which is much lower
than seen experimentally”* (see Figure S2). It is possible that
corrections for explicit solvent interactions depend on the
surface coverage, but determining this relationship is outside
the scope of the work presented here. We also considered the
impact of the DFT functional on the OH adsorption energies
and potentials as shown in the Supporting Information. Finally,
we assessed the role of the adsorbed glycerol on the OH
adsorption energy and coverage. Given the uncertainties
related to the explicit solvent correction and the functional
used, only the uncorrected values obtained directly from DFT
are presented in the main text.

The electrosorption of species other than OH as a function
of the potential was neglected. This is justified through the
recently developed decoupled-CHE model,** which uses the
electrosorption valency (y) and the amount of charge transfer
(8.) from the surface to the adsorbate to model electrosorption
free energies as AG(U),y xAG(U = 0) + 75, Our
calculations show that 6, & 0 for the adsorption of the EOG
products (see Supporting Information) and, therefore, their
adsorption energies are expected to display only weak
dependence on the electrode potential.
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B RESULTS

Glycerol Adsorption on Au(111). GLY exhibits various
possible conformers; therefore, we considered the three most
stable liquid-phase isomers identified in a previous extensive
conformational analysis.*> In agreement with the previous
study,®” we found conformer iii was the most stable (see Figure

S3 and Table S2). Figure 1 displays the most stable GLY

A Y A N D

Figure 1. Most stable adsorption configuration of GLY over the
Au(111) surface.

adsorption geometry, while all other adsorption structures and
corresponding adsorption energies are given in Figure S4 and
Table S3, respectively. The adsorption energy of the most
stable conformer in water was calculated to be —0.69 eV
(AG,q4 = —0.29 V), which is 0.09 eV more exergonic than the
value computed in the gas phase.””*® As shown in Table S3,
van der Waals interactions are needed to make the GLY
adsorption exothermic as they stabilize GLY adsorption by
~0.7 eV and are therefore used throughout the present work.
The implicit solvent also greatly stabilizes GLY adsorption, but
this effect may partially be overestimated by the deficiencies
inherent to dielectric continuum models.”” The Bader charge
analysis shows only a minor charge transfer (0.08 e) upon GLY
adsorption on Au indicating that the electrode potential has
only a small influence on GLY adsorption energy on Au.

Surface Pourbaix Diagrams. To address the pH effects in
EOG, we start with surface Pourbaix diagrams for OH
adsorption on Au(111) at 298 K. Figure 2 displays adsorption
energies as a function of the electrode potential and pH at
different coverages. The OH adsorption potentials as a
function of pH are provided in Table S6. At 1/12 ML
coverage, OH resides at a fcc hollow site but the adsorbed OH
favors other sites with increasing coverage. For example, at 1/6
and 1/4 ML, bridge sites are preferred whereas top sites are
occupied at 1/3, 1/2, and 1 ML.

At pH = 0, OH adsorption is thermodynamically
unfavorable and the gold surface remains clean up to 1.35
Vrup at which point low OH coverage structures (1/12 and 1/
6 ML) become stable. As the pH increases, 1/12 ML of OH
becomes increasingly unstable, whereas the adsorption energy
for 1/6 ML coverage is nearly independent of pH. These
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Figure 2. OH adsorption energies as a function of pH on the RHE
scale with an implicit solvent model. The dotted lines depict typical
glycerol onset potentials at alkaline reaction conditions. The units for
the scale are in eV.

. . . 38,40,88
results agree with previous experimental and computa-

tional studies®®*® reporting that OH adsorption at pH = 0
takes place around 1.05—1.5 Vyyg. While our OH adsorption
potentials are slightly higher than those reported previously,
the differences can be ascribed to the errors in OH adsorption
on Au, which are around 0.15 eV and result from the use of the
PBE functional® or the flavor of the dispersion correction” as
discussed in the Supporting Information and shown in Figure
S2 and Table S6. If the error due to the functional is accounted
for, then OH adsorption under acidic condition becomes
possible at 1.20 Vyyg. In addition, experimental measurements
are often performed in solutions containing SO,*~ or ClO,~
species which also adsorb on gold surfaces and directly
influence the OH adsorption/desorption potential under acidic
and, to a lesser extent, neutral conditions by blocking possible
OH adsorption sites.*>*"**

OH adsorption at coverages higher than 1/4 ML becomes
thermodynamically more favorable with increasing pH. This
type of pH dependency, known as a non-Nernstian shift,
results from shifts in the zero charge potential of the interface
as a function of coverage and the surface dipole.”" Figure 2 and
Table S6 show that the 1/3 ML OH structure is the most
stable configuration under typical alkaline conditions of pH =
13 and has a adsorption potential of 1.29 Vyyg. The 1/2 ML
OH coverage at pH = 13 is almost equally stable and becomes
thermodynamically stable at 1.34 Vpye. If errors in the
adsorption energies caused by the DFT functional are
accounted for, both 1/3 ML and 1/2 ML coverages become
stable around 1.15 Vyyg as shown in Figure S2 and Table Sé6.
The results in Figures 2 and S2 and Table S2 are again in good
agreement with the experimental results’>”® under alkaline
conditions showing that OH adsorption starts around 0.6 Vyyy
and reaches a maximum coverage of 0.4—0.5 ML around 1.3
Veug:! While our predictions on stable OH coverages are
consistent with experiments, the adsorption potentials are
again slightly higher than those observed experimentally and
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this is attributed to DFT errors, surface reconstructions’”

well as the presence of ions in experiments.

Finally, we addressed the effect of glycerol adsorption on
OH adsorption energies. A GLY coverage of 1/12 ML
enhances OH adsorption by ~0.15 e and ~0.05 eV at 1/12
and 1/6 ML OH coverages, respectively. The glycerol-OH
Pourbaix diagram (see Figure S15) shows the coadsorbed OH-
GLY becoming stable around 0.7 V. Glycerol coadsorption
is therefore expected to facilitate OH adsorption allowing the
oxidation reaction to begin at slightly lower potentials than
predicted based on OH adsorption alone. This suggestion is
supported”® by the slightly shifted oxidation peak of simpler
alcohols.

The onset potential of EOG on Au at pH = 13 is ~1.0 Vyyg,
and all the activity is lost after ~1.4 Vyy.'~ We have not
explored the surface oxide formation because it starts at 1.54
Viue according to an extensive experimental and computa-
tional study.”® These observations indicate that alkaline EOG
activity on Au is closely related to the formation of surface
hydroxides in the presence of GLY, which may take place at
experimentally relevant EOG potentials of 0.8—1.4 iy

Overall, the computed Pourbaix diagrams and OH
adsorption energies show that OH adsorption exhibits a non-
Nernstian shift on the RHE scale. Under acidic conditions,
only low OH surface coverages are likely to be observed in the
potential region relevant for EOG. Under alkaline conditions a
moderate OH coverage between 1/3 and 1/2 ML is predicted
to exist under EOG potentials. Glycerol stabilizes OH
adsorption indicating that both GLY and OH are simulta-
neously present on the surface at the experimentally relevant
EOG conditions. Computational models for Au-catalyzed
alkaline EOG should therefore explicitly account for the
influence of the OH coverage.

Electrocatalytic Oxidation of Glycerol under Neutral
and Acidic Conditions. We have considered four competing
pathways producing either dihydroxyacetone (DHA) or
glyceraldehyde (GLD). DHA is the major EOG product on
Au under acidic or neutral conditions but has low yields,”
whereas GLD formation has only been observed under neutral
conditions and at high potential.'” Figure 3 summarizes the
elementary mechanism and energetics of the reaction pathways
considered for EOG on Au(111): RS1 and RS2 lead to DHA
while RS3 and RS4 form GLD. RS1 starts with the oxidation of
the secondary OH group followed by the oxidation of the
secondary CH group to produce DHA, while along the RS2
reaction pathway, the elementary steps take place in the reverse
order. Similarly, GLD production goes through a two-step
oxidation process but this time through the primary CH,OH
fragment via pathways RS3 and RS4. According to our
Pourbaix diagrams, the Au(111) surface is either free of OH
species or has a low OH coverage at relevant electrochemical
potentials under acidic and neutral reaction conditions. We
model the acidic and neutral conditions on the bare Au surface
but acknowledge that at highly oxidative potentials OH might
be present on the surface. We also note that experimental
studies under acidic or neutral conditions are performed in the
presence of specifically adsorbing anions but these are not
considered in the present study.

Acidic and Neutral EOG Thermodynamics. For the
thermodynamic analysis of EOG, we carried out a careful
screening of intermediate and product adsorption structures by
considering various configurations and active sites. Stable
adsorption geometries and energies are presented in Figure S5
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Figure 3. Reaction mechanism of glycerol (GLY) oxidation to
dihydroxyacetone (DHA) and glyceraldehyde (GLD) in acidic/
neutral environment and NTP ensemble conditions. Rn beneath
arrows denotes a reaction number along the RS1—RS4 pathways, and
the quantities provided in the parentheses are activation free energy/
reaction free energy in eV.

and Table S4, respectively. Figure 3 summarizes the main
results and a detailed description of the thermodynamic free
energy surfaces at 298 K along the RS1-RS4 pathways can be
found in Figure SS. After GLY adsorption onto the electrode,
the first bond breaking steps along all the pathways are
endergonic. Figure 3 shows that the oxidation of secondary
and primary C groups (RS2 and RS4) is thermodynamically
more favorable than the oxidation of secondary and primary
OH groups (RS1 and RS3). Furthermore, H elimination from

the secondary carbon (GLY* = DHA2*) is more favorable
than the abstraction of the primary H (GLY* = GLD2*).
Along RS2, the second elementary step is a H elimination from
the secondary OH group leading to DHA formation followed
by its desorption. Overall, the thermodynamic analysis
indicates that on Au, EOG produces mainly DHA at acidic
and neutral pH conditions via RS2 pathway in agreement with
a previous computational study.””

Figure 4 presents potential-dependent thermodynamics for
the favored RS2 and RS4 pathways at pH = 0 and at different
potentials corresponding to the computed U = 0V, qu, Uz‘flrf,
and Up values. The last thermodynamic steps, DHA* =
DHA(aq) and GLD* = GLD(aq), removing the products
from Au(111) into the liquid phase, are chemical steps and
therefore independent of the applied potential. Figure 4 clearly
shows that DHA production is thermodynamically more facile
with a limiting potential of 0.17 Vyyy than GLD formation for
which the limiting potential is 0.60 Vyyg. These findings are in
line with previously reported values of 0.39 (DHA) and 0.60
(GLD) Vgyg computed in vacuum and at pH = 0, where the
RHE and SHE scales are identical.”” In the pH range 1—4, the
limiting potential for GLY to DHA oxidation varies from 0.23
Viug to 041 Vg and for GLY to GLD transformation from
0.66 Vpyg to 0.84 Viy. This further supports our finding that
DHA formation is thermodynamically favored via the RS2
pathway in acidic and neutral media.

Acidic and Neutral EOG Kinetics. The acidic and neutral
EOG kinetics toward DHA and GLD along four competing
pathways was explored. Figure 3 provides the computed
activation barriers for each elementary step, while the complete
potential free energy surfaces and transition state structures are
provided in Figures S6 and S9, respectively. We find that,
regardless of the product molecule, GLY deprotonation occurs
via the C—H bond cleavage. The deprotonation of the
secondary C, leading to DHA2, has a barrier of 0.98 eV, which
is ~0.3 eV lower than the barrier for the deprotonation of the
primary C leading to GLD2. The subsequent deprotonation
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Figure 4. Potential-dependent (pH = 0) oxidation thermodynamics for GLY conversion to (a) dihydroxyacetone (DHA) and (b) glyceraldehyde
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Figure S. Reaction network for GLY oxidation to dihydroxyacetone (DHA), glyceraldehyde (GLD), and glyceric acid (GLA) in alkaline
conditions. Rn beneath the arrow denotes a reaction number along the RS1—RS4 pathways, and the quantities in the parentheses are activation and
reaction free energies in eV. Note that, the “S” in R4, R10, and R12 refers to spontaneous reactions for which a transition state structure could not be

identified, indicating that these steps are very fast or spontaneous.

barriers are lower than those observed for the first
deprotonation reactions. These results show that RS2 is also
kinetically the most favorable pathway but it has a high kinetic
barrier, ~1 eV, for the first oxidation reaction. Both kinetic and
thermodynamic perspectives show that the first proton and
electron transfer reactions along RS2 and RS4 are likely to be
the rate-determining steps for EOG in acidic and neutral
media. This finding agrees with experimental results,"” where
the Tafel slope of ~120 mV dec™" on the clean Au surface was
observed and this high value typically indicates that the first
electron transfer is the rate-determining step. Current densities
or activities in acidic/neutral media, however, are expected to
be small due to the high activation barriers.

Electrocatalytic Oxidation of Glycerol under Alkaline
Conditions. In alkaline media, GLA has been identified as the
main product or reaction intermediate toward more oxy-
genated species but the formation of DHA cannot be ruled out
a priori based on current experimental data.’”'®!92b9%95
Figure S5 summarizes the complete reaction network for all
intermediates down to glyceric acid (GLA).

Alkaline EOG Thermodynamics. The alkaline conditions
on Au(111) are represented by explicitly adding OH groups on
the surface. As shown in the Pourbaix diagrams (see Figure 2),
the Au(111) surface has ~1/3—1/2 ML OH coverage under
highly alkaline conditions for a wide range of potentials.
Glycerol adsorption also enhances OH adsorption. We also
note that under alkaline conditions, no specifically adsorbing
anions other than OH™ are used experimentally. The
computational model for Au-catalyzed alkaline EOG must
therefore explicitly take into account the influence of
coadsorbed OH. To that end, two OH groups, corresponding
to 1/6 ML coverage, were added to the Au(111) surface. The
lower 1/6 ML OH coverage was applied to reduce the possible
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spatial variations of OH around the glycerol. This coverage
also represents a minimal model where one OH abstracts a
proton from the organic reactant and converts it to a water
molecule, while the other OH remains on the surface and
stabilizes the reacting species throughout the reaction. To test
that the OH groups on the 1/6 ML surface are necessary and
sufficient to reproduce alkaline conditions, we computed the
R9 reaction energetics for 1/12 and 1/3 ML surfaces (see
Figure S8). For the 1/12 ML surface, the reaction energy is
1.05 eV and the reaction barrier is 1.29 eV. The barrier is not
significantly lower than that on the bare surface demonstrating
that at least a 1/6 ML OH coverage is necessary to mimic
alkaline conditions. The reaction energy and barrier for the 1/3
ML surface are —0.71 and 0.68 eV, respectively. The results
from the 1/3 ML surface and the 1/6 ML surface are
comparable indicating that 1/6 ML OH coverage is sufficient
to capture most effects observed under alkaline conditions and
to study the effect of Au(OH),4; on EOG.

The alkaline reaction mechanism and thermodynamics are
summarized in Figure 5 and a more complete thermodynamic
profile is presented in Figure S9. The thermodynamics to
regenerate the adsorbed OH is not shown in these figures but
can be inferred from the data in Figure 2. We have considered
GLY oxidation to DHA and GLD and further to GLA, as GLD
is unstable under these reaction conditions.'” The reaction
thermodynamics in Figures 5 and S8 for EOG intermediates
and the energies of adsorbed OH species were computed
separately in different unit cells, i.e., infinitely separated from
each other. This approach is necessary because in the presence
of adsorbed OH in the unit cell some EOG intermediates are
unstable and, during geometry optimization, they immediately
donate a hydrogen atom to the adsorbed OH group preventing
the calculation of elementary thermodynamics. The “infinite-
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separation” assumption is similar to low-coverage assumption
often utilized in mean-field microkinetic modeling. In general,
the majority of elementary steps are exothermic or at least
thermoneutral in alkaline media. We found that the RS2 and
RS4 pathways, where the proton is first eliminated from the
carbon, are thermodynamically more favorable than removing
the proton from the OH group of GLY. Similar behavior was
also observed in acidic and neutral media but under alkaline
conditions, surface OH groups actively participate to abstract
the protons and produce water. The thermodynamic analysis
alone does not allow conclusions on the activity and product
selectivity; an analysis of the reaction kinetics is therefore
required.

Alkaline EOG Reaction Kinetics. The natural next step is
to address reaction kinetics and compute activation free
energies, which are shown in Figure S. Kinetically feasible
DHA and GLD formation is obtained along the RS1 and RS3
pathways, where H is first removed from OH and then from C.
For both steps, the barriers are smaller than 0.1 eV. Along RS2
and RS4, H abstraction takes place in the reverse order, but the
first deprotonation free energy barrier is over 0.5 eV. Overall,
the reaction barriers in alkaline media are significantly lower
than those found in acidic or neutral conditions. We attribute
this difference to the extremely effective activation of O—H
bonds by the surface-bound OH groups, which has also been
observed for ethanol oxidation on Au(111).> The Au(OH),4-
induced low barriers also explain the experimentally observed
high activity of Au-catalyzed alkaline EOG."**"*

We found that the formation of GLA from GLD is highly
exergonic and GLA acts as a thermodynamic sink driving the
reaction toward further oxidation if the formation of GLD is
possible. GLD can easily oxidize to GLA via a nearly barrierless
OH group substitution to GLD (R7) followed by a proton
abstraction from the terminal C (R8) which has an activation
energy of 0.27 eV. A similar mechanism has been previously
proposed based on cyclic voltammetry and online electro-
chemical mass spectrometry experiments.19 For comparison,
we also studied the GLD to GLA oxidation on the empty
Au(111) sites not covered with an adsorbed OH. The reaction
network and the corresponding energy values are shown in
Figure S7 and Table S5, respectively. Interestingly, on the
empty Au(111) sites, step R8 is barrierless, which indicates
that maximal alkaline EOG activity is achieved when some
elementary steps are catalyzed by OH groups and others by
empty Au surface sites. Combinations of OH-covered and
empty surface sites are possible with the modest 1/12—1/2
ML OH surface coverages found to be stable under different
pH and potential conditions as shown in Figure 2.

To address the EOG selectivity, the competitive pathways
toward DHA and GLD were studied under alkaline conditions.
We found that DHA can be easily generated via the RS1
pathway, which is thermodynamically and kinetically feasible in
the presence of surface-bound OH groups (see Figure S and
Table SS) having a reaction energy of —1.86 eV and a kinetic
barrier below 0.1 eV. Forming DHA is therefore very
competitive with GLD formation. This means that it is not
possible to discern selectivity between these two species in
alkaline media and a mixture should be observed in
experiments. Experiments, however, have demonstrated that
GLA is the sole primary product in Au-catalyzed alkaline
EOG'®'7?" suggesting that there is a mechanism for
converting DHA to GLD, which then further reacts to form
the stable oxidized product GLA. One such pathway is
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provided by the keto—enol tautomerization between DHA and
GLD displayed in Figure S11. To address this possibility, we
computed the reaction free energy for this step and found the
AG to be 0.01 eV for DHA = GLD in the presence of 1/6 ML
OH. This indicates that DHA and GLD can be easily
interconverted under alkaline conditions as also suggested for
thermocatalytic conversion of GLY.”*”*

B DISCUSSION

The present DFT study provides new atomistic insight into the
reaction mechanism and pH dependence of GLY electro-
oxidation on Au(111) at experimentally relevant potentials.
Our detailed analysis of reaction thermodynamics and kinetics
demonstrates that it is necessary to explicitly take Au-adsorbed
OH species into account when constructing comprehensive
computational models for EOG and possibly other electro-
oxidation reactions. This is particularly important for modeling
oxidation reactions in alkaline media, where surface hydroxides
or, at higher potentials, oxides are present on a catalyst surface
and participate in (electro)catalytic transformations. Interest-
ingly, our results also highlight that chemical steps such as
keto—enol tautomerism can play a pivotal role in determining
the reaction mechanism and selectivity of electrocatalytic
reactions under different reaction conditions.

The first step toward elucidating experimentally observed
pH sensitivity of EOG is to understand the state of the catalyst
surface under operating conditions. To achieve this, we
constructed Pourbaix diagrams, which demonstrate that OH
coverage on the Au(111) surface depends explicitly on the pH
in the RHE scale. Under acidic conditions (pH = 1), the
surface is clean until >1.3 Vi, at which point a 1/12 ML OH
coverage becomes stable. This potential coincides well with the
onset potential for acidic EOG on gold.”* Under alkaline
conditions (pH = 14), 1/3—1/2 ML OH becomes stable at
lower potentials, around >1.3 Vyyg, and is very close to the
observed alkaline EOG onset potential.'”” Under neutral
conditions (pH = 7), our simulations predict that 1/12, 1/6,
and 1/3 ML OH coverages are the most favorable OH
adsorption structures becoming stable at potentials >1.3 Vyyy
again in good agreement with the EOG onset potential.'” We
also verified that GLY adsorption is slightly enhanced by the
presence Au(OH),q, suggesting that hydroxyl adsorption is
likely to be accompanied by GLY adsorption and that EOG
starts at slightly less oxidizing potentials than required to
oxidize Au without GLY. The potential and pH range for GLY
and OH to be simultaneously adsorbed on Au(111) sets the
conditions where both species available on the surface. The
OH adsorption potentials, however, are similar under varying
pH conditions and the OH coverage alone cannot be the sole
reason for the experimentally observed pH-dependent EOG
activity and selectivity. As discussed below, in alkaline EOG
experiments OH™ is the only anion present in the electrolyte
whereas acidic and neutral experiments are carried in the
presence of sulfate or perchlorate anions which can
significantly influence EOG.

Surface bound OH groups make all oxidation reactions
considered highly exergonic or at least thermoneutral (see
Figures S and S8) explaining why Au-catalyzed EOG is so
favorable under alkaline conditions similar to the electro-
oxidation of simple alcohols.*”** Our results show that alkaline
surface-catalyzed EOG starts with H-abstraction from the OH
group by a surface-bound hydroxide in agreement with the vast
majority of experiments.”'¥'”** The surface bound OH
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whereas the green arrow denotes a reaction on a Au active site.

species mediate the oxidation of primary or secondary C—OH
groups of GLY as they provide a basic site to remove the
slightly acidic proton from the alcohol functional group. This is
reflected in the very small activation free energies for the
pathways leading to either DHA, GLD, or GLA. The formation
and presence of Au(OH),, is therefore an integral part of the
EOG chemistry substantially modifying the kinetics and
thermodynamics. Yet, the formation of these hydroxide species
is spontaneous only at relatively oxidizing potentials above ~1
Vrag as shown by the Pourbaix diagram for GLY (Figure S15)
and surface hydroxides in Figure 2. Hence, our explanation for
the fairly high onset potentials observed experimentally for
alkaline EOG on Au'®" is that the increase in activity
coincides with GLY adsorption and the formation of
Au(OH),4, making EOG feasible.

The results also show that under alkaline conditions, the
Au(111) surface has moderate OH coverage (1/3—1/2 ML)
and contains two types of reaction sites, i.e., Au(OH),4 and
empty Au, both of which are needed for GLY conversion. The
majority of steps from GLY to GLA along the reaction pathway
RS3 proceed via the OH-assisted route except the last step
from GLAl to GLA, which is thermodynamically and
kinetically preferred on an empty Au site rather than a
Au(OH),q4, site. The surface-catalyzed alkaline EOG activity
can thus be optimized if two different active sites, Au and
Au(OH),4,, are present. It can therefore be concluded that
under alkaline conditions the optimal EOG reaction on Au
operates via a two- 51te mechanism as previously suggested for
methanol oxidation.” Such a dual-site mechanism is also
supported by experimental®'® and computational™'**” studies
of thermocatalytic metal-catalyzed alcohol oxidation in alkaline
conditions. The dual-site mechanism has also been proposed
for the thermocatalytic production of either DHA or GLD over
Pt but in this case the generation of Pt—OH sites is
unfavorable.”’

The combined thermodynamic, kinetic, and mechanistic
analyses resolve some open questions regarding the Au-
catalyzed EOG mechanism. The computational results suggest
that, in alkaline conditions, the oxidation of GLY begins with
the abstraction of hydrogen from an O—H bond followed by
subsequent deprotonation of C—H. Both deprotonation
reactions are found to be easily mediated by either surface
hydroxides or gold atoms. An alternative pathway supported by
experiments'® is that solution-phase OH™ first deprotonates
GLY to GLDI in solution followed by GLD1 (glycerolate)
adsorption on the surface. For these reactions, a Hammett
relationship was demonstrated between the alcohol reactivities
and their pK, values'® such that a lower pK, value corresponds

670

to higher alcohol oxidation reactivity. This suggests the
solution-phase OH™ ions may play a greater role for the
overall activity/reactivity than the Au(OH),q, intermediates. It
is also possible the local solution pH is even higher near the
electrode in the (outer) Helmholtz layer such that GLY can be
efficiently deprotonated. As the charged glycerolate adsorbs
more strongly than the neutral GLY,”* higher EOG activity
under alkaline conditions can partially be attributed to more
exergonic adsorption of the reactant. The stronger adsorption
was also confirmed as the computed GLD1 adsorption energy
is —1.35 eV which is ~0.6 eV stronger than GLY adsorption.
Therefore, we agree with experiments that the GLY oxidation
to GLD1 is most likely catalyzed by aqueous OH, i.e., a base-
catalyzed reaction. While the presence of solvent-phase OH™
can induce stronger adsorption, base (OH~) influenced
catalysis can only occur when the (local) pH is close to the
glycerol pK, at 14.15. In contrast, adsorbed OH species can
participate in EOG even under more acidic conditions.
Furthermore, abstracting a second proton from GLD1 would
result in an anionic intermediate and GLD1 likely has a very
high pK,. The Au or Au(OH),4, under alkaline conditions are
therefore needed to accomplish the conversion of GLD1 to
GLD which proceeds easily under alkaline conditions. Further
oxidation of GLD to GLA may proceed either through
Au(OH),4 on the surface (Figure 2) or solvated OH™ base
catalysis in the presence of oxygen.'®'” While experimental
data led to the conclusion that base catalysis is the dominant
mechanism,'®"? Au(OH),q4-catalyzed oxidation of GLD to
GLA on the surface is both kinetically and thermodynamically
facile. GLD desorption is an endergonic process (see Figure 4)
and has a higher barrier than GLD — GLA1 oxidation in the
presence of adsorbed OH; therefore, the formation of GLA is
expected to proceed through surface catalysis.

Based on our computational results and previous exper-
imental studies,”* we propose the following mechanism where
base and surface catalysis act cooperatively under alkaline
conditions as shown in Figure 6. (1) The alkaline solution
promotes glycerolate (GLD1) formation which adsorbs on the
surface more strongly than glycerol. (2) Efficient conversion of
GLD1 — GLD requires that Au(OH),4, participates in the
process. (3) Further oxidation of GLD to GLA1 also takes
place on the surface through Au(OH),q4. (4) GLAL — GLA
occurs on the pure Au sites. Steps 1 and 2 are the same as
previously proposed based on experiments while steps 3 and 4
differ."®"” Our mechanism also differs from the fully surface-
catalyzed EOG mechanism recently suggested.”* The proposed
alkaline EOG pathway on gold consists of cooperative base-
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surface catalysis where some steps are catalyzed by aqueous
OH™, Au(OH),4, empty Au sites.

In the absence of Au(OH),q, EOG proceeds differently,
taking place on the Au sites or in the presence of low OH
coverage at high oxidation potentials. According to the
thermodynamic and kinetic analyses, DHA is the main product
in agreement with previous calculations®® and experiments at
low oxidation potentials and acidic conditions,** but the rate/
current density is expected to be small due to the relatively
high kinetic barriers. Our results show that for acidic EOG at
low oxidation potentials (below 1.3 Vyyy at pH = 1), DHA is
produced via secondary C—H elimination in agreement with a
previous study.”” Experimentally, a marked increase in current
densities was observed at oxidizing potentials of 1.2—1.5 Vpyg
at pH = 1 but could not be rationalized.”> We ascribe this to
the presence of OH on the surface under these conditions (see
Figure 2), which significantly increases EOG activity as
discussed above for the alkaline mechanism. In acidic
solutions, however, the base catalysis component is absent
and we propose that EOG is fully surface catalyzed in
accordance with present mechanistic understanding.”* Fur-
thermore, acidic EOG seems sensitive to the nature of the
counteranion, as EOG proceeds only in HCIO,** on Au but
not in H,SO,."” This sensitivity is likely related to the specific
adsorption of SO,*” affecting Au(OH),q, formation:"’ Au
surfaces have long been believed to be inactive toward acidic
EOG,'®"” which might be due to SO,>~ adsorption as well as
low EOG activity and selectivity resulting from the high
reaction barriers in the absence of proton acceptors, such as
hydroxides, on the surface. This hypothesis can be tested
experimentally by doping Au with more basic metals or by
decorating Au with basic oxides™”’~'"" or using SO,>~ or
ClO,™ free solutions.

Our results predict that a wide range of OH coverages are
stable at potentials above ~1.35 Vyyy; at pH = 7. Given the role
of OH in facilitating EOG, our calculations suggest the current
density under neutral conditions is negligible below 1.35 Vyyy
but should increase above this potential. Our calculated
adsorption potentials for higher OH surface coverages
expected under alkaline conditions are aligned with the
experimentally observed decrease in EOG onset potential as
the pH increases.'”'%> The prediction of higher EOG onset
potentials below 1.35 Vyyp is also consistent with the low
current density observed under neutral conditions. The 1/6
and 1/3 ML OH coverages are therefore expected to catalyze
GLD formation via primary O—H elimination at high
potentials (>1.35 Vgyg) in neutral media following the same
mechanism observed for alkaline EOG. This reasoning is
consistent with the experimental suggestion'’ that EOG
follows similar pathways under neutral and alkaline conditions.
Our results, however, cannot fully explain the drastic difference
in EOG activity between neutral and alkaline conditions that is
experimentally observed above OH adsorption potentials. As
we have shown that adsorbed hydroxides lower the barriers for
EOG, to explain this kinetic difference, we suspect the low
reaction rates or currents are due to the SO,*~ and ClO,~
anions used in neutral EOG experiments.'”'*” Both anions are
known to specifically adsorb on gold surfaces between 0.2 and
1.0S Vgyg and to reach 0.15—0.2 ML surface cove1rages.40’41
The low currents can be explained by combining the fact that
SO,>” is adsorbed on the surface at potentials up to 1.2 Vg at
pH = 0, after which Au surface oxidation begins,40 with the
anions’ suspected role in blocking GLY or GLD adsorption.'**
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Surface-enhanced IR absorption spectroscopy measurements
have also shown that Au(OH),, and adsorbed SO,*” can
coexist up to 1.5 Vyyp under neutral conditions which
coincides well with our calculated OH adsorption potential
at pH = 7 and the experimental onset potential around 1.2—1.3
Viue- We therefore suggest the small non-Nernstian shifts in
the OH coverage combined with specific anion adsorption are
the reasons for low EOG activity under neutral conditions.
Verification of this suggestion calls for computational studies of
EOG for coadsorbed OH+sulfate/perchlorate structures.

In addition to pH effects influencing base catalysis (through
aqueous OH™) and surface catalysis (through Au(OH),4,), the
pH was found to affect EOG selectivity via keto—enol
tautomerism between DHA and GLD. The computed reaction
free energy demonstrates that DHA-GLD tautomerism is
thermoneutral under alkaline conditions and offers an
alternative pathway to form GLD from DHA. Once formed,
GLD can easily oxidize to highly stable GLA, which acts as a
thermodynamic sink for EOG as shown in Figures S and S8.
This observation explains the experimentally observed activity
and selectivity toward GLA and absence of DHA under
alkaline conditions. Interestingly, the tautomerization is
thermodynamically less favorable under acidic conditions on
the bare Au surface since AG is 0.24 eV (see Figure S11).
Alkaline conditions also enhance the tautomerism kinetics as
the adsorbed OH species can cleave the C—H bond while a
water molecule or another EOG intermediate simultaneously
donates a proton to form the entiol intermediate (see Figure
S11).'” GLD formation directly from GLY in acidic media is
less favorable than DHA formation and the absence of efficient
hydrogen acceptors would make the reaction kinetically
sluggish. As a result, GLD cannot form easily in acidic
environments and Au-catalyzed EOG should lead only to DHA
and DHA-derived products as supported by previous
experimental and computational studies.”® Overall, our
findings on the tautomerism in EOG agree with experimental
results on thermal GLY conversion,”*”> where the pivotal role
of the DHA-GLD keto—enol tautomerism for pH-dependent
selectivity has been reported at high pH.

After obtaining robust mechanistic understanding of EOG,
we briefly address how this could be utilized in catalyst
screening. We attempted to establish linear scaling relations
between adsorption energies of initial and final states of
elementary steps as well as the Bronsted—Evans—Polanyi
(BEP) relationships between the activation and reaction
energies. The correlations obtained are presented in Figure
S$13. For EOG on the clean Au(111) surface, mimicking acidic
and neutral conditions, excellent scaling and BEP relationships
were obtained with the R* value of ~0.96 (see Figure S11ab).
This highlights that one descriptor, the reaction energy of an
elementary step, can successfully determine EOG reaction
barriers. Unfortunately, on the hydroxylated Au(111) surface
neither adsorption nor activation energies are correlated with
reaction energies (see Figure S11c,d). This indicates that H,O
or/and OH configurations close to a particular glycerol
derivative influence the reaction kinetics and thermodynamics
through direct adsorbate—adsorbate interactions, which are
absent from clean surfaces or mean-field models. As previously
proposed,'®* a possible approach to explore the role of these
coverage effects would be to construct OH-coverage Pourbaix
diagrams to identify the stable surface phase for each adsorbate
separately and then use these structures for determining
reaction kinetics and thermodynamics. Regardless, alkaline
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conditions require more comprehensive computational mod-
els, considering the role of OH groups in both solution and on
the surface, or alternative mechanistic pathways such as keto—
enol tautomerism, to describe the reaction environment and
examine EOG reaction pathways. Furthermore, the effect of
anion/OH coadsorption should be included in the models to
address the electrolyte and pH effects. We anticipate that such
species and reactions should be more thoroughly taken into
account when addressing the electrocatalytic conversions of
complex molecules under reaction conditions.

B CONCLUSIONS

We performed an extensive computational study to explain the
experimentally observed potential and pH dependency of Au-
catalyzed glycerol electro-oxidation. Pourbaix diagrams were
constructed to analyze the variation of adsorbed OH groups as
a function of the electrode potential and solution pH. Our
calculations have shown a non-Nernstian shift for 1/3—1/2
ML OH coverage and increased EOG activity with OH on the
surface which compares well with the activity observed on Au
surfaces under alkaline conditions. Conversely, OH adsorbs at
slightly higher potentials under acidic conditions and the clean
surface does not favor EOG which also agrees with
experiments. Although our calculations indicate similar activity
between neutral and alkaline conditions above OH adsorption
potentials, previous experiments suggest typical neutral
solution electrolytes, sulfate and perchlorate, obstruct glycerol
adsorption. Therefore, at experimentally relevant potentials,
the Au(111) surface exists with a modest OH coverage without
any specifically adsorbed anions under alkaline conditions
whereas OH-+sulfate/perchlorate coadsorbed structures or a
lower OH coverage may exist under acidic conditions.

EOG thermodynamics and kinetics were investigated on
both the pristine and OH-covered Au surfaces, mimicking
acidic or low potential and alkaline or high potential
conditions, respectively. We found that under acidic conditions
glycerol conversion to dihydroxyacetone is both kinetically and
thermodynamically more favorable than the conversion to
glyceraldehyde, which agrees with the experimentally observed
selectivity. Poor EOG activity of Au reported under acidic
conditions, however, results from the kinetic hindrance of
dihydroxyacetone formation. Under alkaline conditions, the
presence of OH groups makes the glyceraldehyde formation
and further oxidation to glyceric acid feasible. The reaction
barriers on the OH-covered Au(111) surface are substantially
lower than those on the pristine surface explaining the higher
activity under alkaline conditions. The experimentally observed
selectivity toward glyceric acid in alkaline media is attributed to
fast reaction kinetics and favorable thermodynamics of
glyceraldehyde oxidation to glyceric acid. Furthermore, our
results support the existence of a dual active site under alkaline
conditions and at low OH coverage allowing some
deprotonation steps to be Au(OH),y; catalyzed while others
are surface (Au) catalyzed. We also show that the chemical
keto—enol tautomerism between dihydroxyacetone and
glyceraldehyde is pivotal in determining the electrocatalytic
selectivity under alkaline conditions. This provides a pathway
to convert dihydroxyacetone to glyceric acid and explains why
dihydroxyacetone is observed at high pH. Under acidic
conditions, the keto—enol tautomerism is thermodynamically
unfavorable and therefore dihydroxyacetone cannot be easily
transformed to glyceraldehyde or glyceric acid. Altogether, we
have provided consistent mechanistic understanding for the
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experimentally observed EOG activity and selectivity on Au,
but this has required explicit consideration of pH and potential
effects on OH coverage, thermodynamics, kinetics, and the
reaction mechanism as well as invoking the experimentally
verified coadsorption of OH and perchlorate/sulfate under
acidic and neutral conditions.

Beyond the Au-catalyzed EOG, our results combined with
previous experiments highlight that the effect of pH, OH
surface coverage, and the electrolyte must be explicitly
included in computational studies of electrocatalytic oxidation
reactions. The presence of adsorbed OH qualitatively and
quantitatively changes the elementary thermodynamics,
kinetics, and reaction mechanisms. The experimental results
can only be explained by explicitly accounting for the effect of
reaction conditions. This conclusion has potentially wide
implications on future computational studies of electrocatalytic
activity and selectivity. In particular, alkaline oxidation
reactions are likely to be explicitly dependent on the pH and
OH-surface coverage and they cannot be fully understood with
overly simplified reaction models, thermodynamics alone, or
linear free energy relationships, therefore calling for more
comprehensive computational approaches.
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