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ABSTRACT: Density functional theory calculations have been
employed to probe into a comparative study of HCOOH
oxidation on Pt(111) and three PtAu(111) surfaces with different
Pt atomic ensembles-decorated Au(111) surfaces, denoted as Pt
ML, Pt6Au3, and Pt3Au6, respectively. Our results show that
HCOOH dehydrogenation is dominant on PtAu(111) surface; as
compared to Pt(111) surface, PtAu(111) surfaces are efficient for
HCOOH dehydrogenation to CO2, and show an inhibiting effect
to HCOOH dehydration to CO. The catalytic activity and
selectivity of PtAu(111) surfaces toward HCOOH oxidation are
obviously dependent on the Pt atomic ensemble of the reaction
active center. The enhanced catalytic activity and selectivity of
PtAu bimetallic catalysts toward HCOOH oxidation should be
attributed to their suppression to the dehydration reactions of
HCOOH, which is well confirmed by the reported experimental results that the high catalytic activity of PtAu catalyst is caused
by the increased selectivity toward HCOOH dehydrogenation. It is found that Pt ML surface, consisting of 1.0 monolayer Pt on
an Au substrate, is not only efficient in the utilization of Pt, but also highly active and selective toward the dehydrogenation of
HCOOH oxidation, which can suppress the formation of poisonous species CO. In addition, the present results may be helpful
for the search of prospective substitutes to Pt electrode for hydrogen production in the direct formic acid fuel cell.

1. INTRODUCTION
Direct formic acid fuel cell (DFAFC) has been progressively
recognized due to its advantages of high energy density, fast
oxidation kinetics, and nontoxic nature of formic acid
(HCOOH) as compared to methanol.1−4 So DFAFC has
been proposed as a possible replacement for the direct
methanol fuel cell (DMFC).5−8 It is generally known that
both Pt-based and Pd-based catalysts are the most widely used
two types of catalysts for HCOOH oxidation,2,9−16 in which
Pd-based catalyst possesses the high initial activity for this
reaction because it is free of CO poisoning; however, the high
catalytic performance cannot be sustained, as Pd dissolves in
acidic solutions and is vulnerable toward the intermediate
species.12,15,17−19 Meanwhile, Pt, as the most widely used
catalyst in DFAFC, is more resistant to corrosion, but the
activity toward HCOOH oxidation is hindered by CO
poisoning;11,20,21 in addition, Pt is high cost, which also limits
its widespread commercial applications.
For Pt-based catalyst, it is generally accepted that the

electrochemical oxidation of HCOOH is thought to occur via a
dual pathway mechanism consisting of direct and indirect
pathways.8,13,22−25 The direct pathway occurs via the
dehydrogenation of HCOOH to form CO2; this pathway
cannot form CO, that is, HCOOH → CO2 + 2H+ + 2e−. In
contrast, the indirect pathway proceeds by the dehydration of
HCOOH to form CO, which may poison the electrode or be
further oxidized to produce CO2, HCOOH → CO + H2O;

moreover, these pathways have been also proved over Pd
catalyst.26−28 Lee et al.27 have suggested that the formic acid is
oxidized to CO2 through a dual pathway mechanism in Pd
metal. Yoo et al.28 have considered three different pathways of
HCOOH decomposition via either the formate (HCOO) or
the carboxyl (COOH) intermediates, in which the former
pathway only produces CO2, and the latter pathway produces
both CO2 and CO. To avoid CO poisoning toward the Pt-
based catalysts, the direct pathway is highly desired, which can
enhance the overall cell efficiency of DFAFC.8,29

Although the pure Pt catalyst is easily poisoned by CO, the
modification of Pt with a second transition metal or noble
metal to form binary Pt-based catalyst has been recognized as
one of the most effective strategies to enhance the catalytic
activity, selectivity, and durability toward HCOOH oxida-
tion,12,21,30 such as several PtM (M = Au, Pd, Fe, Pb, Ru, Sb,
and Bi) bimetallic catalysts.31−37 The surface reactivity of the
modified Pt-based catalyst has been broadly explained by the
“ensemble effect” (by changing the adsorption sites of the
reactants)38 and the “ligand effect” (by perturbing the
electronic structure of the surface).14,39−41

Among various Pt-based bimetallic catalysts, due to good
compatibility between Pt and Au, PtAu catalyst is one of the
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most promising catalysts used for HCOOH oxidation,42 and
exhibits good catalytic activity and stability;43 this is because Au
can provide a synergistic catalytic effect that involves the
suppression of adsorbed poisonous species and a change in
electronic band structure to modify the adsorption strength of
surface species.44−46 Moreover, as compared to Pt, Au cannot
be deactivated by CO poisoning under the realistic reaction
conditions; however, Au exhibits a lower catalytic activity
toward HCOOH oxidation,22,47,48 and, as a result, previous
studies by Adzic et al.49 have modified Pt nanoparticles with Au
clusters, suggesting that Au clusters can improve the stability by
raising Pt oxidation potential. Yin and co-workers12 have
synthesized a novel Pt-around-Au nanocomposite by the
electrostatic self-assembly, which significantly improves the
catalytic activity toward HCOOH oxidation, and thus it is a
promising catalyst in the application of DFAFC. Liu et al.50

have prepared the carbon-supported PtAu alloy nanoparticle
catalysts (PtAu/C), which presents the superior catalytic
performance over the Pt/C catalyst by the electrocatalytic
activity and durability measurements of HCOOH. Gojkovic ́
and co-workers51 have investigated HCOOH oxidation on Au-
modified Pt and Pt-modified Au electrodes, and both types of
PtAu surfaces are found to be more active toward HCOOH
oxidation as compared to Pt catalyst. Chen et al.14 have
experimentally investigated the carbon-supported PtAu alloy
nanoparticle catalysts (PtAu/C) for the enhanced electro-
catalytic oxidation of HCOOH, suggesting that the high
performance of PtAu/C catalyst can be attributed to the
increased selectivity toward HCOOH dehydrogenation at the
decreased availability of adjacent Pt atoms; moreover, the
electrocatalytic activities of the catalysts strongly rely on the
bimetallic PtAu composition. Huang et al.52 have examined the
effects of Au on the activity of HCOOH oxidation using the
electrospun carbon nanofiber-supported PtAu bimetallic nano-
particles (PtAu/CNF), which presents improved catalytic
activities as compard to Pt/CNF. Recently, Au has been
studied as a catalyst for HCOOH oxidation using theoretical
and experimental methods; the studies by Singh et al.53 have
shown that HCOOH oxidation follows the formate (HCOO)-
mediated path, which can lead to 100% selectivity toward the
dehydrogenation products (CO2 + H2) on Au(111), Au(100),
and Au(211) surfaces.
Up to now, to the best of our knowledge, although the above

experimental studies about HCOOH oxidation have shed light
on the possible nature of active sites over PtAu catalyst, the
understanding of the underlying mechanism for HCOOH
oxidation over PtAu catalyst, as well as the effect of Pt contents
on the catalytic activity of HCOOH oxidation, remain
unelucidated theoretically at a molecular level; as a result, the
comparison of catalytic activities becomes difficult, and hinders
the establishment of the composition−activity relationships,
which are critical for the rational design of highly efficient and
active catalysts used in DFAFC. So far as we know, only Zhang
et al.54 have investigated the CO pathway and non-CO pathway
of CH3OH oxidation on Pt(111) and Pt6Au3(111) bimetallic
surfaces using density functional theory (DFT) calculations,
suggesting that the enhanced electrocatalytic activity of PtAu
bimetallic catalyst for CH3OH oxidation is due to the changing
in major reaction pathway from the CO pathway on the pure Pt
catalyst to the non-CO pathway, rather than the easier removal
of CO on PtAu catalyst. In addition, the studies by Yuan and
Liu15 have indicated the particular importance of the ensemble
effects to tune the activity and selectivity of PdAu bimetallic

surface for HCOOH oxidation. Thus, to search for a novel
catalyst with the improved catalytic activity of HCOOH
oxidation and CO antipoisoning ability, and to provide a clue
for rationally designing sustainable and cost-effective catalysts
in DFAFC, it is necessary to probe into the structure-
dependent oxidation of HCOOH over Pt-decorated Au
bimetallic catalysts to maximum the utilization of Pt.
In this study, using DFT calculations, we have systematically

investigated the detailed mechanism for the direct and indirect
pathways of HCOOH oxidation on Pt(111) and three
PtAu(111) surfaces with different Pt atomic ensembles
incorporated into Au(111) surface. The results are expected
to understand the mechanism of HCOOH oxidation over PtAu
catalyst at the molecular level, and illustrate the effects of Pt
modification with Au to substitute Pt catalyst and Pt contents
on HCOOH oxidation, as well as elucidate the reason why
PtAu bimetallic catalyst can enhance the catalytic activity and
improve CO antipoisoning ability during HCOOH oxidation,
which can serve as a foundational prototype to probe into the
complex HCOOH oxidation on other catalyst systems.

2. COMPUTATIONAL DETAILS

2.1. Calculation Methods. All calculations have been
performed in the framework of density functional theory
(DFT) implemented by the Dmol3 program package in
Materials Studio 4.4;55,56 the exchange-correlation effects are
described with the generalized gradient approximation (GGA)
using the PBE functional proposed by Perdew, Burke, and
Ernzerhof.57,58 The GGA-PBE functional has been widely used
to investigate the oxidation of small molecules on noble metal
surfaces, and the obtained results are often reliable.9,24,59−62 A 3
× 3 × 1 Monkhorst−Pack k-point grid is used for the
integrations of the Brillouin zone. The double-numerical basis
set with a polarization d-function (DNP) is chosen to expand
the valence electron functions.63

To determine accurate activation barriers of the reaction, the
transition states (TSs) of the reactions are searched using the
linear and quadratic synchronous transit (LST/QST) ap-
proach.64 In addition, a vibrational frequency analysis has been
calculated to validate the true nature of the saddle point by
identifying only a single imaginary frequency along the reaction
coordinate, and TS confirmation is performed on every
transition state to confirm that they lead to the desired
reactants and products.
The activation barrier (Ea) and reaction energy (ΔH) are

calculated using the following equations:

= −E E Ea TS IS

Δ = −H E EFS IS

where EIS, ETS, and EFS are the total energies of the initial state
(IS), transition state (TS), and final state (FS) for the reaction,
respectively.

2.2. Surface Model. It is well-known that Pt(111) and
Au(111) surfaces are the most stable crystal planes in the
exposed basal planes of nanoparticles, so it is generally chosen
as the representative surface for both experimental and
theoretical studies.54 Pt(111) and Au(111) surfaces are
constructed by fcc lattice with the lattice constants of 3.924
and 4.078 Å for Pt and Au bulk, respectively, which are
modeled by a four-layer periodic slab within a p(3 × 3) super
cell with nine atoms at each layer. The vacuum gap is set to 15
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Å in the z direction to separate the slabs, which is large enough
to avoid the interactions between slabs.
On the other hand, to construct different Pt atomic

distributions on bimetallic PtAu(111) surface, as shown in
Figure 1, Au atoms on the outmost layer are replaced by Pt

atoms; three PtAu(111) surfaces have been employed in this
study, including the monolayer Pt substituted on Au(111)
surface denoted as Pt ML surface, and Pt-decorated Au(111)
surfaces named as Pt6Au3 and Pt3Au6 surfaces, respectively.
Meanwhile, Pt3Au6, Pt6Au3, and Pt ML surfaces have been
considered to represent the different Pt:Au surface ratios over
the Au(111) surface; these three models are employed to
approximately describe the formations of Pt monomer, Pt
dimer, and Pt trimer over Au(111) surface when the surface Au
atoms are replaced by three, six, and monolayer Pt atoms,
respectively. During the calculations, the top two surface layers
together with the adsorbed species are allowed to relax, while
the bottom two surface layers are fixed at their bulk structure so
to resemble the unperturbed bulk atoms. On Pt(111) and three
PtAu(111) surfaces, four different adsorption sites exist: top,
bridge, hcp, and fcc.
To clearly understand the stability of PtAu(111) surfaces

with different Pt ensembles in surface layer, the formation
energy of different Pt ensembles, Ef, has been considered, which
is obtained by the following formulas:65−67

= + − −E E nE E nE n[ (decorated) (pure) ]/f tot Au tot Pt

where Etot(pure) and Etot(decorated) are the total energies of
pure Au(111) surface and the different Pt-decorated Au(111)
surface; EAu and EPt represent the total energies of single Au
and Pt atoms calculated from the bulk metal materials,
respectively; moreover, n corresponds to the number of Au
atoms replaced by Pt atoms over Au(111) surface. With this
definition, more positive values suggest that the formation of
PtAu(111) surface is endothermic, which means the stability of
PtAu(111) surface should be weaker than that of the pure
Au(111) surface in the experiment. As a result, our calculated
formation energies show that the stability order of PtAu(111)
surfaces with different Pt ensembles is Pt6Au3 (0.30 eV) < Pt
ML (0.40 eV) < Pt3Au6 (0.44 eV), indicating that these three
Pt-decorated Au(111) surfaces are easily formed; moreover, the
formation of Pt6Au3 surface is the most favorable among the
three surfaces.

3. RESULTS AND DISCUSSION

3.1. Structure and Adsorption Energy of Reaction
Intermediates. The adsorption energy (Eads) is calculated as
follows:

= − −E E E Eads adsorbate/slab (slab) (adsorbate)

where E(slab), E(adsorbate), and E(adsorbate/slab) are the total energies
of the slab surface, the free adsorbate, and the slab surface with
the adsorbate in the equilibrium state, respectively. With this
definition, more negative values reflect the strong interaction of
adsorbed species with the surface.
In this section, the adsorptions of all possible species

involved in the reaction pathways of HCOOH oxidation have
been considered over different adsorption sites of Pt(111) and
three PtAu(111) surfaces. Figure 2 presents the most stable
adsorption configurations obtained from our calculations, and
Table 1 lists the corresponding adsorption energies and the
preferential adsorption sites on Pt(111) and three PtAu(111)
surfaces.

3.1.1. Formic Acid (HCOOH) Adsorption. HCOOH has two
isomers: trans-HCOOH and cis-HCOOH. Our calculated
results show that trans-HCOOH in the gas phase is more
stable than cis-HCOOH in the gas phase; moreover, the
interaction of trans-HCOOH with Pt(111) surface is stronger
than cis-HCOOH, and the corresponding adsorption energies
are −0.51 (−0.5168) and −0.41 eV, respectively.
For all four surfaces, the adsorption configurations of trans-

HCOOH with the carbonyl oxygen adsorbed at the top Pt
atom and OH group pointing down toward the surface are the
most stable. Moreover, the formed Pt−O bond length range is
between 2.349 and 2.410 Å; the most stable configurations
correspond to the adsorption energies of −0.52 to −0.40 eV.
Thus, the adsorption of trans-HCOOH is taken as the initial
state of HCOOH oxidation on Pt(111) and three PtAu(111)
surfaces. The geometrical configuration and adsorption energy
agree with the reported results for HCOOH adsorption on
Pt(111), PdAu(111), Pd(111), and Ni(111) surfaces.15,62,69

3.1.2. Formate (HCOO) Adsorption. The formate (HCOO)
is formed through the O−H bond breaking of HCOOH;
moreover, HCOO has been experimentally confirmed as a
reactive intermediate in the direct pathway of HCOOH
oxidation.53,61,70,71 There are two adsorption modes for
HCOO species: one is that only one oxygen atom binds with
the surface, which is denoted as the monodentate isomer
(mono-HCOO), and the other is that both oxygen atoms bind
with the surface, which is denoted as the bidentate isomer (bi-
HCOO).
Our results show that Pt distribution on Au(111) surface can

affect the stability and geometry of HCOO species. Mono-
HCOO species adsorbed at a top Pt atom with the
corresponding adsorption energies of −1.77, −1.75, −1.75,
and −1.68 eV on Pt(111), Pt ML, Pt6Au3, and Pt3Au6,
respectively. Moreover, bi-HCOO is more stable than mono-
HCOO, and the corresponding adsorption energies are −2.36
(−2.3172), −2.31, −2.32, and −2.07 eV on Pt(111), Pt ML,
Pt6Au3, and Pt3Au6, respectively.
For bi-HCOO, due to the η1-O-η1-O configuration at the

bridge site, it is noted that the adsorption energy of HCOO is
closely related to the geometrical arrangements of Pt. As
compared to Pt(111), Pt ML and Pt6Au3 show similar
adsorption energies (−2.31 and −2.32 eV); two Pt−O bonds
are slightly longer than these on Pt(111) surface. However, on

Figure 1. Unit cells and distribution of different Pt ensembles
incorporated into Au(111) surface. The dotted lines are the
boundaries of unit cells used in our calculations.
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Pt3Au6 surface, bi-HCOO adsorbed at the Pt−Au bridge site
has only an adsorption energy of −2.07 eV due to the weak
interaction between Au and O atoms, which is similar to the
adsorption configuration reported on Pt-decorated Au(100)
surface68 and Pd-decorated Au(111) surface15 due to the
unavailability of the first neighboring Pt or Pd pair, respectively.
3.1.3. Carboxyl (COOH) Adsorption. Two isomers for

carboxyl (COOH) exist: trans-COOH and cis-COOH. Our
results show that the COOH species prefers to adsorb at the
top Pt atom via its C atom on four surfaces regardless of the
trans- or cis-structure.
trans-COOH has the adsorption energies of −2.63, −2.68,

−2.63, and −2.55 eV on Pt(111), Pt ML, Pt6Au3, and Pt3Au6

surfaces, respectively, which are larger than those of cis-COOH
with the corresponding adsorption energies of −2.58, −2.58,
−2.55, and −2.51 eV, respectively. This result shows that the
interactions of trans-COOH with Pt(111) and three PtAu(111)
surfaces are stronger than those of cis-COOH; meanwhile,
trans-COOH in the gas phase is found to be more stable than
cis-COOH in the gas phase. The studies by Grabow and co-
workers72 have shown that trans-COOH adsorbed on Pt(111)
surface is more stable by 0.16 eV than cis-COOH, and COOH
intermediate binds through its C atom to a top Pt site of
Pt(111), which agrees with our calculated results.

3.1.4. Other Reaction Intermediates. The adsorption
energies of atomic H on Pt(111), Pt ML, Pt6Au3, and Pt3Au6

Figure 2.Most stable adsorption configurations of all possible species involved in HCOOH oxidation on Pt(111) and three PtAu(111) surfaces. The
Pt, Au, C, H, and O atoms are shown as blue, yellow, gray, white, and red balls, respectively. Bond lengths are in angstroms.
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surfaces are −2.79 (−2.7873 and −2.7172), −2.95, −2.81, and
−2.76 eV, respectively; the corresponding preferable adsorption
sites are the top Pt site on Pt(111) and Pt3Au6 surface, the 3-
fold fcc site on Pt ML surface, and the Pt−Pt bridge site on
Pt6Au3 surface, respectively.
Hydroxyl (OH) prefers to adsorb at the Pt−Pt bridge site on

Pt ML, and the top sites on Pt(111), Pt6Au3, and Pt3Au6
surfaces; the corresponding adsorption energies are −2.32,
−2.31, −2.28, and −2.30 eV, respectively.
Carbon monoxide (CO) binds through its C atom with the

C−O bond oriented perpendicular to the surface. It binds
preferentially to the 3-fold fcc sites on Pt(111) and Pt ML
surfaces, the Pt−Pt bridge site on Pt6Au3 surface, and the top Pt
site on Pt3Au6 surface; the corresponding adsorption energies
are −1.74 (−1.8273), −2.02, −1.78, and −1.73 eV, respectively.
Obviously, the interaction of CO with Pt ML surface is much
stronger than with the other three surfaces, which reminds us
that when CO is formed, Pt ML surface may be seriously
poisoned during the DFAFC reaction, because all catalytic
active sites will be blocked by the adsorbed CO.68

Carbon dioxide (CO2) interacts weakly with Pt(111) and
three PtAu(111) surfaces; the corresponding adsorption
energies are −0.15 or −0.16 eV. For all adsorption sites, CO2

is far from the surface, and keeps its gas-phase linear geometry;
CO2 exhibits very weak site preference.
The above results show that all species involved in HCOOH

oxidation, besides CO2 and HCOOH, are found to be strongly
bound to Pt(111) and three PtAu(111) surfaces. As compared
to Pt(111) surface, both Pt ML and Pt6Au3 surfaces have few
effects on the adsorption of trans-HCOOH. However, for
Pt3Au6 surface, due to the decreased availability of adjacent Pt
atoms over PtAu(111) surface, the interactions of Pt3Au6
surface with trans-HCOOH, HCOO, and COOH intermedi-
ates are weaker than with the other three surfaces, suggesting
that the low loading of Pt on PtAu surfaces will reduce the
stability of adsorbed species. Up to now, previous DFT
calculations showed that the d-band of Pt on PtAu surfaces has
changed due to the higher electronegativity of Au than Pt,74,75

which is also confirmed by the experimentally high-resolution
XPS data.76 Meanwhile, because the lattice constant of Au is
larger than that of Pt, the alloy property of Pt and Au results in
a tensile strain, and both effects result in the stronger
adsorption ability of adsorbed species on Pt than that on Au.

3.2. HCOOH Oxidation. As mentioned above, HCOOH
oxidation occurs via a dual pathway mechanism consisting of
the direct and indirect pathways. The direct pathway involves
HCOOH oxidation to CO2 without the participation of CO

Table 1. Adsorption Sites and Adsorption Energies (Eads/eV) of the Most Stable Adsorption Configurations for the Adsorbed
Species Involved in HCOOH Oxidation on Pt(111) and Three PtAu(111) Surfaces

Pt(111) Pt ML Pt6Au3 Pt3Au6

species sites Eads sites Eads sites Eads sites Eads

trans-HCOOH top −0.51 top −0.52 top-Pt −0.50 top-Pt −0.40
cis-HCOOH top −0.41 top −0.51 top-Pt −0.49 top-Pt −0.46
bi-HCOO bridge −2.36 bridge −2.31 Pt−Pt bridge −2.32 Pt−Au bridge −2.07
mono-HCOO top −1.77 top −1.75 top-Pt −1.75 top-Pt −1.68
trans-COOH top −2.63 top −2.68 top-Pt −2.63 top-Pt −2.55
cis-COOH top −2.58 top −2.58 top-Pt −2.55 top-Pt −2.51
H top −2.79 fcc −2.95 Pt−Pt bridge −2.81 top-Pt −2.76
OH top −2.31 bridge −2.32 top-Pt −2.28 top-Pt −2.30
CO fcc −1.74 fcc −2.02 Pt−Pt bridge −1.78 top-Pt −1.73
CO2 −0.16 −0.16 −0.15 −0.16

Table 2. Possible Elementary Reactions Involved in HCOOH Oxidation on Pt(111) and Three PtAu(111) Surfaces Together
with the Activation Energies (Ea/eV) and Reaction Energies (ΔH/eV)

elementary reactions Pt(111) Pt ML Pt6Au3 Pt3Au6

TS1 trans-HCOOH → bi-HCOO + H Ea 0.91 0.89 0.85 1.37
ΔH 0.18 0.12 0.24 0.53

TS2-1 bi-HCOO → mono-HCOO Ea 1.11 0.94 0.94 0.62
ΔH 0.59 0.56 0.57 0.39

TS2-2 mono-HCOO → CO2 + H Ea 0.01 0.01 0.02 1.06
ΔH −1.03 −1.05 −1.11 −0.94

TS3-1 trans-HCOOH → cis-HCOOH Ea 0.81 0.78 0.77 0.73
ΔH 0.29 0.20 0.20 0.13

TS3-2 cis-HCOOH → trans-COOH + H Ea 0.69 0.73 0.78 0.90
ΔH −0.47 −0.59 −0.39 −0.07

TS4 trans-COOH → CO2 + H Ea 0.86 0.81 0.81 1.30
ΔH 0.05 0.09 −0.03 0.11

TS5 trans-COOH → CO + OH Ea 1.71 1.07 2.07
ΔH 0.40 0.51 1.54

TS5-1 trans-COOH → cis-COOH Ea 0.55
ΔH 0.12

TS5-2 cis-COOH → CO + OH Ea 1.24
ΔH 0.43
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species, which is denoted as CO2 pathway; the indirect pathway
features the adsorbed CO as the intermediate, denoted as CO
pathway. Here, we have calculated the activation barrier (Ea)
and reaction energy (ΔH) of all possible elementary steps in
the above two pathways, as listed in Table 2, and the
corresponding potential energy profiles are presented in Figures
3−5.
HCOOH oxidation via CO2 pathway can proceed through

the C−H or O−H bond cleavage of HCOOH, respectively, in
which Pathway I starts from the O−H bond scission via the
formate intermediate (HCOO), and Pathway II goes through
the C−H bond cleavage via the carboxyl intermediate
(COOH). Initially, the adsorption mode of trans-HCOOH is
taken as the initial state of HCOOH oxidation on Pt(111) and
three PtAu(111) surfaces.
3.2.1. CO2 Pathway via HCOO Intermediate. Along

Pathway I, as shown in Figure 3, we can found that the H
atom of OH group can be removed from HCOOH via the
transition state TS1, which have similar activation barriers of

0.91, 0.89, and 0.85 eV on Pt(111), Pt ML, and Pt6Au3 surfaces,
respectively, and the reaction is endothermic with the reaction
energy of 0.12−0.24 eV. However, this dehydrogenation
process that occurred on Pt3Au6 surface is endothermic by
0.53 eV with a relatively high activation barrier of 1.37 eV,
which means that the O−H bond cleavage of HCOOH has
more difficulty occurring on Pt3Au6 surface than the other three
surfaces; this result may attribute to the “ligand effect”. Pt3Au6
surface shows the lower reactivity for the adsorption of HCOO
and H in the final state (FS), in which both HCOO and H
species are adsorbed at two Pt−Au bridge sites, and the
interaction between H/C and Au atoms is weaker than that
between H/C and Pt atoms; as a result, the O−H bond scission
of HCOOH is energetically unfavorable on Pt3Au6 surface.
Therefore, we can obtain that the contiguous Pt atomic
ensemble makes the O−H bond cleavage of HCOOH more
favorable on PtAu electrode during HCOOH oxidation. On the
other hand, Pt3Au6 surface is less reactive than the pure Pt(111)
surface for the O−H bond scission of HCOOH; however, Pt

Figure 3. Potential energy profile for HCOOH dehydrogenation via HCOO intermediate in CO2 pathway together with the initial states, transition
states, and final states on (a) Pt(111) surface, (b) Pt ML, (c) Pt6Au3, and (d) Pt3Au6. Bond lengths are in angstroms. See Figure 2 for color coding.
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ML and Pt6Au3 surfaces can present a chemical reactivity
similar to that of the pure Pt(111) surface.
After the first reaction (HCOOH → HCOO + H), the

resulting HCOO intermediate is adsorbed at the bridge site in a
bi-HCOO mode. Starting from bi-HCOO, interestingly, our
results show that for bi-HCOO direct dissociation into CO2
and H species, this reaction first needs to go through a
metastable intermediate mono-HCOO, followed by the C−H
bond cleavage to form CO2 and H species. Thus, as shown in
Figure 3, bi-HCOO is first converted into mono-HCOO via the
transition state TS2-1 with one Pt−O bond cleavage;
subsequently, mono-HCOO dehydrogenates into CO2 and H
species via the transition state TS2-2.
On Pt(111) surface, the conversion from bi-HCOO to

mono-HCOO is the rate-limiting step, which needs to
overcome a relative high activation barrier of 1.11 eV, and
then mono-HCOO can be easily dehydrogenated to CO2 and
H species with a quite low activation barrier of 0.01 eV; the

overall activation barrier of HCOO dehydrogenation into CO2
is 1.11 eV with an reaction energy of −0.44 eV on Pt(111)
surface, which agrees with the previous DFT results by Gabow
et al.72 with Ea = 1.04 eV and ΔH = −0.35 eV.
Similarly, on Pt ML and Pt6Au3 surfaces, bi-HCOO converts

into mono-HCOO with the activation barrier of 0.94 eV, and
then mono-HCOO can easily dehydrogenate into CO2 with a
quite low activation barrier of 0.01 and 0.02 eV, respectively. In
contrast, on Pt3Au6 surface, bi-HCOO can easily convert to
mono-HCOO with a low activation barrier of 0.62 eV;
however, mono-HCOO dehydrogenation to CO2 and H
species needs to overcome a relative high activation barrier of
1.06 eV, which is the rate-limiting step.

3.2.2. CO2 Pathway via COOH Intermediate. Along
Pathway II, as shown in Figure 4, trans-HCOOH first needs
to be converted into cis-HCOOH via the transition state TS3-1
with the activation barrier of 0.73−0.81 eV on Pt(111) and
three PtAu surfaces. Such a cis-HCOOH structure is identified

Figure 4. Potential energy profile for HCOOH dehydrogenation via COOH intermediate in CO2 pathway together with the initial states, transition
states, and final states on (a) Pt(111) surface, (b) Pt ML, (c) Pt6Au3, and (d) Pt3Au6. Bond lengths are in angstroms. See Figure 2 for color coding.
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as the energetically most favorable precursor for the subsequent
formation of CO and CO2 species. The adsorbed cis-HCOOH
is higher in energy than the most stable adsorbed state trans-
HCOOH; however, it brings the carbonic hydrogen of
HCOOH closer to the surface, which facilitates the C−H
bond cleavage. As a result, cis-HCOOH can be dehydrogenated
into trans-COOH and H species via the transition state TS3-2
on Pt(111) and three PtAu(111) surfaces, in TS3-2; the
corresponding distance between dissociated H and C atoms is
elongated to about 1.700 Å.
On Pt(111), Pt ML, and Pt6Au3 surfaces, cis-HCOOH

dehydrogenation to yield trans-COOH and H species has the
activation barriers of 0.69, 0.73, and 0.78 eV, respectively. As
compared to the above three surfaces, on Pt3Au6 surface, only
one isolated Pt site is available for the coadsorption of H and
COOH species, which shows the low reactivity for the
coadsorption of COOH and H in the final state due to the
weaker interaction between Au and H atoms than that between
Pt and H atoms; thus, the activation barrier for the C−H bond
cleavage of cis-HCOOH to trans-COOH and H species is
increased to 0.90 eV.

As displayed in Figure 4, the second dehydrogenation step
(trans-COOH → CO2 + H) occurs via the transition state TS4
and leads to CO2 and H species. This reaction occurred over
four surfaces that are nearly thermoneutral, and the reaction
coordinate is simple: the dissociated H atom that is already
oriented toward a surface top Pt site breaks the C−H bond
with the remaining CO2 molecule. In TS4, the OCO fragment
is away from the surface with a OCO angle of about 141°,
and the O−H bond is elongated to 1.418−1.635 Å. On Pt(111)
surface, this elementary reaction has an activation barrier of
0.86 eV, which is close to the previous reported values on
Pt(111) surface, such as 0.89 eV by Qi et al.77 and 0.78 eV by
Gabow et al.72 Similarly, on Pt ML and Pt6Au3 surfaces, this
elementary reaction has an activation barrier of 0.81 eV.
However, on Pt3Au6 surface, this reaction has a high activation
barrier of 1.30 eV; the cause may be a small amount of doping
Pt content over Au(111) surface. Therefore, the contiguous Pt
atomic ensemble on Au(111) surface is still favorable for the
O−H bond cleavage of trans-COOH.

3.2.3. Brief Summary about CO2 Pathway. With respect to
trans-HCOOH, as shown in Figure 3, the highest barriers of
CO2 formation via HCOO intermediate are 1.29, 1.06, 1.18,
and 1.98 eV on Pt(111), Pt ML, Pt6Au3, and Pt3Au6 surfaces,
respectively; the corresponding reaction energies are −0.26,
−0.37, −0.30, and −0.02 eV, respectively, suggesting that, as
compared to Pt(111) surface, Pt3Au6 surface has more difficulty
catalyzing HCOOH oxidation to form CO2 via HCOO
intermediate, whereas Pt ML and Pt6Au3 surfaces are more
favorable than Pt(111) surface.
On the other hand, as shown in Figure 4, the highest barriers

of CO2 formation via COOH intermediate are 0.98, 0.93, 0.98,
and 1.36 eV on Pt(111), Pt ML, Pt6Au3, and Pt3Au6 surfaces,
respectively; the corresponding reaction energies are −0.13,
−0.30, −0.22, and 0.17 eV, respectively, indicating that Pt ML
surfaces are more favorable for CO2 formation than Pt(111)
surface, and Pt6Au3 surface exhibits a catalytic activity similar to
that of Pt(111) surface, whereas Pt3Au6 surface has more
difficulty catalyzing HCOOH oxidation to form CO2 via
COOH intermediate.
The above results show that, as compared to Pt(111) surface,

only an appropriate amount of Pt atomic ensemble over
Au(111) surface can exhibit the high or similar catalytic activity
toward CO2 formation from HCOOH oxidation via HCOO
and COOH intermediates, such as Pt ML and Pt6Au3 surfaces,
which is a realizable structure that is not only efficient in the
utilization of Pt but also highly active for HCOOH oxidation to
CO2. In the final state, CO2 is far from the surface; however, H
atom remains over the surface, and may interact with the
adjacent H atoms to form H2.

3.2.4. CO Pathway. For the poisoning species CO
formation, our results show that if HCOO intermediate
wants to form CO, HCOO first needs to convert into
COOH through the hydrogen transfer from C to O atom,
then the C−OH bond cleavage of COOH leads to CO;
however, HCOO conversion into COOH is much more
difficult than HCOO dehydrogenation into CO2, as HCOO
prefers to be dehydrogenated into CO2 via the C−H bond
cleavage rather than being converted into COOH via hydrogen
transfer; therefore, the poisoning species CO is dominantly
produced by the C−OH bond cleavage of COOH
intermediate. On the other hand, previous studies11,53,69 have
shown that the adsorbed HCOOH also can first break its C−
OH bond to form CHO and OH species, then the C−H bond

Figure 5. Comparison of potential energy diagram for (A) CO and
(B) CO2 formations from trans-COOH intermediate together with the
initial states, transition states, and final states on (a) Pt(111) surface,
(b) Pt ML, (c) Pt6Au3, and (d) Pt3Au6 surfaces, respectively. Bond
lengths are in angstroms. See Figure 2 for color coding.
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scission of CHO species leads to the formation of CO;
however, these reported studies have shown that the CO
pathway via COOH intermediate is the energetically most
favorable. For example, Qi et al.11 have explored the mechanism
details for the elementary steps of HCOOH decomposition on
Pt(111) and PtAg(111) surfaces by performing DFT
calculations, which consider three possible pathways of
HCOOH decomposition to CO on Pt(111) and PtAg(111)
surfaces, including COOH and CHO intermediates, and the
results show that the COOH intermediate pathway is the most
favorable. Zhang and co-workers69 have reported the reaction
of HCOOH→ CHO + OH→ CO + H2O on Pd(111) surface,
suggesting that this pathway is less favorable than HCOOH →
COOH + H → CO + H2O. Singh et al.53 combined theoretical
and experimental methods to investigate HCOOH decom-
position on the Au(111), Au(100), and Au(211) surfaces, and
the calculated activation barriers show that the decomposition
of HCOOH to yield CHO and OH is significantly higher than
the HCOO and COOH formation steps. As a result, in this
study, only one reaction of COOH → CO + OH has been
considered to investigate CO formation pathway, as shown in
Figure 5.
As mentioned before, the C−H bond cleavage of HCOOH

leads to trans-COOH intermediate, and then starting from
trans-COOH, on Pt(111) surface, CO formation involves two
elementary reactions: first, trans-COOH converts into cis-
COOH with a small activation barrier of 0.55 eV via the
transition state TS5-1; then cis-COOH breaks its C−OH bond
via the transition state TS5-2 to form CO and OH species; in
TS5-2, the C−OH distance has been stretched to 2.023 Å
(2.24072 Å), and this elementary step has an activation barrier
of 1.24 eV. Thus, the overall activation barrier of trans-COOH
intermediate dehydrogenation into CO is 1.36 eV with an
reaction energy of 0.55 eV on Pt(111) surface, which agrees
with the previous DFT results by Gao et al.24

Different from the pure Pt(111) surface, on PtAu(111)
surfaces, trans-COOH can directly break its C−OH bond to
form CO via the transition state TS5 rather than being first
converted into cis-COOH, followed by CO formation.
Moreover, the activation barrier for the C−OH bond breaking
of trans-COOH strongly depends on the Pt atomic ensemble
over PtAu surfaces. On Pt ML and Pt3Au6 surfaces, CO
formation has an activation barrier of 1.71 and 2.07 eV,
respectively, the values of which are higher than that (1.36 eV)
on Pt(111); however, on Pt6Au3 surface, the C−OH bond
cleavage of COOH only needs an activation barrier of 1.07 eV.
Meanwhile, CO formation reaction is endothermic by 0.55,
0.40, and 0.51 eV on Pt(111), Pt ML, and Pt6Au3, respectively;
especially, for Pt3Au6 surface, this reaction is highly
endothermic by 1.54 eV, indicating it is a strong endothermic
process.
On the other hand, on Pt(111) surface, four contiguous Pt

atoms are involved to stabilize two segments CO and OH
species adsorbed at two Pt−Pt bridge sites; on Pt ML surface,
CO and OH species are adsorbed at the 3-fold fcc and the Pt−
Pt bridge sites, respectively; on Pt6Au3 surface, CO is adsorbed
at the Pt−Pt bridge site, and OH is adsorbed at the top Pt site;
however, on Pt3Au6 surface, CO formation mainly focuses on
the single top Pt atom, as both CO and OH species are
adsorbed at two adjacent Pt−Au bridge sites, in which the
interaction of adsorbed species with Au is more weaker than
that with Pt; further, all configurations also indicate that Pt sites
are the reaction active center.61

Thus, Pt3Au6 surface without the continuous Pt atoms over
Pt-decorated Au(111) surface can effectively inhibit CO
formation. Moreover, the studies by Cuesta et al.78 have
shown that HCOOH oxidation to CO requires at least three
adjacent Pt atoms. The cyclic voltammetry results by Chen et
al.14 have proved that the CO pathway may be suppressed in an
appropriate ratio between Pt and Au (Pt:Au ≤ 1). Recent
studies61 have also demonstrated that the small Pt ensembles
can facilitate the dehydrogenation of HCOOH oxidation
through CO2 pathway due to the higher activation barrier of
CO formation. As mentioned above, our results about the
decreased catalytic activity of Pt3Au6 surface without the
continuous Pt atoms over PtAu(111) surface toward CO
formation agree well with an ensemble effect, in which the
decreased availability of adjacent Pt atoms over PtAu surface
can suppress the CO poisoning of the catalyst.

3.3. General Discussion. As mentioned above, the detailed
mechanism of HCOOH oxidation to CO2 or CO species on
Pt(111) and three PtAu(111) surfaces has been systematically
examined. As shown in Figure 6, first, two pathways of CO2

formation are discussed, one is HCOO pathway (Pathway I)
formed by the O−H bond cleavage of HCOOH, in which two
reactions of HCOOH→ HCOO + H and HCOO → CO2 + H
occur, while the latter needs the conversion of bi-HCOO to
mono-HCOO, followed by the dehydrogenation into CO2 and
H species; the other is COOH pathway (Pathway II) formed by
the C−H bond cleavage of HCOOH, in which two reactions of
HCOOH → COOH + H and COOH → CO2 + H exist; the
former requires the conversion of the stable state trans-
HCOOH to a metastable state cis-HCOOH, which can
facilitate the C−H bond cleavage of HCOOH. Second, starting
from COOH intermediates, only one pathway of CO formation
exists via the C−OH bond cleavage, COOH → CO + OH.

3.3.1. Effect of Pt Atomic Ensemble on HCOOH Oxidation.
Previous studies by Yuan et al.79 have shown that the activation
barrier of CH3OH oxidation depends on proper placement of
two segments in the transition state, and thus the activation
barrier is more sensitive to the atomic distribution of alloy
surface, that is, the ensemble effects; moreover, the drastically
different activities of Au and Pt sites provide ample potential to
tune the reactivity and selectivity of catalysts through non-CO
pathway leading to the high H productivity in the direct
methanol fuel cells. In this study, our results show that Pt-
decorated Au(111) surfaces, Pt ML and Pt6Au3, exhibit a
chemical reactivity similar to that of the pure Pt(111) surface
toward the initial HCOOH dehydrogenation.
As compared to Pt(111) surface, the lower activation barriers

of CO2 formation on Pt ML and Pt6Au3 indicate that Pt-
decorated Au catalysts with a proper arrangement of Au and Pt
sites can exhibit a high or similar catalytic activity toward the
C−H or O−H bond cleavage of HCOO and COOH

Figure 6. Schematic diagram of the reaction pathways for HCOOH
oxidation.
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intermediates, respectively, whereas the Pt3Au6 surface is less
reactive for these reactions than the other three surfaces. The
cause may be attributed to that a larger Pt atomic ensemble is
required to activate the O−H and C−H bonds, and the nearby
Pt atoms are favorable for stabilizing the transition state (TS)
and final state (FS); however, Pt3Au6 surface has only three
isolated Pt atoms incorporated into Au(111) without the
nearby Pt atoms, which shows a very low chemical reactivity for
HCOOH oxidation. Therefore, among Pt-decorated Au(111)
surfaces, for HCOOH oxidation, it is noted that Pt sites are the
reaction active center; moreover, the catalytic activity of
PtAu(111) surface toward HCOOH oxidation is obviously
dependent on the atomic ensemble of the reaction active
center.
On the other hand, as far as we know, two critical factors

exist, train effects and ligand effect, which contribute to the
modification of the electronic properties of a metal in a
bimetallic surface.80 Pt monolayer on Au lattice is under a
tensile strain because of a larger lattice constant of Au than that
of Pt, which has been verified by Li et al.81 in the experiment, in
which a significant enhancement in the catalytic has been
associated with the tensile strain. Moreover, the strain effect
results in an increase in d-band center of Pt atoms in
monolayer, and the ligand effect arising from the heterometallic
bonding between Pt and Au also increases d-band energy, both
effects leading to the stronger adsorption of CO and OH on Pt
ML surface.80,82 In addition, Ahn et al.83 have suggested that
the positive influence of a Pt monolayer has largely been
attributed to either strain or ensemble effects; Kristian and co-
workers84 also have proposed that the ensemble effect and
possibly electronic effect may increase the reactivity of the Pt
entities on Au substrate. Thus, we consider that these effects
including the strain effect, ligand effect, and ensemble effect can
contribute to the enhanced selectivity toward CO2 formation
for HCOOH decomposition on Pt ML surface.
3.3.2. Selectivity between CO2 and CO. Starting from trans-

COOH species, the activation barrier of the rate-limiting step
for CO formation via the C−OH bond cleavage is always
higher than that for CO2 formation via the O−H bond cleavage
on Pt(111) and three Pt-decorated Au(111) surfaces, indicating
that CO2 is the dominant product of HCOOH oxidation.
Interestingly, to better understand the modified reaction

behavior of bimetallic PtAu catalysts as compared to
monometallic Pt catalysts, it is necessary to quantify the
selectivity between CO2 and CO on Pt(111) and three
PtAu(111) surfaces; the effective barrier difference between
CO2 and CO formations is used a descriptor. In principle, the
higher barrier difference represents the higher selectivity of
CO2 and the lower selectivity of CO.
As shown in Figure 5, with respect to trans-COOH species,

our calculated barrier differences between CO2 and CO
formations are 0.50, 0.90, 0.26, and 0.77 eV on Pt(111), Pt
ML, Pt6Au3, and Pt3Au6 surfaces, respectively; obviously, Pt ML
and Pt3Au6 surfaces exhibit the higher selectivity of HCOOH
oxidation to CO2, as well as the lower selectivity of HCOOH
oxidation to CO, which implies that CO pathway can not easily
compete with CO2 pathway during HCOOH oxidation on Pt
ML and Pt3Au6 surfaces. The above results suggest that the
catalytic selectivity of PtAu(111) surface toward HCOOH
oxidation also obviously depends on the atomic ensemble of
the reaction active center.
Overall, Pt-decorated Au(111) surface is efficient for the

dehydrogenation of HCOOH oxidation to CO2, and shows an

inhibiting effect to the dehydration of HCOOH to CO.
Especially, Pt ML surface exhibits the highest catalytic activity
and selectivity toward the dehydrogenation of HCOOH
oxidation, and can highly suppress the formation of poisonous
species CO; a Pt skin consisting of 1.0 monolayer Pt on a Au
substrate is a realizable structure, which is not only efficient to
utilize Pt, but also is highly active and selective for HCOOH
oxidation to CO2.
On the other hand, experimental studies by Kristian et al.85

have synthesized an Au core with Pt shell structure to improve
Pt utilization, which exhibits a higher specific activity as
compared to the conventional Pt/C using TEM, UV−vis, and
cyclic voltammetry; our Pt ML surface model in this study is
similar to this Ptshell−Aucore structure, in which a Pt overlay is
exposed in the catalytic reaction, suggesting that Pt ML surface
can exhibit the high selectivity to CO2 formation during
HCOOH decomposition. Kim et al.86 have experimentally
presented the catalytic activity variations of HCOOH oxidation
on Pt deposits over Au(111) surface, suggesting that small and
thin layer Pt deposits are advantageous to HCOOH oxidation.
Li et al.81 have synthesized the electrocatalysts consisting of one
Pt monolayer placed on extended or nanoparticle surfaces,
suggesting that Pt/Au(111) exhibits a factor of 7 activity
increase in catalyzing methanol electrooxidation as compared to
the pure Pt(111) surface. Meanwhile, Banerjee and co-
workers87 have reported that the electrochemical activity
(HOR, MOR studies) of Au@Pt nanoparticles was found to
be the highest for particles with two thick layer Pt’s. As
mentioned above, these experimental studies demonstrate that
Pt ML surface can exhibit the high activity and selectivity
toward HCOOH oxidation, which agrees with our calculated
results.
Therefore, we can conclude that the enhanced catalytic

activity and selectivity of bimetallic PtAu catalysts toward
HCOOH oxidation should be attributed to their suppression to
the dehydration reactions of HCOOH to CO, which is
supported by the previous experimental results that the high
catalytic activity of PtAu surface is caused by the increased
selectivity toward HCOOH dehydrogenation.51,52

4. CONCLUSIONS
In summary, we have investigated the detailed mechanism for a
dual pathway of HCOOH oxidation on Pt(111) and three
PtAu(111) surfaces with different Pt atomic ensembles by
performing DFT calculations. The adsorption energy of
HCOOH is very close over different Pt atomic ensembles,
but the activation of O−H and C−H bonds is related to the
atomic arrangement of Au and Pt over PtAu(111) surface. Pt-
decorated Au(111) surface is more active to catalyze HCOOH
oxidation via CO2 pathway rather than that via CO pathway,
which explains well the experimental facts that PtAu bimetallic
catalysts enhance the catalytic activity toward HCOOH
oxidation and the ability of CO antipoisoning. The present
insights reveal that the ensemble effects play a crucial role to
tune the reactivity and selectivity of HCOOH oxidation due to
the drastically different activities of Au and Pt sites, which may
provide some information for the design and optimization of
highly efficient Au-based catalysts used in DFAFC.
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Cuesta, A.; Gutieŕrez, C. The Role of Bridge-Bonded Adsorbed
Formate in the Electrocatalytic Oxidation of Formic Acid on Platinum.
Angew. Chem., Int. Ed. 2011, 50, 1159−1163.
(26) Cho, J.; Lee, S.; Han, J.; Yoon, S. P.; Nam, S. W.; Choi, S. H.;
Lee, K. Y.; Ham, H. C. Importance of Ligand Effect in Selective
Hydrogen Formation via Formic Acid Decomposition on the
Bimetallic Pd/Ag Catalyst from First-Principles. J. Phys. Chem. C
2014, 118, 22553−22560.
(27) Lee, S. Y.; Jung, N.; Cho, J.; Waszczuk, P.; Park, H. Y.; Ryu, J.;
Jang, I.; Kim, H. J.; Cho, E.; Park, Y. H.; Ham, H. C.; Jang, J. H.; Yoo,
S. J. Surface-Rearranged Pd3Au/C Nanocatalysts by Using CO-
Induced Segregation for Formic Acid Oxidation Reactions. ACS Catal.
2014, 4, 2402−2408.
(28) Yoo, S. J.; Zhao, Z. J.; Nørskov, J. K.; Studt, F. Effect of Boron
Modifications of Palladium Catalysts for the Production of Hydrogen
from Formic Acid. ACS Catal. 2015, 5, 6579−6586.
(29) Rice, C.; Ha, S.; Masel, R. I.; Waszczuk, P.; Wieckowski, A.;
Barnard, T. Direct Formic Acid Fuel Cells. J. Power Sources 2002, 111,
83−89.
(30) Waszczuk, P.; Crown, A.; Mitrovski, S.; Wieckowski, A.
Methanol and Formic Acid Oxidation on Ad-Metal Modified
Electrodes. Handbook of Fuel Cells; John Wiley & Sons: Chichester,
UK, 2003; Vol. 2, pp 635−651.
(31) Li, X. G.; Hsing, I. M. Electrooxidation of Formic Acid on
Carbon Supported PtxPd1‑x (x = 0−1) Nanocatalysts. Electrochim. Acta
2006, 51, 3477−3483.
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