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As an important class of catalytic reactions, the reaction at solid/liquid interfaces is less understood at the
atomic level. From a theoretical point of view, the difficulty lies at the simultaneous consideration of the
extended solid surface and the dynamic liquid environment. In taking the oxidation of formic acid (HCOOH
— CO, + H,) at the Pt(111)/H,O interface as the model system that has great potentials in direct fuel cells
applications, this work combines density functional theory (DFT) slab calculations with a continuum solvation
model to simulate the reactions at the metal/H,O interface for the first time. The solvation effect is treated by
including (i) a few explicit water molecules as the core solvation shell and (ii) an implicit continuum solvation
model to take into account the long-range electrostatic interaction from water solution. We show that formic
acid can be directly oxidized to CO; only in the presence of preadsorbed formate. Although the formate itself
can not be oxidized to CO, at mild conditions, it helps to stabilize the formic acid adsorption configuration
with the CH bond in contact with the Pt surface, which is the precursor leading to CO,. Without the preadsorbed
formate, formic acid is only able to adsorb with its carboxyl O linking to Pt, which is however difficult to
decompose further. By electronic structure analyses, we show that a hydrophobic zone formed nearby the
preadsorbed fomate on Pt(111) is the origin for the promoting role of formate, which demonstrates that catalytic
reactions at solid/water interface can be significantly affected by modifying the affinity between surface and

water.

1. Introduction

As a promising alternative to H, and alcohol based fuel cells,
direct formic acid fuel cells (DFAFCs) have attracted great
interest in the past decades.'™® It was generally accepted that
formic acid could be oxidized to CO, via a dual-path
mechanism,’”!* that is, an indirect pathway via adsorbed CO
(HCOOH — CO + H,0 — CO, + 2H) or a direct one without
the participation of CO (HCOOH — CO, + 2H). The presence
of non-CO channel is unique and significant since CO as a
poisoning species to Pt electrode is not desirable in fuel cells.
Despite its significance, it remains unclear how the non-CO
pathway occurs at the Pt/water interface.!>~ 8 Here, we carried
out density functional theory slab calculations in combination
with a continuum solvation model to understand HCOOH
degradation on Pt(111) in the presence of water. Our results
demonstrate the intimate relation among the solvation effect,
the adsorption configuration, and the reaction kinetics.

To enhance the non-CO pathway while suppressing CO
poisoning, many different materials have been tested, such as
Pt bimetallic (PtRu,!*~2! PtPd,'>?° PtAu,'?? PtPb,>?* PtBi**) and
Pd-based® % electrodes. It was shown that addition of Pd or
Au to Pt can enhance the electro-oxidation of formic acid via
the non-CO mechanism without significant formation of ad-
sorbed CO,!*?2 and addition of Ru, Pb to Pt improves the activity
by hindering CO poisoning.>!>?° In particular, recent experi-
ments showed that a Pt-FeTSPc (tetrasulfophthalocyanine)
cocatalyst also exhibits an enhanced activity for the electro-
oxidation of formic acid without CO poisoning.>*3! Although
these electrode materials differ significantly, experimental
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studies by means of combined electrochemical and in situ IR
measurements suggest that the dual-path mechanism of formic
acid degradation is generally present. It is therefore of great
interests to reveal the atomic-level mechanism of the non-CO
pathway.

Samjeske et al.!”!332 proposed a formate-involving pathway
for formic acid oxidation on Pt featuring the adsorbed formate
as an active intermediate to CO,. Their conclusion is based on
the observation that the oxidation current density of HCOOH
(also for methanol®?) versus potential curve is very similar to
the potential dependence of the band intensity of the adsorbed
intermediate formate. A similar conclusion was also drawn by
Macia et al., who performed HCOOH electro-oxidation on
Pt(111) electrodes at a low Bi coverage.** However, on the basis
of a series of potentiodynamic measurements, Behm et al.!>!6:3
found that the adsorbed formate may be spectator species instead
of active intermediates during HCOOH electro-oxidation. They
proposed that CO, is directly obtained through the dehydroge-
nation of a so-called weakly adsorbed HCOOH (via neither
formate nor CO). Apart from the puzzles on the mechanism, it
is also peculiar that the formic acid degradation has a low
efficiency at the electrochemical environment considering that
the degradation is rather facile under ultrahigh vacuum (UHV)
conditions. For example, Columbia et al.’® observed that the
adsorbed formic acid decomposes into CO, via the formate
intermediate at low temperatures (<300 K) according to the
thermal desorption spectroscopy and high-resolution electron
energy loss spectroscopy.

Because of the complexity of formic acid—water interaction
and the difficulty to model the solid/liquid interface theoretically,
there are few theoretical studies reported on the mechanism of
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formic acid decomposition in the Pt/H,0O system. For example,
Hartnig et al.** studied the adsorption of formic acid in the
presence of two water molecules on uncharged and charged
Pt(111) using DFT. In practice, it is largely uncertain how many
explicit water molecules would be enough for understanding
properly the reactions at the interface. A common challenge in
the field is therefore how to treat the water environment at the
water/metal interface, which presumably should be accurate and
efficient enough to capture the chemistry during catalytic
conversion. While continuum solvent models have become a
standard technique in modeling liquid environment, such a
model has not been utilized in standard periodical slab calcula-
tions for studying reactions at the solid/liquid interface. In this
work, we have implemented the recently proposed continuum
solvent model via the dielectric model function*! into standard
periodical slab calculations to model the metal—liquid interface.

With the help of this technique, we studied thoroughly formic
acid oxidation on Pt(111) in the presence of water within the
DFT framework. We treat the reactions at the metal/water
interface as such that the reaction center is first surrounded with
explicit water molecules as the core solvation shell, and the
whole slab system is then immerged in the continuum solvation
environment. We show that a direct decomposition of HCOOH
to CO, is only available in the presence of precovered formate,
which helps to stabilize HCOOH adsorption with its CH bond
in contact with the Pt surface. Our results rationalize the
accelerated kinetics of formic acid oxidation on Pt electrodes
at high formate coverages.

2. Theoretical Methods

Density Functional Theory Calculations. All DFT calcula-
tions were performed with the SIESTA package using numerical
atomic orbital basis sets and Troullier-Martins norm-conserving
pseudopotentials*? (scalar relativistic for heavy elements). The
exchange-correlation functional used was the generalized gradi-
ent approximation method, known as GGA-PBE.* The other
details for the DFT calculations using SIESTA can be found
elsewhere.** The Pt lattice constant utilized is 3.980 A from
DFT (expt 3.924 A). The Pt(111) surface in this work for
studying all surface reactions was modeled by a rectangular (4
x 2+/3) unit cell with four-layer slabs (16 Pt atoms per layer),
where the top two layers were fully relaxed. A (2 x 2 x 1)
k-point mesh according to the Monkhorst-Pack scheme was
utilized to sample the First Brillouin Zone. The transition states
(TSs) of reactions were located using our recently developed
constrained-Broyden-minimization technique as addressed pre-
viously.* These DFT calculation setups were also utilized in
our previous works,** where the convergence on the calculated
barrier has been carefully benchmarked with the calculations
using the plane-wave methods.

Continuum Solvation Model with a Smooth Dielectric
Function. The detailed algorithm of this method has been
addressed in the series paper by Fattebert and Gygi,*'***7 which
has been implemented for the calculations of solvation energies
of free molecules. The method introduces a smoothed step
function for the permittivity of the dielectric medium,

&
ep(r) =1+

ekt (oM o)™
2 1+ (p(r/py)?

which approaches to €., (e.g., 78.36 for water at room temper-
ature) asymptotically in the regions where electron density is
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low and is 1 in the regions where it is high. In this dielectric
function, py and f are the only two parameters: p, is the
threshold of electron density p(r) to adjust the size of the cavity,
whereas 8 determines the smoothness of the transition from 1
to €. According to Fattebert and Gygi, these two parameters
can be chosen by fitting the experimental solvation energy value
for the systems of interest.

In our studies, we introduce a large vacuum region (30 A)
along Z axis that separates two adjacent slabs. In the middle of
the vacuum region, we define a potential zero plane as the
boundary condition for the integration of Poisson—Boltzmann
equation, which can be solved via the finite-difference method
as described by Fattebert and Gygi. To reduce the systematic
errors introduced by the finite-difference method, we solve the
Poisson—Boltzmann equation twice in each electronic SCF loop
with (i.e., potential Vy,) and without (i.e., potential V,,.) the
implicit solution to obtain the excess potential AV (= V, —
Viac) due to solvation. AV is then added into the total potential
for solving the Kohn—Sham equation. The self-consistency can
be achieved within typically 30 SCF loops. In this work, po
and f3 are set to 0.00078 e/Bohr? and 1.3 respectively, to fit the
experimental cohesion energy of water, that is, 9.9 kcal/mol.*!

3. Results

3.1. Adsorption of Formic Acid at Pt(111)/H,O Interface.
As the starting point, we investigated the adsorption of formic
acid, as elaborated in the following. Considering that there are
two critical intermediates detected in HCOOH electro-oxidation
on Pt electrodes, namely, the formate and the CO, we considered
the HCOOH adsorption behaviors on both the clean and the
formate and CO precovered Pt(111) surfaces in the presence of
water.

Adsorption on Clean Pt(111)/H,0 Interface. We first
explored the possible structures of HCOOH-(H,0), complexes
adsorbed on Pt(111), where n is the number of explicit H,O
molecules in the core solvation shells, being from 1 to 6 (the
detailed structures are shown in Supporting Information). From
the optimized structures of the adsorbed HCOOH-(H,0),, we
noticed that the bond length of the hydroxyl in HCOOH
increases from 1.06 to 1.52 A with the increase of the number
of surrounding water (n is from 1 to 6). Furthermore, when
comparing the hydroxyl bond length in the presence and absence
of the metal surface, we found that the OH bond length of the
adsorbed HCOOH-(H,0),, is generally longer (~0.2 A) than its
counterpart in the free HCOOH-(H,0),.. These suggest that the
OH bond of formic acid is further activated by metal surfaces,
although the OH is not in a direct contact with surface, and it
turns out to be more acidic. It is noticed that as » is larger than
2, the first solvation shell of HCOOH features a ring-shaped
structure, in which the waters link the hydroxyl (H donor) and
the carbonyl (H acceptor) groups of HCOOH through H
bondings. Such a H-bonding ring is also present for free
HCOOH-(H,0),, in vacuum.

Two different configurations of HCOOH-(H,0),, were identi-
fied on Pt(111), namely, the O-down configuration and the CH-
down configuration. The structures are shown in Figure 1la,b,
respectively (only the representative structures with (H,O), were
shown). In the O-down configuration, the O atom of carbonyl
group attaches to a surface Pt atom forming a O—Pt bond (2.27
A), while in the CH-down configuration, the H of CH bond
points toward the surface with the distance between H and Pt
being 2.31 A.

To compare the relative stability of the configurations of
adsorbed HCOOH, we need to calculate the adsorption energy
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Figure 1. DFT optimized structures for key adsorbed states. (a)
HCOOH-(H,0), adsorption in the O-down configuration; (b) HCOOH-
(H,0), in the CH-down configuration; (c) TS for the C—H splitting of
HCOOH-(H,0)4 in the O-down configuration; (d) HCOO-(H,0), in
the bidentate configuration; (e) HCOO-(H,0), in the monodentate
configuration; (f) TS for the C—H splitting of HCOO-(H,0)4; (g) TS
for the C—H splitting of HCOOH-(H,0), in the CH-down configuration;
(h) the neighboring sites (labeled as S-1, S-2, S-3) of an adsorbed
formate on Pt(111) (also see Table 1).

of HCOOH at the metal/water interface with respect to it in the
bulk water solution. This can be done as follows. From DFT,
we first can obtain the adsorption energies of HCOOH-(H,0),
complexes on Pt(111) compared to it in the vacuum, as
computed from eq 1.

__ pvac _ pvac __ pvac
E 4 (Pt/vac) = Eticoon—,0) s ~ Esur — Encoon—a,0),

ey

where EVI%%OOH —(H,0),/surs EZ&;, and E‘]’f[iEOQH —(H,0), are the DFT total
enerigies for the HCOOH complex adsorbed system, the surface
without the HCOOH complex, and the free complex, respec-
tively. Next, we can add corrections due to the solvation energy
cost (AEy,) for HCOOH-(H,0), complexes moving from the
bulk solution to the metal/solution interface. AE,, can be
computed from eq 2, which is the solvation energy difference
before and after the adsorption.

__ ol _ psol __ gmsol
AEsol — HCOOH—(H,0),/sur Esur EHCOOH—(HZO)n

2

where Eiifoon — w0y Esa and Epcoon —m,0), denote the
solvation energies calculated from the continuum solvation
model for the adsorbed system, the surface without adsorbate,
and the free HCOOH-(H,0),, respectively. Finally, the adsorp-
tion energy of formic acid in water (E,;(Pt/H,0)) can be
obtained as

E, (Pt/H,0) = E,(Pt/vac) + AE_, 3)

ads

By eqs 1—3, we are able to calculate the adsorption energy
of formic acid at the Pt/H,O interface. Our calculated results
are listed in Table 1, where the data for both HCOOH-(H,0),
and HCOOH-(H,0)¢ systems on clean Pt(111) are included.

Table 1 shows that the E,4(Pt/vac) is converged at the level
of 4 waters, where the values with 4 and 6 waters are similar
((H,0), as the explicit water shell was also utilized to study all
of the reactions). More importantly, it can be seen that the
adsorption of HCOOH in the O-down configuration at the
Pt(111)/water interface (E,4(Pt/H,0)) is exothermic, while that
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of the CH-down configuration is thermoneutral, if not endo-
thermic. The result suggests that formic acid adsorbs at the
Pt(111)/H,0 interface with only the O-down configuration, and
the CH-down configuration is unstable compared with formic
acid in bulk water. This can be attributed to the intrinsic low
bonding ability of the CH down configuration (E,4(Pt/vac)) and
an additional solvation energy cost (AE,,) for HCOOH-(H,0),
moving from bulk solution to the metal/solution interface. In
the CH-down configuration (Figure 1b) where the hydrophilic
end (hydroxyl) remains largely solvated, this AE, originates
partly from the —E%. term (eq 2), which describes the energy
cost for HCOOH to exclude the interface water (or, more
precisely, the dielectric layer as calculated here) on Pt(111). It
is also interestingly noticed that, although the O-down config-
uration has an even larger AE,,, E, at the Pt/H,O interface
remains negative, apparently because of the intrinsic strong
bonding between the O of HCOOH and the Pt surface.

Adsorption on HCOO and CO Precovered Pt/H,0O Inter-
faces. For the HCOOH adsorption on formate precovered
Pt(111), we have considered three sites near the adsorbed
formate, which are labeled as S-1, S-2, and S-3 in Figure 1h.
The adsorbed formate is most stable with a bidentate configu-
ration as shown in Figure 1d (this will also be discussed in the
next section). The adsorbed HCOOH was placed initially as
both the O-down and the CH-down configurations. The adsorp-
tion energies are also calculated using eqs 1—3 and listed in
Table 1, where the surface in eqs 1 and 2 refers to the HCOO
precovered surface, and there is only implicit solvation shell
for the HCOO covered surface. We found that, after the
solvation energy correction, the two configurations of formic
acid achieve comparable adsorption energies at the sites adjacent
to the adsorbed formate. Importantly, differing from the case
without the preadsorbed formate, the CH-down configuration
of HCOOH turns out to be stable at the interface in the presence
of formate with much improved energetics (~ —0.2 eV).

By contrast, the presence of CO affects negatively the
adsorption of formic acid according to our results in Table 1.
The adsorption of both configurations become energetically
unfavorable (E,q(Pt/H,0) = 0) at a neighboring site (one-lattice
away) of the adsorbed CO (the structure is shown in Supporting
Information). This originated from the decreased E,u(Pt/vac)
and the increased AE;, on the CO covered surfaces as compared
with those of the clean Pt(111). Our results indicate that CO is
a poisoning species for the HCOOH adsorption and oxidation.

3.2. Reaction Mechanism. Having determined the adsorption
configuration of HCOOH at the Pt(111)/H,0 interface, we then
studied three possible pathways for formic acid decomposition
leading to CO,. These pathways are summarized in Figure 2
with the computed reaction barriers, and the structure of the
reaction intermediates labeled from a to g are shown in Figure
1. In the following, these pathways will be elaborated.

3.2.1. HCOOH Direct Degradation with the O-down Ad-
sorption Configuration. Starting from the O-down configuration,
that is, the initial state (IS), we investigated the CH bond
breaking of formic acid (HCOOH-(H,0),). The TS for the CH
bond cleavage was located as shown in Figure lc, where the
dissociating CH bond is 1.61 A. The hydroxyl of formic acid
has been significantly stretched to 1.58 A at the TS, and the
forming proton is solvated by the adjacent water cluster. This
is understandable as the fragment COOH is unstable in the H,O
environment and can easily lose its H (proton) to water.*® After
the TS, a CO, is produced directly. We found that the calculated
barrier is rather high, 0.98 and 1.24 eV with and without the
correction of solvation effect (hereafter the barriers at the Pt/
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TABLE 1: Calculated Adsorption Energies (in eV) of Formic Acid at the Pt(111)/H,O Interface without and with the

Pre-Adsorbed Formate and CO

coverage (H,0),/site O-down configuration CH-down configuration
Eads(PtlvaC) AEsol Eads(Pt/HZO) Eads(PtlvaC) AEsol Eads(Pt/HZO)

0 ML (H,O0)4 —0.55 0.40 —0.15 —0.21 0.21 0.00
(HxO)6 —0.59 0.41 —0.18 —0.28 0.29 0.01

HCOO 0.063 ML (H,0), /S-1¢ —0.70 0.52 —0.18 —0.26 0.15 —0.11
(H,0), /S-2¢ —0.67 0.51 —0.16 —0.22 0.02 —0.20
(H,0), /S-3¢ —0.64 0.39 —0.25 —0.27 0.12 —0.15

CO 0.063 ML (H,0)4 —0.49 0.49 0.00 —0.15 0.19 0.04

“ Site of adsorption (S-1, S-2, S-3) nearby the formate is labeled in Figure 1h.

> HCOOH,4(O-down) - -2V,
Pt(111) a c(TS) :
PH(111) 1.10ev
HCOOH., - HCO O,y u-..f........ co
d,e (T8)
HCOO/Pt(111)
——— HCOOH,4(CH-down ":{f‘r;‘:

Figure 2. Three pathways for formic acid (HCOOH,) oxidation
leading to CO, at Pt/H,O interface. The data are the calculated barriers.
The corresponding structures labeled from a to g are shown in Figure
1.

H,O interface without specifically mentioning refer to the ones
after the solvation energy correction). Obviously, the water
solvation can better stabilize TS than IS, which reduces the
barrier.*’ Since the barrier is quite high, we can rule out the
possibility that formic acid itself is active in directly producing
CO; at room temperature when Pt surface is clean.

3.2.2. HCOOH Indirect Degradation via Formate Inter-
mediate. In this path, formic acid deprotonates first into formate.
In reminding that the hydroxyl bond of formic acid at the Pt/
H,0 interface has been highly activated (H—O bond length >1.5
A), the deprotonation of formic acid is kinetically facile. Similar
to the case of HCOOH-(H,0), adsorption, we have calculated
the adsorption of HCOO-(H,0O), complexes with up to six waters
as the core solvation shells, and we found that (H,O)4 can
already provide converged reaction energies for HCOOH-(H,0),
— HCOO-(H,0), + 1/2H,. From thermodynamics,*® we can
estimate the equilibrium electrical potential of the formate
production by the reaction energy of HCOOH-(H,0),, — HCOO-
(H,0), + 1/2H, (see Supporting Information for detailed
structures and energetics). With the zero-point energy correc-
tions, the reaction energy is about 0.41 eV, which indicates that
the equilibrium electrical potential for formate production is
around 0.4 V, considering that AG = 0 for 1/2H, <> H* + e~
at 0 V versus NHE by definition. This coincides well with the
experimental facts that the formate is detected as an important
intermediate on Pt electrodes starting from low potentials
(0.2—0.4 V vs NHE).'>!%32 With the further increase of potential
(above 0.4 V), it is expected that the coverage of formate will
increase accordingly, as also observed in experiment.!>™!% All
of the reactions were therefore performed at the (H,O), level,
and the continuum solvation model was used to further correct
the solvation energy contribution.

Since the formate is present on surface through the depro-
tonation of formic acid, the question is therefore whether formate
can decompose to CO,. In order to answer this, we have
searched the possible pathways for formate degradation at the
Pt(111)/H,0 interface. From our calculations, formate prefers
a bidentate configuration (Figure 1d) at the Pt(111)/water
interface, where its two O ends bond with Pt surface atoms,

similar to the structure of acetate on Pt(111) as found previ-
ously.® This upright structure agrees with that proposed from
the experimental spectroscopy.**>! Toward decomposition, the
bidentate formate has to rotate itself first to a monodentate
configuration (Figure le), which is the precursor leading to the
H—COO bond breaking. We note that the direct C—H bond
breaking from the bidentate formate is kinetically difficult with
barriers more than 1.2 eV. The energy cost for the bi-to-
monodentate rotation of HCOO-(H,0),4 is 0.27 eV. It may be
mentioned that, in the Pt/vac system, the bi-to-monodentate
rotation of HCOO is kinetically more difficult with the bidentate
structure being 0.7 eV more stable than the monodentate
structure. These indicate that the water environment stabilizes
the monodentate configuration by a larger extent than the
bidentate configuration, which smoothes the potential energy
profile of the rotation.

The monodentate HCOO-(H,0), can then cleave its CH bond
and decompose into H and CO, by experiencing a TS as shown
in Figure 1f. At the TS, the dissociating CH bond is 1.63 A,
and the distance between C and Pt is more than 3 A. The
calculated decomposition barrier as relative to the monodentate
structure is 0.83 eV, which might be relevant at high formate
coverage conditions. The overall barrier is 1.10 eV with respect
to the bidentate formate. By considering that the fuel cell
reactions take place at room temperature, the high barrier implies
that formate decomposition is very unlikely even at the high
coverage conditions, which also agrees with the recent calcula-
tion results of Neurock et al.*8

We noticed that, in the absence of H,O (the Pt/vacuum
interface), the monodentate formate follows a facile activation
(barrier < 0.05 eV from our DFT) to break its CH bond, and
thus formate can easily decompose at UHV conditions, as
observed in experiment.*® By contrast, in the presence of H,O,
the monodentate HCOO is strongly stabilized by solvation (H
bondings) at the IS. Such a solvation effect is however largely
absent at the TS where the forming CO, fragment is much less
polarized compared with the monodentate HCOO at the IS.
Therefore, at the Pt/H,O interface, formate is much more
difficult to decompose with the barrier more than 1 eV.

3.2.3. HCOOH Direct Degradation in the Presence of
Preadsorbed Formate. Finally, we studied the reaction pathway
of the CH bond breaking of HCOOH-(H,0), complex in both
the CH-down and the O-down configurations in the presence
of preadsorbed formate. This corresponds to an electrical
potential above 0.4 V, where formate is available on the surfaces.
Three sites (Figure 1h) adjacent to HCOO were considered for
the reactions initially, although it was found later that the barriers
for the same reaction are in fact similar at the three sites
(difference within 0.05 eV). Specifically, the barrier to CH bond
breaking in the O-down configuration is found to be at least
0.97 eV. This is similar to that in the absence of formate, which
implies that the formate coverage influences marginally on the
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Figure 3. Barriers of the HCOOH degradation on charged Pt(111)
surfaces as measured by the change of electric field. The zero in the x
axis corresponds to the neutral surface situations.

CH-bond breaking barrier in the O-down configuration. How-
ever, we found that the CH-down configuration has a rather
low barrier (0.45 eV) to break its CH bond. At the located TS
(Figure 1g), the CH bond distance is 1.34 A and the C—Pt
distance is 2.26 A. To obtain a clearer view on the reaction
channel after the TS, we performed a molecular dynamics (MD)
simulation at 300 K with 31 explicit H,O molecules above
Pt(111) in a 2+/3 x 2+4/3 Pt(111) slab (equivalent to 4 H,0
layers) by starting from the TS structure except that the
dissociating CH bond is stretched further by ~0.1 A toward
the final state. We found that after only a short period (~0.2
ps), the hydroxylic hydrogen of the COOH fragment transfers
to the surrounding water and a CO, is produced. It suggests
that, after the CH bond breaks, the OH bond of the formic acid
in the CH-down configuration can undergo a rapid activation
by water leading to CO, formation.

3.3. Effect of Local Electric Fields on the Barrier of
HCOOH Degradation. Having considered the three reaction
channels for HCOOH degradation on the charge-neutral surface,
we further checked whether the variation of the electric field
(due to the charging of surface) can influence directly the barrier
of formic acid decomposition by using our recently developed
method for studying reaction under electrical potentials.>’In the
method, we can directly charge the metal surface by adding/
subtracting finite electrons from the slab with the counterions
being distributed as Gaussian-distributed plane charge in a
vacuum. We found that the effect of the electric field induced
by the excess surface charge plays only a minor role on
influencing the reaction barrier, where the increase of electric
field (positively charged surface as anode) will lower the barrier
of all reactions considered, but the magnitude is no more than
0.07 eV per change of 10° V-m™!, as shown in Figure 3. We
can conclude that the electrochemical potential shift in a typical
experiment (e.g., 0.2—0.7 V, equivalent to ~10° V-m™! field
change) does not change significantly the reaction barrier in a
direct manner. Instead, it is the potential-induced surface
coverage change that strongly affects the reaction pattern of
formic acid decomposition.

4. Analyses and Discussions

4.1. Physical Origin of the Solvation Effect on HCOOH
Adsorption Configurations. The above results show that the
formic acid can decompose into CO, at the Pt/H,O interface
only in the presence of preadsorbed formate. This reaction
channel allows for the adsorption of formic acid with its CH
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bond in contact with the Pt surface. From our calculations, the
adsorption configuration of formic acid is strongly influenced
by the solvation energy cost (AEj,) that measures the solvation
energy change for HCOOH-(H,0), moving from bulk solution
to the Pt/water interface. Therefore, it is essential to further
explore how and why AE,, is varied (i) with respect to the
molecular orientation in adsorption and (ii) with respect to the
modification of the Pt surface.

To this end, we have calculated the adsorption of small
organic molecules with both hydrophobic and hydrophilic
groups, namely, methanol, ethanol, and acetic acid, by utilizing
the continuum solvation model (for simplicity, no explicit water
was added near the organic molecules). The calculated results
are listed in Table 2. We found that in general the AE,, is lower
if the molecule approaches to the metal/water interface with its
alkyl group (hydrophobic end), as compared with the situation
with its O-containing groups (hydrophilic end). For example,
for ethanol adsorption with its OH end at the interface, its
solvation energy at the interface is 0.33 eV less than ethanol in
bulk water. In contrast, if ethanol is in contact with the Pt surface
by its CHj end, AE,, is reduced to 0.18 eV. This is reasonable
as the OH end in the CHs-down configuration remains largely
exposed to water and thus to be properly solvated. Obviously,
while the hydrophilic end of the molecules (e.g., the O end of
HCOOH) can bond more strongly with the Pt surface, AE, in
this configuration is also intrinsically larger because of the
termination of the hydrophilic groups by surface.

In the presence of nearby adsorbed formate, the essence of
the picture remains the same: the adsorption of formic acid with
its O end incurs a larger AE,, compared with that of the CH
end (see Table 1). However, it is noticed that the presence of
formate enlarges the difference in AE, between the two
configurations: the AE,, in the O-down configuration increases
while that in the CH-down configuration deceases. It is this
change in AE,, that enables the adsorption of formic acid in
the CH-down configuration.

To better understand the data, we have first calculated the
total electrostatic potential (ESP) of the formate adsorbed
Pt(111). Figure 4a,b displays the contour plots of the total ESP
without and with the continuum solvation shell, respectively,
showing the (111) plane cutting through the two adsorbed O of
formate. It can be seen that the adsorbed formate at the Pt/
water interface induces an anisotropic electrostatic potential on
the plane parallel to surface: the potential is more positive at
the direction perpendicular to the formate plane (O=C=0). The
ESP pictures can be understood as follows. As formate adsorbs
on the metal surface, it obtains electrons (as HCOO™) from the
metal Fermi surface. The accumulated electrons of formate
locates mainly at its conjugated O=C=O0O s states that are
perpendicular to the bonding plane. The subsequent solvation
by the dielectric will lead to the further accumulation of electrons
in the region, where the positive potential region is significantly
enlarged in area with the continuum solvation model, as shown
clearly by comparing Figure 4a,b. It can be envisioned that other
molecules such as H,O will avoid residing in this positive
potential region because of the direct Pauli repulsion. As a result,
the H-bonding network of water at the Pt/H,O interface can be
significantly disturbed by the presence of adsorbed formate.

To illustrate this static picture, we tentatively performed a
Nose thermostat molecular dynamic simulation of adsorbed
formate in the presence of HO molecules at 300 K (Ar =1 fs,
total simulation time 12.5 ps) within the framework of DFT-
slab calculations. In MD simulation, a 2+/3 x 2+/3 Pt(111) slab
with 1 formate and 31 H,O molecules (equivalent to 4 water


http://pubs.acs.org/action/showImage?doi=10.1021/jp9059888&iName=master.img-002.jpg&w=208&h=160

Formic Acid Oxidation at Pt/H,O Interface J. Phys. Chem. C, Vol. 113, No. 40, 2009 17507

TABLE 2: Calculated Adsorption Energies (in eV) of Selected Organic Molecules at Pt(111)/H,O Interface

molecules O-down configuration alkyl-down configuration
Eads(PijaC) AES()I Edds(Pt/HZO) Ezlds(PtlvaC) AESDI Eads(Pt/HZO)
CH;0H —0.35 0.25 —0.10 —0.07 0.16 0.09
CH;CH,OH —0.44 0.33 —0.11 0.11 0.18 0.29
CH3;COOH —0.31 0.18 —0.13 0.05 0.04 0.09
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layers) at one side of the slab was used to mimic the formate at
the Pt/water interface. From the MD trajectory, we found that
the first layer water molecules interact with the O end of the
bidentate formate dynamically via H bonding from the direction
parallel to the formate plane. Importantly, a low-water-density
zone (hydrophobic) on the surface is created at the direction
perpendicular to the formate plane, where water is most expelled
away from the formate. In Figure 4c, we have shown a typical
snapshot of the system after 10 ps (during MD, the formate is
wagging on the surface, and it does not stand exactly on the
top sites of two Pt atoms). We note that a 12 ps MD simulation
of the Pt/H,O interface can be not enough to obtain converged
statistics; however, qualitatively the MD simulation does provide
a concrete view for the above electrostatic potential analyses.

According to the above analyses, we can see that the adsorbed
formate on Pt(111) can disrupt the H-bonding network of water
at the metal surface by creating a long hydrophobic cavity at
the direction perpendicular to the formate plane. This may
explain the decrease of AE,, in CH-down configuration and
the increase of AE, in the O-down configuration for formic
acid adsorption on the formate-covered surface (see Table 1).
For the CH-down configuration, it becomes easier to exclude
the interfacial water near the formate at the direction perpen-
dicular to the formate plane. On the other hand, the adsorption
with the O end cannot be solvated properly near the preadsorbed
formate because of a lower water density, and thus the solvation
energy cost increases.

4.2. General Implications of the Mechanism. Finally, we
are at the position to address the implication of the revealed
mechanism in the context of experimental findings. On the basis
of our results, we suggest that the CH-down configuration of
formic acid at the Pt/water interface is the only reactive precursor
for CO, production. Furthermore, this configuration is only
available at the surface sites near the adsorbed formate. From
our results, we can roughly estimate that, for a formate adsorbed
on Pt(111), about 10 surface sites at its neighborhood will be
activated potentially for the formic acid adsorption and reaction,
as outlined in Figure 1h. Therefore, the formate coverage is a

Figure 4. Formate at the Pt/H,O interface. (a,b) Contour plots of total
electrostatic potential for an adsorbed formate on Pt(111) without and
with the continuum solvation shell, respectively. The planes are parallel
to Pt(111) surface while cutting through the two O-ends of formate.
(c) MD snapshot for a formate adsorbed in a Pt(111)/H,O system taken
after 10 ps Nose thermostat MD simulation at 300 K (only the first-
layer waters are shown for clarity; see text for calculation details).

key parameter for the kinetics of formic acid oxidation. This
microscopic picture of reaction provides an atomic-level inter-
pretation for the observed correlations between the current
density of formic acid electro-oxidation (which is proportional
to the rate of HCOOH oxidation) and the formate coverage,
which showed that the increase of the Faradic current is notably
faster than the increase of the coverage of formate.'>®

Our mechanism also sheds light on some elusive concepts in
the formic acid electro-oxidation. For example, Behm et al.'>!®
suggested that the dominant reaction pathway for formic acid
electro-oxidation on Pt electrodes proceeds via the “direct”
oxidation of the so-called weakly adsorbed HCOOH, neither
via formate nor via CO. From our results, the weakly adsorbed
HCOOH,4 species is the adsorbed formic acid in CH-down
configuration, which is available when the surface is precovered
with formate. The “direct” pathway corresponds to the fast
dehydrogenation of the formic acid at the water/metal interface:
the CH bond is activated by the Pt surface, and the H of OH is
rapidly transferred to the surrounding water through the H-
bonding network.

It should be interesting to mention that Zhou and co-workers
utilized modified Pt electrodes for formic acid electro-oxidation
with a special promoter tetrasulfophthalocyanine (FeTSPc). They
observed that nearly 1/3 Pt sites of the catalyst are covered by
FeTSPc, but the modified catalyst shows much enhanced activity
as compared with the nonmodified electrodes. From our
analyses, the nature of the interfacial water plays important roles
in the formic acid oxidation. Any added modifier, if being able
to increase the surface hydrophobic properties, may enhance
the catalytic activity. We expect that the promotion effect of
FeTSPc may well be similar to that of formate, that is, by
creating a water-exclusion zone on the surface considering the
similarity between the HCOO™ and the sulfonate groups of
FeTSPc.
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5. Conclusion

This work represents the first theoretical attempt to establish
a comprehensive mechanism for formic acid oxidation at the
Pt(111)/water interface. To allow for the investigation of the
solid/liquid system, a continuum solvation model with a smooth
dielectric function is implemented in the framework of the
periodic DFT calculations, which is used to correct the solvation
effect on the adsorption energetics and the reaction barriers.
The method involves the solving of Poisson—Boltzmann equa-
tion by numerical finite-difference algorithm to obtain the
electrostatic potential change due to the solvation, which is
added to the total potential in self-consistent DFT calculations.
From our results on adsorbed formic acid and formate at the
Pt/H,O interface, we found that it is essential to include both
the first solvation shell of water that contains at least four explicit
water molecules and the rest of the water environment as
represented by the implicit continuum solvation model. Our
determined mechanism of formic acid oxidation is summarized
as follows.

(i) Formic acid adsorbs on Pt(111) only with the O-down
configuration in the presence of H,O environment. The O-down
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configuration of formic acid is difficult to break its C—H bond
with the calculated barrier around 1 eV.

(ii) Formate that is produced by the deprotonation of formic
acid adsorbs on Pt with a bidentate configuration. The subse-
quent decomposition of formate at the Pt/H,O interface is also
difficult with the calculated barrier being 1.1 eV. By contrast,
formate can decompose readily on Pt(111) in vacuum with a
barrier about 0.7 eV.

(iii) In the presence of preadsorbed formate, formic acid can
adsorb with the CH-down configuration near the formate. In
this configuration, the CH bond of formic acid can break on Pt
easily with only a 0.45 eV barrier, and a CO, can be formed
directly since the proton of COOH can transfer to water rapidly.

We therefore conclude that formate is neither the active
intermediate for CO, production nor the site-blocking species,
but a catalyst for the direct oxidation of formic acid. By detailed
analyses, we showed that the adsorbed formate disrupts the
H-bonding network of water at the water/metal interfaces by
creating a hydrophobic region at the direction perpendicular to
the formate plane. This feature benefits the adsorption of the
formic acid in the CH-down configuration by reducing the
solvation energy cost of formic acid moving from the bulk
solution to the metal surface. Our results rationalize the
observation of the accelerated rate in HCOOH oxidation with
the increase of formate coverage in electro-chemical conditions
and provide valuable insights into the general pattern of catalytic
reactions occurring at the metal/H,O interface.
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