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The oxidation of small organic acids on noble metal surfaces under electrocatalytic conditions i-

important for the operation of fuel cells and is of scientific interest, but the basic reaction mecha-

www.rsc.org/journalname nisms continue to be a matter of debate. Formic acid oxidation on platinum is one of the simplest
of these reactions, yet even this model system remains poorly understood. Historically, propose:l
mechanisms for the oxidation of formic acid involve the acid molecule as a reactant, but recer
studies suggest that the formate anion is the reactant. Ab initio studies of this reaction do no.
address formate as a possible reactant, likely because of the difficulty of calculating a chargec
species near a charged solvated surface under potential control. Using the recently-developec
Joint Density Functional Theory (JDFT) framework for electrochemistry, we perform ab initio ca!
culations on a Pt(111) surface to explore this reaction and help resolve the debate. We filic
that when a formate anion approaches the platinum surface at typical operating voltages, with H
pointing towards the surface, it reacts to form CO, and adsorbed H with no barrier on a clea
Pt surface. This mechanism leads to a reaction rate proportional to formate concentration an
number of available platinum sites. Additionally, high coverages of adsorbates lead to large reac-
tion barriers, and consequently, we expect the availability of metal sites to limit the experimentall;,
observed reaction rate.

DOz 10.1039/500000000

1 Introduction remain unresolved. Complete oxidation yields CO, and protonz.

Formic acid oxidation has been a topic of recent interest due to
its key role in the operation of direct formic acid fuel cells, 17
which are candidates for portable power sources.® Additionally,
formic acid is an intermediate in the methanol oxidation process
relevant for the operation of methanol fuel cells.

HCOOH — COy +2H™ +2¢™. (1)

The mechanism of the direct pathway to HCOOH oxidation (i.c.
without forming CO as an intermediate) remains a source o:
conflict. A number of reaction mechanisms and rate equa
The direct formic acid oxidation reaction at Pt surfaces un- tions13142431.32 have been proposed based on computationa
der electrocatalytic conditions has been widely studied by theo- predictions and experimental observations, yet there is no con
retical®~'? and experimental '*-** means, but some fundamental  gengys with regard to either the observed facts or their interpreta-
questions about the reactive species and the reaction mechanism tion. Even the active reactant is debated, with the most recent e’/-
idence suggesting that it is formate rather than formic acid.2>3-
The correct rate equations are difficult to identify because they
¢ National Institute of Standards and Technology, Material Measurement Laboratory, are a function of pH, potential, and surface coverage of both po-
Z(;if’;;e:: CZ ;tf:}g;‘f:;“j{ia ;ﬁ’oﬁ; 51 Zi’lc Zi;jfftuio/: tenFial intermediaFes and sPectator species, and include contri-
¢ National Institute of Standards and Technology, Material Measurement Laboratory, butions from multiple reaction pathways. The rate’s dependenct:
100 Bureau Dr, Gaithersburg, MD, USA. on these variables is difficult to deconvolve. For instance, exper-

} Electronic Supplementary Information (ESI) available: [details of any supplemen- imental observation of the pH effect has been inconsistent, witl:
tary information available should be included here]. See DOI: 10.1039/b000000x/
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groups finding an increase in maximum oxidation current with
increasing pH up to pH = 2 in proportion to the concentration of
formate. 2>3435 However, one group found that the largest cur-
rent maximum occurs at a pH equal to the pK, of formate, 2533
while another group found that it plateaus at a pH above the pK,
of formate.3> Experimental interpretation is complicated by the
fact that the surface coverage of adsorbates changes with both
potential and pH, and that the experiments appear to be strongly
influenced by the anions used in the electrolyte. 3>

Density functional theory (DFT) studies provide a way to sepa-
rately consider the variables that affect formic acid oxidation on
platinum and their contributions to the reaction mechanism, but
the methodology for making contact with experiments is still a
field of active development. The need to understand the role that
voltage, electrolyte, catalyst surface conditions, and pH play in
the formic acid oxidation reaction means that great care must be
taken when performing and interpreting these calculations.

Different approaches for overcoming these difficulties have led
computational studies to reach differing conclusions. For in-
stance, one study suggests a dual mechanism, 2 while others
argue that there are three competing pathways3° for the reac-
tion of formic acid. The studies do not agree on the orientation
of the molecule, with some demonstrating that CH-down formic
acid (i.e. the H faces the catalyst surface) is key to reaction 10,24
and others arguing for the CO-down configuration. 12 The mech-
anisms almost all include an adsorbed formic acid or formate pre-
cursor, 1936 Jeading to large reaction barriers.3” The barriers as-
sociated with these reactions on pristine Pt surfaces are ~ 1 eV
which, even after accounting for vibrational effects, are much
higher than the apparent activation energies found experimen-
tally.34 Only recently has a computational study found low bar-
riers associated with the reaction of formic acid with Pt surfaces,
but these surfaces are modified by adatoms,38 and the authors
attribute the low barrier to the adsorption of formic acid on the
adatoms.

To correctly evaluate the reaction free energies, barrier heights,
and free energy shifts due to solvation, adsorption to the catalyst,
chemical potential, and voltage must be taken into consideration,
as illustrated in Figure 1.* From right to left, the diagram depicts
the relative energies of the products and the possible reactants.
The diagram shows the large solvation energy associated with
formate. Solvation effects are particularly important for the for-
mate oxidation reaction because the charged reactant, formate, is
considerably more stabilized by solvation than the neutral prod-
ucts, a surface-bound hydrogen and non-polar CO,. However, if

* We note that the free energies used in this paper are the Gibbs free energies with
respect to atomic species, and grand free energy with respect to the electrons be-
cause the number of atoms is fixed, but the electron chemical potential (instead of
the number of electrons) should be fixed for these calculations.
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Fig. 1 lllustration of the relative free energies of the products and
possible reactants in the formic acid oxidation reaction on a clean Pt
surface. The y-axis represents the free energies of the systems above,
with the Pt slab energy included in each state, and with the voltage and
solvation of the slab changing as appropriate. Additionally, the states
with formate and that with CO, have the energy of the proton that is
included implicitly (which gives rise to the shift seen with pH relative to
the formic acid). For conceptual simplicity, the voltage in this figure is
given relative to the reversible hydrogen electrode.

the formate is adsorbed rather than solvated, the adsorbed con-
formation is lower in energy than that of the solvated formate,
with its relative energy dependent on configuration. The relative
free energies of solvated formic acid and formate vary with pH,
and become equal at the pK, of formic acid. With increasing elec-
trode potential, the energies of the products decrease relative to
the reactants, because one of the products is an electron (which
has an energy equal to that of the Fermi level).

All these factors that shift the free energies must be considered
to correctly assess the relative reaction free energies. For instance
Ref. 10 finds that the reaction barrier for monodentate formate to
form CO, on a platinum slab in vacuum is only 0.05 eV, whereas
the solvated monodentate formate has a barrier of 0.83 €V. The
authors argue that the initial state, monodentate formate, is sta-
bilized by solvation, whereas the final state, CO,, is poorly sol-
vated and is not as stabilized by solvation. The transition state
is similar to the final state, and so they report a high barrier to
reaction. This is misleading because much of the barrier is most
likely due to the change in the reaction energy, associated with
the difference between the solvated initial state, and the poorly
solvated final state. If the voltage is then considered, as the volt-
age is increased, the oxidation reaction becomes more favorable,
and the transition state energy most likely also becomes closer to
the initial state energy. The paper’s use of a slab calculation at
fixed charge precludes oxidation, the loss of an electron, with the
associated free energy contribution equal to the energy value of
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the Fermi level. Instead, the charge of the whole system remains
constant, and the voltage, which is not reported, changes uncon-
trollably during the reaction. The gap between the experimental
reality of a fixed-voltage experiment and a fixed-charge calcula-
tion (that does not account for changes in potential) limits the
applicability of studies such as these.

This example illustrates the challenges that electrochemical
systems present for computational approaches. However, while
traditional DFT does not provide a framework for addressing
the free energy shifts as conditions in the experimental envi-
ronment change, approximations and approaches for addressing
these problems is an area of recent growth.3%43 In these meth-
ods, different approximations are applied to model the half-cell.
The Neurock group,4® for instance, creates a half-cell in which
the slab is at a fixed potential, and the cell is neutralized by
an evenly-distributed background charge. The Ngrskov group, 4!
takes another approach, using protons as explicit countercharges
to neutralize a charged cell.

Here, we apply another approach4® to examine formic acid
oxidation on platinum. This method uses a continuum dielec-
tric with ionic screening to both solvate the slab and neutralize
the half cell. Unlike other approaches, %3 the neutralizing back-
ground charge is confined to the (implicit) fluid, rather than be-
ing spread evenly across the slab, reactants, and explicit fluid.
Additionally, it does not require the specific placement of explicit
countercharges. 41

This approach relies on the framework of Joint Density Func-
tional Theory***> to treat the solvation effects and system
charge. The key ansatz of JDFT is that the exact free energy of a
system can be partitioned into the free energy of the solute, the
free energy of the solvent, and a coupling term between the two.
In practice, solvation models#6~#8 have been developed that pro-
vide approximations for these terms, and here we apply one such
solvation model, which has been applied to other electrochemical
systems. 46

Electrochemical systems are difficult to properly solvate com-
putationally. Explicit water requires thermodynamic sampling
through molecular dynamics simulations, and the water structure
at the surface-electrolyte interface is voltage-dependent. Addi-
tionally, the ionic components of the electrolyte are important
for the formation of the electrical double layer, and must also
be included. The use of the screened dielectric continuum fluid
eliminates the need for thermodynamic sampling, allowing ionic
components to be implicitly included, and the charge distribution
in the implicit fluid adjusts as a function of voltage. The ionic
screening also allows for both a charged species and a charged
surface to be included in the calculation, without unphysically
long Coulomb interactions between unit cell images in the DFT
calculation that would be present without an electrolyte. The use
of ionic screening allows us to perform the calculations at a fixed

This journal is © The Royal Society of Chemistry [year]
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electron chemical potential, instead of using a fixed charge cor
rection scheme (such as the computational hydrogen electrode
Ref. 41), so that the charge of the surface can change as the re
action proceeds. This means that the voltage is set in the calcu-
lation, and the oxidation reaction can be intuitively examined at
a fixed voltage as the charge in the system changes, rather thar.
trying to correct for excess charge trapped in the slab.

The aim of this article is to elucidate the mechanism of tl
formic acid oxidation reaction on Pt(111) by identifying: the rc
active species, the species’ orientation relative to the surface, th:
barrier to reaction, and the effects of surface adsorbates on reac-
tion barriers. We also evaluate our proposed mechanism on the
Au(111) surface to assess the generality of the reaction mecha-
nism. We rigorously include electrochemically relevant compo
nents of the calculation, including charged species, an approx
imate double layer, and voltage effects following previously es
tablished methodology. *° We explore the reactions of formic acid
and formate on a Pt(111) surface, and detail how the energetics
change as a function of pH, voltage, and solvation model. Ou
calculations support the following mechanism for formic acid ox-
idation on a pristine Pt surface:

HCOOH = HCOO™ +H™" @
Pt+HCOO™ — CO, +H,y +e~ @
H ., =H"+e +Pt, (€))]

ads

with Pt representing an available Pt site, and with the formate
oriented as illustrated in Figure 2.

Fig. 2 Formate approaching Pt(111) H-down (left), and reacting to form
CO, and a bound hydrogen (right).

2 Computational Details

We performed calculations using the code JDFTx,4° with norm-
conserving pseudopotentials at a plane-wave cutoff of 30 Hartree
and the Perdew-Burke-Ernzerhof (PBE) exchange-correlatior.
functional. >0 Following previously established system size con

vergence, 1236 we used 3 layers of Pt in a 3x 3 unit cell with a 2x
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gamma-centered k-point mesh. The bottom layer was fixed with
a bond distance equal to that of the converged Pt bulk calcula-
tion, at 2.786 A. A dielectric continuum with Debye screening was
used to model the fluid,*® with an ionic strength corresponding
to 1 mol/L of both cations and anions. The fluid region between
slabs was well-converged, with an inter-slab distance of 25.75 A.
To evaluate inter-slab interactions, the Coulomb-truncated>!->2
energy was compared to that of the untruncated calculation, and
the energy of the formate on bare Pt changed by less than 1 milli-
Hartree. All calculations were performed using the grand canon-
ical ensemble for the electrons, using a fixed electron chemical
potential >3 as a way to reduce finite size errors associated with
charging the metal slab. Estimated free energies (as detailed in
Ref. 46) are reported relative to the standard hydrogen electrode
(SHE), using 4.44 V as the absolute level of SHE below the vac-
uum level.

We note that an interesting subtlety of these calculations is that
the Fermi level of a given calculation is fixed. We assume that the
species are close enough to the surface so that the Fermi level does
not change appreciably in the region of interest.* This assumption
has the consequence that we rely on the voltage lying between
the HOMO and LUMO energy levels of the molecule or ion of
interest. If this is not the case, the molecule or ion could have
a different charge state than we expect, and could be unstable
near the electrode. We calculated the HOMO of the formate, and
it corresponds to an energy level equal to 0.65 V vs. SHE (and
that of formic acid is considerably higher), so we are confident
that formate and formic acid are in their correct charge states for
these calculations.$

3 Results

Here, we explore Reaction 3, the reaction of formate on Pt(111)
to produce an adsorbed hydrogen, an electron, and CO,. Us-
ing approximate free energy calculations, we compare the reac-
tivity of formate in the CH-down configuration to that of formic
acid in the same orientation, and we evaluate the role of pH in
changing the relative energies of the two species. We next con-
sider the possibility of oxidation of the CO-down orientation of
formate, which strongly binds to Pt(111). We examine the dif-
ference between the oxidation reaction of the CH-down formate,
versus the non-Faradaic adsorption of the CO-down formate, and

+1If one wishes to compare to the results calibrated from the potential of zero
charge, %® the reported values should be shifted to account for a vacuum value of
4.68 V.

4 This is not true at very large distances, where the Fermi level will not match that
of the slab, and a theory beyond density functional theory, such as constrained DFT,
would be necessary to describe such systems.

§ We extend our calculations up to 1 V to compare Pt(111) and Au(111), and we
observed a linear relationship in the free energy of reaction through 1 V, and we do
not see evidence of this possible destabilization at 1 V either.

4| Journal Name, [year], [vol.]l,1—10

consider the roles of voltage and charge in these two processes.
We then address how the oxidation reaction barrier changes un-
der likely experimental surface conditions, by expanding our con-
sideration of solvation effects through the inclusion of an explicit
water molecule, and investigating the role of adsorbates on the
surface. We lastly explore the applicability of this reaction mech-
anism to other catalysts, through a comparison of the reaction on
Au(111) and Pt(111).

3.1 CH-down formate and formic acid

To investigate the pathway for Reaction 3, we performed a two-
dimensional scan of the potential energy surface for the reaction
of formate approaching the platinum surface with the C—H point-
ing towards a Pt atom as a function of the C and H positions rel-
ative to the surface. We interpolated the DFT energies and force
projections in this two-dimensional space, and found an approxi-
mate minimum-energy path by directly solving for zero tangential
forces. As shown in Figure 3, the formate reacts barrierlessly with
Pt to produce CO, and adsorbed H at 0 V vs SHE. As formate ap-
proaches the surface, the C—H bond is broken, and H binds to
Pt. Importantly, the formate does not bind to the surface as the
first step of this reaction — only the H binds to the Pt. The sur-
face is weakly repulsive towards CO,, which moves away with
the slow decrease in energy seen in the bottom right of Figure 3.
The free energies that we report include the contribution of the
configurational entropy of the solvent, but they do not include the
entropy contribution from molecular vibration. We performed a
vibrational analysis at 0 V for the products and reactants to cor-
rect for this. The zero point energy changes the results by less
than 0.01 eV. The entropy contribution at room temperature due
to molecule vibration, which is not included in the reported ap-
proximate free energies, is 0.27 €V, and will cause a shift in the
expected reversible potential for the reaction.

We compare the formate reaction at a given Pt—C distance
(from the path shown in Figure 3), to that of formic acid through
a relaxed energy scan of the formic acid with fixed C positions.
Figure 4 depicts the binding and reaction energies of formate
and formic acid relative to the energies of the respective solvated
molecules plus the solvated platinum slab at 0 V vs. SHE. As
shown in Figure 4, the formic acid approaches the clean Pt surface
and does not react. The energy eventually increases slightly once
the formic acid becomes too close to the Pt surface. In contrast,
when the formate approaches the Pt surface with its H pointed
towards the surface, it produces CO, and H bound to the surface,
even at 0 V, with a net reaction energy of more than 1 eV. At each
point in these scans, the CO, molecule is at a fixed position near
the surface. When it is allowed to relax, the CO, moves away
from the surface, and the minimum energy is —1.25 eV at 0 V.
The finding that the C—H-down formic acid does not bind to the
solvated platinum surface agrees with that of Wang and Liu. 10

This journal is © The Royal Society of Chemistry [year]
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Fig. 3 Contour plot of the potential energy as the C and H positions (A)
are scanned at 0 V vs. SHE. The reaction pathway is depicted in red.

However, it is striking that formate reacts with such a large en-
ergy and formic acid does not, given that the molecules only differ
by a proton.

To more closely examine the relative reactivities of formic acid
and formate, we consider the free energy difference between the
two species as a function of pH. Figure 4 references the free en-
ergy of each species to its energy in solution, which allows for
comparison between the two species only when these energies
are equal, in other words, when the pH is equal to 3.77, the
pK, of formic acid. As the pH changes, the free energy of the
formate (and a solvated proton, not included in the DFT calcu-
lation) at room temperature changes relative to that of formic
acid, according to AG = 0.059(pK, —pH), where a negative free
energy change means that the formate is more stable than the
formic acid (pH > pK,). At pH < pK,, the formic acid will have
a lower free energy, and will be present at higher concentrations.
To make contact between experiments performed at pH = 1 to
pH = 2, we note that the formic acid will be 0.16 €V and 0.10 eV,
respectively, more stable than formate. If the formic acid reaction
barrier on the surface is larger than these values, we expect that
the formate reaction will be the dominant one. Given that we
predict a reaction barrier of at least this magnitude for the formic
acid to directly react with the surface, we expect that the barri-
erless formate oxidation will dominate under these experimental
conditions.

We note, however, that there is one more possibility — that the
formic acid loses its proton as it nears the surface. This is diffi-
cult to assess with our implicit solvation scheme given the diffi-
culty of accurately representing the solvated proton. We can see
evidence that the pK, of formic acid decreases as the formic acid

This journal is © The Royal Society of Chemistry [year]
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Fig. 4 Relaxed energy scan of formic acid approaching a Pt surface
with H down at 0 V, and energy along the minimum-energy reaction patt.
for formate as a function of distance between the C and the nearest Pt.
For the formic acid, the symbols depict the calculated energies, and the
connecting line is a spline constructed using the calculated forces and
energies.

approaches, because we can see the relative energy change in Fig

ure 4, but we do not know the timescale associated with losing the
proton relative to that of the approach of the species. However, i”
formic acid loses its proton while the formate oxidation reactic=
is barrierless, the formic acid reaction will have a barrier at least
as high as the (pH dependent) reaction energy needed for de-
protonation to form formate, AG = 0.059(pK, — pH). This agrees
well with experimental evidence that suggests that the reaction
is first order with respect to formate concentration, especially a:
very low pH. However, the barrier associated with deprotonatior.
of the formic acid followed by formate oxidation will be low whei1.
the pK, equals the pH, so this process is at least plausible unde-
certain experimental conditions, although it is a two step process.

3.2 O-down formate

While formate clearly reacts with Pt when H is facing the surface
it can also be bound in the “bridged formate” configuration, °# ir:
which both O atoms bind to neighboring Pt atoms. The formate
that adsorbs on the surface in this configuration acts as a poison
preventing CH-down formate from reacting at a given platinun:
site. Figure 5 illustrates that as formate approaches Pt O-down
it binds to the surface. As the voltage increases from 0 V to 05
V, the formate binds more strongly to the increasingly positive
Pt surface. This binding process exhibits a barrier at 0 V vs Shr.
that is an order of magnitude larger than kg7 at standard oper-
ating temperatures, that decreases with increasing voltage. Oth-
ers3° have suggested that the adsorbed bridged formate form:
from formic acid, because the amount of bridged formate on the
surface decreases with increasing pH. Our results indicate an al
ternate explanation, that at a fixed potential on the reversible h-

Journal Name, [year], [vol.], 1-10 |5
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drogen electrode scale (i.e. with a 0.059 V per decade decrease in
voltage versus SHE with increasing pH), the barrier to adsorption
increases as the pH increases, as illustrated in Figure 5.

This strongly-bound, bridged formate structure has a high bar-
rier to dissociation from the Pt surface, and consequently a high
barrier for oxidation (c.f., Ref. 36), because it must first become
unbound from the surface. The finding that the formate strongly
binds in the bridged formate configuration agrees well with re-
cent experimental work,24 which found that the formic acid ox-
idation current on Pt(111) is proportional to cycoon(1 —26y),
where 6, is the coverage of bridge-bonded formate, and cycoon is
the concentration of formic acid at the electrode surface. The pH
dependence is not explored in that reference, so the reported rate
dependence is indistinguishable from first-order dependence on
formate, as expected in this work, proportional to cycoo- (1 —64),
where (1 — 6,) represents the fraction of available Pt sites.
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1.8 ] ] ]
2.5 3 3.5 4 45 5 55

C distance from Pt(111) surface (108)

Free energy (eV)

0V O-down
0.5 V H down
| 0VH dOV&:n

Fig. 5 Relaxed energy scans of formate approaching a pristine Pt(111)
surface in solution, in the O-down (blue lines) orientation, and energy
along the minimum-energy reaction path for formate as function of C
distance for the H-down reaction. The zero of the free energy is set to
the sum of the energies of the formate in solution and the solvated metal
surface.

To more clearly illustrate the difference between the formate
oxidation and the interaction of the bridged formate with the cat-
alyst, Figure 6 shows the change in charge as the two differently
oriented formate anions and the formic acid approach the surface.
Mirroring the experimental conditions, the charge of the system
(i.e. the cell containing the slab, formate, and fluid) changes as
species approach the surface, since the calculations are performed
at fixed potential. As O-down formate approaches the surface, ex-
cess negative charge slowly decreases as the surface responds to
the approach of negatively-charged O atoms. In contrast, as H-
down formate approaches the surface, the charge of the system
does not drastically change until the formate is oxidized and H
binds to the surface. Then the transferred electron leaves the
system. As expected, both ion transfer reactions become more
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Fig. 6 System charge as a function of C distance. As the O-down
formate binds to the Pt, the charge state of the system changes
gradually during the non-Faradaic process. In contrast, as the H-down
formate reacts, a sharp drop in excess negative charge is seen once the
reaction occurs.

favorable with increased voltage.

3.3 Formate solvation

While the direct oxidation of formate seems like a favorable
mechanism for the formic acid oxidation reaction, we need to
evaluate the interaction between formate and explicit water to be
more certain. A correct description of water is particularly impor-
tant for the formate anion which can form strong hydrogen bonds
with liquid water. Most implicit solvation models underestimate
the solvation energies of anions in water. The solvation model
used in this work#® predicts the formate solvation energy to be
2.83 eV, compared to the experimental value of 3.28 eV.>> This
effect shifts the reversible potential of formate oxidation, and de-
creases the reaction energies in Figures 3, 4, and 5 by 0.45 eV,
but the important question is whether this reaction will now have
a reaction barrier. To address this, we consider an explicit water
molecule, interacting with one of the oxygens of the H-down for-
mate. We chose the placement of this water molecule so that it
may strongly hydrogen bond with the formate oxygen. As shown
in Figure 7, the addition of an explicit water molecule decreases
the reversible potential for the reaction, as expected, because the
explicit water further stabilizes formate, but does not particularly
stabilize the CO, or adsorbed H. However, the reaction still pro-
ceeds in the same way: although the formate is now more stabi-
lized, the hydrophobic region of formate containing the C—H is
still available for reaction.

The above results suggest that calculations with multiple ex-
plicit water molecules, hydrogen-bound to the formate, will not
lead to a barrier. As long as formate reacts directly from solution
and does not first adsorb on the surface, the reaction appears to
proceed barrierlessly. However, a small barrier could potentially

This journal is © The Royal Society of Chemistry [year]
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be introduced by the need for a water molecule that solvates the
platinum surface to move out of the path of the approaching for-
mate. This result contrasts with the findings of Wang and Liu that
monodentate formate will oxidize on a Pt surface with a barrier
of less than 0.05 eV in vacuum, but with a barrier approximately
1 €V in a solvated environment.? On the other hand, the re-
action of O-down formate differs significantly from the H-down
oxidation process. Both the water and the surface interact with
the O atom in formate, and we therefore expect that the barrier
depicted in Figure 5 for the binding of bridged formate is under-
estimated.

Free energy (eV)

L .
b LTS Continuum -

Explicit
1

14 ] ] ] ]
25 3 35 4 4.5 5 55

C distance from Pt(111) surface (A)

Fig. 7 Energy along the minimum-energy reaction path for formate
approaching Pt(111) H-down, with and without an explicit water
molecule.

T T T T
(1379) Coverage

(1269) Coverage -

Full coverage
N 1 Clean 7]
\Z% 05 (37) Coverage i
15}
5 0
8
£ 05 .

15 L ] ] ] ] ] ] ] ] ]
36 38 4 42 44 46 48 5 52 54

C distance from Pt(111) surface (A)

Fig. 8 Relaxed energy scans and energy along the minimum-energy
reaction paths, showing the binding energy of formate approaching
Pt(111) at 0 V, with differing coverages of CO, splined using the force
data. Indices indicate coverage, with (37) coverage illustrated above,
and “Full coverage” indicating coverage on all but site 5, the Pt reaction
site.
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3.4 Reaction 3 and surface adsorbates

We next consider the effect of surface adsorbates on Reaction 3 t¢
determine if the reaction remains barrierless under more realistic
operating conditions. To mimic CO coverage effects, we examinec.
different coverages of CO on the Pt(111) surface. Figure 8 showr
that increasing amounts of CO on the Pt surface indeed create:
barriers for reaction at Pt atoms adjacent to the surface-coverec
sites, consistent with the well-known ability of CO to block tl.c
surface (c.f., Ref. 56). Additionally, the hydrogen adsorption eu-
ergy decreases for these CO covered surfaces relative to pristit.
Pt, for instance by 0.25 €V for the (1379) coverage (following the
notation for the coverage shown in Figure 8) at 0 V, suggestin;;
that both site-blocking and electronic effects play a role in surface
poisoning. Poisoning is expected to be important for not only CO.
but for other surface adsorbates as well, meaning that the reac:
tion rate will depend on the number of sites available for reactio:

and the surface coverage on neighboring atoms.

The barrierless nature of Reaction 3 leads us to consider why
the reaction onset is experimentally observed at higher than ex
pected voltages. Two processes may prevent the reaction’s onset.
First, underpotential deposited H (Hypq), present at voltages ur
to about 0.2 V,57 passivates the Pt surface, with behavior simila:
to CO (see Supporting Information). Given the reversal symme:
try of the Hypq waves seen in cyclic voltammetry, the rate of Hy, -
desorption is known to be fast, and so this is a thermodynam.c
effect. Additionally, Reaction 4 must be energetically favorabic
for the reaction to proceed. The energetics of this reaction are
related to the phenomenon of Hypq on the surface, but are a sepa-
rate effect, especially considering that Hy,q is expected to mostly-
reside on fcc sites, whereas the H from Reaction 4 is initially o1
atop sites. We note that H,yq coverage is significantly reducec
in the presence of adatoms, and we suggest that changes in F
binding strength could explain the earlier onset of formic acid o'.-
idation on adatom-modified Pt surfaces, rather than the recently
proposed steering mechanism. 38

This study captures the importance of the thermodynamic sta-
bility of adsorbed intermediates in the formic acid oxidation pro-
cess. At low voltages, we expect Reaction 4 to be rate limiting,
with the additional effect of increased barriers of Reaction 3. A~
higher voltages, and a pH below the pK, of formate, we expect
Reaction 2 to limit the rate. The real Pt surface that is probed
experimentally under electrocatalytic conditions will have adsor-
bates including Hypqg, strongly adsorbed water molecules, anior.:
such as ClI~ and OH™, and bridged formate on the surface, fc=
instance. Under these conditions, we expect the availability of P:
sites to be rate limiting.

The results suggest that formic acid oxidation happens through
the reaction of formate with the Pt surface, to produce CO, anc
adsorbed H, which is subsequently oxidatively desorbed. Invok
ing the steady state approximation for formate/formic acid an-
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potential (vs. SHE) Au(111) Pt(111)
ov -0.47 —-1.25

0.5V —0.88 —-1.66

1V —1.22 —2.02

Table 1 Reaction energies (eV) for Reaction 3 for Au(111) and Pt(111).
We note that the magnitudes of the reaction energies here are
considerably lowered by the inclusion of additional solvation (0.45 eV)
and entropy (0.27 eV for Pt(111)) terms.

the H adsorption/desorption processes, the dependence of the
rate on pH leads to an oxidation current plateau at the pK, of
formate (see Supporting Information). This is supported by the
experimental work of Brimaud et al.,3> but not by Joo et al.,?®
who find that the oxidation current peaks at the pK, of formate.
Joo et al. conclude that their observation is a function of Pt sur-
face oxidation at higher pH, although they discuss the possibility
of other sources of pH dependence. 8

3.5 Reaction 3 on Au(111)

Lastly, we compare the behavior of formic acid oxidation on Pt
with that on Au, to evaluate the general applicability of this reac-
tion mechanism to other metal surfaces and to see if the H bind-
ing strength of Pt plays a large role in determining the reversible
potential of Reaction 3. Au provides a well-studied 31:59-64 coun-
terpoint to Pt, as it binds less strongly to H. Table 1 demonstrates
the striking difference between Pt and Au, with a much smaller
reaction energy on Au(111). Experimentally, a much smaller cur-
rent is observed on Au(111) surfaces, and the onset of reaction
happens at a higher potential. 3> Despite the barrierless nature of
the reaction, the stabilization of the H on the surface may be too
low for the reaction to proceed at low voltages, once the solvation
energy corrections (0.45 eV) and vibrational energies are taken
into account. The modest free energies for this reaction suggest
that the onset of reaction on Au may be dominated by Reaction 3
rather than by Reaction 4, which likely limits the reaction onset
on Pt, as illustrated in Figure 9. For the Au surface, this reaction
mechanism may not be the primary one, and other mechanisms
involving adsorbates that stabilize the H should be considered.

4 Conclusion

We provide evidence that formate reacts barrierlessly on clean
platinum in the CH-down configuration to produce CO, and ad-
sorbed hydrogen, and the results support the notion that formate
must be considered as a reactant to capture the behavior seen in
experiments. The results suggest that the formate does not need
to adsorb to react with the platinum surface, and that adsorbants
poison the catalyst by blocking active sites. They demonstrate
the need to carefully evaluate all of the contributions to the free

8| Journal Name, [year], [vol.],1-10

CO, +H*+2e
CO, + Au-H 4+ €, -F

CO, +Pt-H_ + e

ads’

HCoO- —
S—

Free energy

Voltage

Pt(111)
Au(111)

Fig. 9 Relative energies of products, reactants, and intermediates of
the formic acid oxidation reaction on Pt(111) and on Au(111) as a
function of voltage. The arrows identify the slopes of the lines, where F
is Faraday’s constant. The dotted lines indicate the onset of reaction,
with the onset of reaction on Pt(111) limited by the desorption of H, and
the onset of reaction on Au(111) limited by the stabilization of the H

energy for the reactants and products. Inclusion of entropy, sol-
vation, voltage and pH effects is particularly important for the
formic acid oxidation reaction. This allows for improved compar-
isons between computation and experiments, and permits evalua-
tion of a larger set of possible reactants and reaction mechanisms.

The overall formic acid oxidation reaction is controlled by Re-
actions 2, 3 and 4. The free energy associated with Reaction 2
changes with the solution pH, and is not directly affected by the
voltage. In contrast, the reaction energy for Reactions 3 and Re-
action 4 change with voltage. We expect the desorption of hydro-
gen, Reaction 4, to limit the overall reaction rate at low voltages.

The results additionally provide an explanation as to why an
active surface intermediate for the direct formic acid oxidation
reaction has not been found. Experimental work has probed the
surface for this intermediate, yet evidence for it is lacking. If
the formate reacts upon approach to the surface, and the only
resulting surface adsorbate is the hydrogen, then this active sur-
face intermediate will not be identified by current spectroscopic
approaches. Future experimental work to probe the coverage of
adsorbed hydrogen on the surface, as a result of the formic acid
oxidation reaction, would provide further insight.
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