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Density functional theory (DFT) calculations show a new concerted mechanism of formic acid (HCOOH) ox-
idation on Pt (111), which involves the simultaneous formation of CO, and CO via the HCOOH dimer in an
elementary step. The newly proposed mechanism rationalizes the easy CO poisoning of Pt-based catalysts
and improves our understanding for the mechanism of catalytic HCOOH oxidation.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

The electro-oxidation of formic acid (HCOOH) catalyzed by
Pt-group metals has attracted substantial interest over the past four
decades because of its relevance in low-temperature fuel cells [1,2].
It is generally accepted that HCOOH at Pt electrode is oxidized to
CO, via a dual-pathway mechanism consisting of direct and indirect
pathways (Scheme 1). The direct pathway occurs via the dehydroge-
nation reaction of HCOOH, while the indirect pathway proceeds by
the dehydration reaction to form adsorbed CO as an intermediate,
which then is oxidized to CO, [3,4]. In addition, based on some exper-
imental observations, Behm et al. [2] have also proposed a third path-
way of HCOOH oxidation, i.e. the formate pathway, which operates
through a HCOO intermediate resulted from the O—H bond scission
of HCOOH (Scheme 1). And Samjeske and Osawa [1] have provided
experimental support for the formate mechanism.

It is well known that active platinum catalyst sites are easily poi-
soned by CO-like species [5-8]. Although the most stable Pt (111)
surface exhibited the lowest poisoning rate, Herrero et al. [9] con-
firmed that CO is readily formed at potentials below 0.3 V on Pt
(111). Furthermore, through spectral data, Iwasita and co-workers
[10] have confirmed the formation of on-top and bridging CO species
on Pt (111) in 0.1-0.4 V potential range. To understand the relevant
mechanism, several theoretical works based on first-principles have
studied HCOOH oxidation on Pt (111) surface [11,12]. In particular,
great interest has been focused on the evaluation of the relative feasi-
bility of the indirect and direct pathways of HCOOH oxidation to
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rationalize the experimental observation that Pt-based catalysts are
easily poisoned by CO. Unfortunately, all previous calculations give
unexpected results that the indirect pathway (the dehydration reac-
tion of HCOOH to form CO intermediate) involves a barrier as high
as 32.1-41.5 kcal/mol [11,12], which is also much higher than that
(10.4-18.2 kcal/mol [12,13]) involved in the direct pathway (the de-
hydrogenation reaction of HCOOH). According to such results,
HCOOH would be directly oxidized to final product CO, rather than
to the poisoning intermediate CO. This is clearly inconsistent with
the observed easy CO poisoning of Pt-based catalysts. So we conjec-
ture that there must be other mechanisms of HCOOH oxidation,
which are not known yet and so greatly attract our interest.

It should be noted that the previous theoretical studies [11-13] set
an assumption that HCOOH oxidation proceeds via intramolecular
dehydrogenation/dehydration reactions. In fact, HCOOH molecules
can form stable dimers through a variety of hydrogen-bonded struc-
tures with a formation energy of up to 15 kcal/mol [14-16]. In addi-
tion, HCOOH molecules in solution also form hydrogen bonds with
surrounding water molecules. These intermolecular hydrogen bonds
formed by HCOOH both with each other and with water molecules
may play an important role for HCOOH oxidation via the direct or in-
direct pathway.

2. Model and computational details

In this work, we have conducted a comparative theoretical inves-
tigation on the HCOOH oxidation on Pt (111) surface in contin-
uum water solution models via intramolecular and intermolecular
dehydrogenation/dehydration reactions. The calculations were
based on the plane-wave pseudopotential Density Functional Theory
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Scheme 1. Direct, indirect, and formate pathways of HCOOH oxidation.

(DFT) periodic slab approach [17,18] by using the generalized gradi-
ent approximation (GGA) with Perdew-Burke-Ernzerhof (PBE)
exchange-correlation functional [19,20], as implemented in the
CASTEP code [21]. Calculations were performed using a periodic
three-layer slab with a p(3x3) unit cell, where the atoms in the top
layer were allowed to be fully relaxed whereas those in the two bot-
tom layers were fixed at their bulk-truncated structure. The vacuum
region between slabs is 10 A. The continuum water solution phase
was modeled using 20 explicit water molecules to match the density
of water near a metal surface of 0.86 g cm™> at 0 K [22-26]. In view
of the fact that a HCOOH molecule matches two water molecules in
size and structure, when formic acid molecule is incorporated into
the surface, two water molecules in the water solution phase are re-
moved. Integrations in reciprocal space used a 2 x 2 Monkhorst-Pack
k-point grid. The electronic wave functions were expanded in a
plane wave basis set with a cutoff kinetic energy of 400 eV, and the
ion cores were described by ultrasoft pseudopotentials [27]. The tran-
sition states (TSs) were located using the linear and quadratic synchro-
nous transit (LST/QST) algorithm [28], a very promising approach for
accurately locating the transition state. This algorithm combines the lin-
ear LST or QST method with conjugate gradient refinements. In this al-
gorithm, an LST optimization calculation is first performed to obtain an
approximate transition state structure, which is then refined via a QST
maximization, followed by an energy minimization in directions conju-
gate to the reaction pathway. Minimization steps continue until a sta-
tionary point is located or the number of allowed QST steps is
exhausted.

3. Results and discussion

We here show three optimal pathways of HCOOH oxidation. Path-
ways [ and II are the well-known direct and indirect pathways, involving
the dehydrogenation reaction (HCOOH — CO, + 2H) and the dehydration
reaction (HCOOH — COOH + H — CO + H,0) of a isolated HCOOH mole-
cule. Pathway Il is the newly proposed one, where a HCOOH dimer is ox-
idized to CO, with the synchronous CO formation via a concerted
dehydration—-dehydrogenation reaction, ie. (HCOOH),— CO,+2H+
CO + H,0. We refer to this pathway as the dimer pathway of HCOOH ox-
idation. The optimized intermediates and transition states involved along
these three pathways are gathered in Figs. 1 and 2, and the corresponding
energy diagrams are given in Fig. 3.

3.1. Direct pathway of HCOOH oxidation

Pathway I is the most favorable direct pathway located in the
present work. It involves the simultaneous C—H and O-H bond scis-
sions from HCOOH to CO, (HCOOH — CO, + 2H). This resembles the
mechanism proposed by Liu et al. [13]. As shown in Fig. 1, the reaction
starts from HCOOH*, where the HCOOH that will be oxidized to CO,
via the dehydrogenation reaction initially adsorbs on Pt (111) lying
parallel to the surface and is stabilized by four adjacent water mole-
cules via H-bonds. HCOOH* is converted to CO,* + 2H* via transition
state TS1, where the dissociating O—H and C—H bonds are stretched
to 2.187 and 1.125 A, respectively. As shown by the geometry of TS1,
the forming H atom via the O—H bond scission is solvated by the ad-
jacent water molecule, and at the same time, the forming H atom via
the C-H bond scission moves to the adjacent Pt site. In CO,* + 2H*,
the CO, has been formed and adsorbs at the Pt (111) surface via the
Pt—C and Pt- O bonds. This process is calculated to be exothermic by
18.1 kcal/mol, and needs to overcome a barrier of only 5.8 kcal/mol.

As mentioned in the Introduction, the formate pathway is also an
available pathway of HCOOH oxidation [1,2]. Jacob et al. [12] have cal-
culated the mechanism in details along this pathway on Pt (111) and
found that the barrier of rate-determining step is 26.7 kcal/mol,
which is energetically much less favorable than the direct pathway
discussed above.

In addition, in a previous study Neurock et al. [29] proposed an-
other pathway leading to CO, from the adsorbed hydroxyl carbonyl
by O-H bond breaking with a barrier of ~12.0 kcal/mol. We have
also performed calculations of the O—H bond breaking of hydroxyl
carbonyl. However, using our continuum water solution model, the
barrier is found to be 22.1 kcal/mol, which is much higher than that
given in the previous study [29]. This fact implies that solvent water
plays an intrinsically important role for HCOOH oxidation.

3.2. Indirect pathway of HCOOH oxidation

Pathway II is the most favorable indirect pathway, where the intra-
molecular dehydration reaction of HCOOH occurs via the successive
C-H and C-0 scissions (HCOOH — COOH +H — CO + H,0). The C-H
bond scission proceeds through transition state TS2, where the breaking
C-H bond is elongated to 1.406 A from 1.103 A in IM1. This process is
calculated to be exothermic with a reaction energy of 15.0 kcal/mol,
and needs to overcome a barrier of 19.3 kcal/mol. As the dissociated H
atom moves to an atop position on an adjacent Pt atom, the newly
formed COOH binds to the surface through its C atom in an atop config-
uration, as shown in COOH* 4+ H*. And then the C- O scission occurs via
transition state TS3 with a barrier as high as 32.9 kcal/mol and an energy
release of 19.5 kcal/mol. As shown by CO*+H,0* in Fig. 1, the C-0
bond scission results in the formation of CO which tilts toward the sur-
face to form a bridge-like configuration through its C atom with two ad-
jacent Pt atoms. From the energy diagram shown in Fig. 3a, the C-0
bond scission is the rate-determining step along this pathway, which is
in good agreement with previous calculations [11,12]. It is noted that
the barrier of 32.9 kcal/mol involved in pathway II is much higher than
that in pathway I, clearly indicating that the formation of CO cannot
compete with that of CO,.

3.3. Dimer pathway of HCOOH oxidation

Our attention now focuses on pathway III, (HCOOH), — CO, +2H +
CO + H,0. As shown in Fig. 2, in 2HCOOH* two HCOOH molecules form
a dimer via two intermolecular H-bonds with the C-H-O distance
being 2.093 and 2.129 A, respectively. Previous studies show that in the
gas phase HCOOH prefers to bind to the surface vertically [11,30], while
in solution its parallel [11,12] and vertical [13,29] adsorption modes are
of nearly equivalent. From our present calculation of HCOOH dimer ad-
sorption in solution, it is found that both two HCOOH molecules in the
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Fig. 1. Optimized geometries of intermediates and transition states involved in the direct and indirect pathways of HCOOH oxidation. The blue, gray, red, and white balls denote Pt,
C, 0 and H atoms, respectively, and same for Fig. 2. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 2. Optimized geometries of intermediates and the transition state involved in the
newly proposed dimer pathway of HCOOH oxidation. (For interpretation of the refer-
ences to color in this figure legend, the reader is referred to the web version of this
article.)

dimer are almost parallel to the surface. Note that one O—H bond in the
dimer has been highly activated, as indicated by the calculated large
O-H bond distance (1.394 A). This situation is in agreement with the re-
cent study by Liu et al. [13]. Meanwhile, one C-0O bond distance
(1.413 A) in the dimer is also larger by 0.058 A than that in the free
HCOOH molecule, suggesting that this C— O bond has also been activated
along with the formation of the dimer on Pt (111) surface. Our calcula-
tions show that 2HCOOH* can be converted to CO,* + 2H* + CO* + H,0*
via TS4 with a barrier of 15.1 kcal/mol and an energy release of
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Fig. 3. Calculated potential energy profiles of HCOOH oxidation on the Pt (111) surface
along (a) the indirect and direct pathways, and (b) the newly proposed dimer
pathway.

49.4 kcal/mol. This process involves the simultaneous scissions of the
C-0 bond and two C-H bonds as well as the formation of a new
O-H bond. The forward product of TS4 is CO,*+ 2H* 4 CO* + H,0%
where the CO and CO, have been formed and adsorb on the Pt (111)
surface in an fcc and a bridge site of the surface, respectively. We refer
this process as the concerted pathway of HCOOH oxidation because it
involves the synchronous formation of CO, and CO in one elementary
step. Such a concerted mechanism of HCOOH oxidation is intrinsically
different from the well-known dual pathway mechanism. In particular,
the calculated barrier according to this mechanism is only 15.1 kcal/mol,
which is much lower than that (32.9 kcal/mol) in the indirect pathway
and hence can compete with the direct pathway. Thus we can easily
understand the easy CO poisoning of Pt-based catalysts.

4. Conclusions

Summing up, our DFT calculations have shown a new model of
HCOOH oxidation on Pt (111) surface, where CO, and CO can be si-
multaneously formed via the HCOOH dimer in an elementary step.
The newly proposed pathway involves a barrier of 15.1 kcal/mol,
which is comparable with the barrier of 5.8 kcal/mol involved in the
direct pathway but much lower than that (32.1 kcal/mol) involved
in the indirect pathway. The present results indicate that during
HCOOH oxidation the CO formation is competing with the CO, forma-
tion, which rationalize the experimental fact that Pt-based catalysts
are easily poisoned by CO.
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