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Density functional theory study on the adsorption and
decomposition of the formic acid catalyzed by highly
active mushroom-like Au@Pd@Pt tri-metallic
nanoparticles†

Sai Duan,ab Yong-Fei Ji,b Ping-Ping Fang,a Yan-Xia Chen,c Xin Xu,d Yi Luo*bc and
Zhong-Qun Tian*a

Local structures and adsorption energies of a formic acid molecule and its decomposed intermediates (H, O,

OH, CO, HCOO, and COOH) on highly electrocatalytically active mushroom-like Au-core@Pd-shell@Pt-cluster

nanoparticles with two atomic layers of the Pd shell and stoichiometric Pt coverage of around half-monolayer

(Au@2 ML Pd@0.5 ML Pt) have been investigated by first principles calculations. The adsorption sites at the

center (far away from the Pt cluster) and the edge (close to the Pt cluster) are considered and compared.

Significant repulsive interaction between the edge sites and CO is observed. The calculated potential energy

surfaces demonstrate that, with respect to the center sites, the CO2 pathway is considerably promoted in

the edge area. Our results reveal that the unique edge structure of the Pt cluster is responsible for the

experimentally observed high electrocatalytic activity of the Au@Pd@Pt nanoparticles toward formic acid

oxidation. Such microscopic understanding should be useful for the design of new electrochemical catalysts.

1 Introduction

Metal nanoparticles (NPs) with high electrocatalytic activities
have become important elements in electrochemistry,
especially in electrocatalysis, over the last two decades. The
most attractive feature of the NPs is their tunability that allows
the catalytic activity to be enhanced by altering the shape of the
NPs,1–4 modifying the adsorbate5,6 and changing the surface
compositions and morphologies.7–9 The latter is particularly
exciting since it has extended the applicability of the NPs
from the mono-metallic to bi-metallic and even tri-metallic
systems.9–13

Formic acid (HCOOH) can provide higher power density
than many other fuels in the direct fuel cells.14 It is nontoxic
and exhibits small crossover flux through Nafion,15 allowing us
to use high concentration of fuel.16 All these properties have
made direct formic acid fuel cells (DFAFCs) a good candidate
for portable device applications.17,18 Platinum (Pt) surfaces
have shown remarkable intrinsic activity for the oxidation of
formic acid.19 However, it is well known that Pt catalysts
are often poisoned by the decomposed intermediate carbon
monoxide (CO).20 This is often referred to as the indirect
pathway of the oxidation of formic acid. On the other hand,
palladium (Pd) based catalysts have been reported as a way to
circumvent this problem, on which the formic acid is oxidized
via a more direct pathway, i.e. producing carbon dioxide (CO2)
directly without going through the strongly adsorbed CO inter-
mediate.21–24 Previous studies showed that the apparent activity
(averaged over all the catalysts surface) of Pd NPs for formic
acid is higher than that of Pt NPs.9,25,26 It is thus worth
combining the benefits of Pd and Pt to design the catalysts
for DFAFCs. As a result, Pt–Pd bi-metallic NPs have been widely
investigated in DFAFCs.8,27–30

Due to the limited natural resources, it is highly desirable
to use catalysts with less rare metals or completely earth-
abundant materials.31–33 Recently, our group rationally synthe-
sized tri-metallic NPs by the seed-mediated growth method,
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which consists of a gold (Au) core covered by a Pd shell with
deposited Pt clusters, i.e. a Au@Pd@Pt system.9 We have made
different compounds by systematically changing the thickness
of the Pd shell and the loading of the Pt clusters, and found
that Au@Pd@Pt NPs with two layers of the Pd shell and a half
monolayer of stoichiometric Pt clusters (denoted Au@2 ML
Pd@0.5 ML Pt NPs hereafter) display the highest electro-
catalytic activity toward HCOOH oxidation.9 It was demon-
strated that at 0.0 V with respect to a saturated calomel
electrode (SCE), the activity for HCOOH oxidation–reduction
of Au@2 ML Pd@0.5 ML Pt NPs is B5 times higher than that
of the pure Pd surface and B100 times higher than that of
the pure Pt surface under steady state conditions.9 The
surface-enhanced Raman spectra (SERS) of CO adsorbed on
Au@Pd@Pt NPs in a CO-saturated solution have been used to
determine the local structure of the Pt cluster. One important
experimental observation was that the frequency of CO
adsorbed on the Pd surface red-shifted by B25 cm�1 when
the stoichiometric Pt coverage increased from 0 to 1 mono-
layer.9,34 We carried out systematically density functional the-
ory (DFT) calculations to simulate Raman spectra of CO for a
large number of possible adsorption configurations and repro-
duced the experimentally observed Pt coverage dependent
spectra when the Pt cluster adopts a unique mushroom-like
structure, rather than the island-like structure following the
Volmer–Weber growth model.34

In the present study, we continue our study using DFT
calculations to determine the local structures of the formic
acid molecule, the decomposed intermediates from HCOOH
and the oxidants, as well as their adsorption energies at Au@2
ML Pd@0.5 ML Pt NPs. Moreover, the direct and indirect
pathways of COOH oxidation are also investigated. We found
that the high electrocatalytic activity of Au@Pd@Pt NPs is
originated from the synergistic interaction of Pd and Pt at the
edge sites of the mushroom-like structures.

2 Computational details

All calculations were performed using Vienna ab initio simulation
package (VASP).35 The Perdew–Burke–Ernzerhof generalized-
gradient approximation (GGA-PBE)36 exchange–correlation
functional with the projector augmented-wave method
(PAW),37,38 which was generated by taking scalar relativistic
corrections into account, was employed. The energy cut off of
the plane-wave basis set for the wave functions was set to
400 eV. The Gaussian smearing method with a broadening factor
of 0.01 eV for gas phase calculations was used to improve
convergence while the Methfessel and Paxton method with a
broadening factor of 0.1 eV was adopted for the condensed
phase.39 All total energies were extrapolated to 0 K while no
artificial entropy was included in the calculated energies of species
in gas phase. Since the entropy contributions to the free energy in
heterogeneous catalytic reactions are usually quite small40 and the
difference of entropy as well as zero point energy contribution
between the reactant and the product will be even smaller, the 0 K
energies used here are thus reasonable.

We have considered the following reactions of HCOOH
decomposition in DFAFCs41

HCOOH - HCOO + H (a)

HCOO - CO2 + H (b)

CO2 - CO + O (c)

HCOOH - COOH + H (d)

COOH - CO + OH (e)

COOH - CO2 + H (f)

OH - O + H (g)

which lead to 9 species, i.e. H, O, OH, CO, HCOO, COOHu,
COOHd, HCOOHu, and HCOOHd, respectively, adsorbed on the
metal surface. Here the subscripts ‘‘u’’ and ‘‘d’’ represent the
relative ‘‘up’’ and ‘‘down’’ positions of the hydrogen atom
toward the metal surface (see Fig. 1 for details). In the gas
phase, they were put in a large cubic box with a length of 30 Å to
avoid lateral interactions. The symmetry was turned off by
choosing the size of the supercell as 30.1 � 30.0 � 30.2 Å to
avoid the artificial entropy. Spin-polarized DFT calculations
were performed when necessary, i.e. for H, O at the triplet
state, O2, HCOO, COOH and OH, respectively. Full geometrical
optimizations have been done with the final forces less
than 0.02 eV Å�1. Only a Gamma point was considered for
the k-point sampling.

For the calculations of the condensed phase, the optimized
lattice constant for Au is found to be 4.174 Å, which is in good
agreement with the experimental value of 4.078 Å.42 We used the
same model system34 to simulate the substrate, i.e. Au@2 ML
Pd@0.5 ML Pt NPs, which exhibited the highest electrocatalytic
activity.9 This model system consists of two Au slab layers on
the bottom and two Pd slab layers on the top, since the Pd
atoms can be epitaxially deposited on the Au core. As a result,
the Pd layers had the same lattice constant as the Au core in our
calculations.34 In the area where a c(4 � 2) unit cell is expanded
to 3 � 3, a mushroom-like Pt17 cluster composed of 5 layers
with the number of Pt atoms being 3, 3, 7, 3, and 1 in each layer

Fig. 1 Optimized geometries for formic acid and its decomposed intermediates
(except for H and O atoms) in gas phase. Black, red, and green balls represent
carbon, oxygen, and hydrogen atoms, respectively. Meanwhile, bond length in Å
and angels in degrees are labeled as black and blue numbers, respectively.
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from the bottom to top, respectively, was deposited on it.34 The
stoichiometric Pt coverage of this model is 47% which is close to
the Pt loading of Au@2 ML Pd@0.5 ML Pt NPs with the highest
electrocatalytic activity observed in experiments, i.e. 50%.9 We
should emphasize that this theoretical model could be a simplified
mushroom-like structure of Au@2 ML Pd@0.5 ML Pt NPs. How-
ever, it has the capacity to reproduce the experimental SERS
spectra as demonstrated in our previous studies.34 It is reasonable
to expect that this model contains the key structural characters of
Au@2 ML Pd@0.5 ML Pt NPs. It is noted that the surface curvature
of NPs was neglected in present simulations since the diameter of
NPs is as large as 55 nm.9 All positions of Au atoms were fixed to
mimic the Au core, while, other atoms of the substrate were only
optimized along the z-axis, which is the normal to the surface.
Whereas, all atoms of adsorbates including anchoring atoms were
optimized in all directions. For the atoms, i.e. H and O, adsorbed
on the Au@2 ML Pd@0.5 ML Pt NPs, the anchoring atoms were
obviously themselves. The anchoring atoms were O and C for OH
and CO, respectively, while C for both COOHu and COOHd. On the
other hand, the anchoring atoms of HCOO, HCOOHu and
HCOOHd were C when they were adsorbed on bridge, face-
centered cubic (fcc), and hexagonal close-packed (hcp) sites. Mean-
while, when HCOO, HCOOHu and HCOOHd were adsorbed on top
sites, the anchoring atoms were the O which were not bonded with
H. Since we used a large super-cell that contains 161 metal atoms
to simulate the substrate in the calculations, only the Gamma
point was used for the k-point sampling and the final forces were
also less than 0.02 eV Å�1. Our test calculations show that,
compared to the Gamma only sampling, the adsorption energy
of CO on the fcc site in the center area decreases only by 0.05 eV
with the extensive k-point sampling, i.e. a 3 � 3 � 1 mesh grid.
This result manifests that the Gamma only approach is suitable
for current calculations. We also took the dipole correction
along the z-axis into account during the calculations.43,44

The adsorption energy is defined as

Ead = ESub + EMol � Etot (1)

where ESub, EMol, and Etot represent the total energies of the
model system for the substrate, the adsorbed species in
vacuum, and the adsorbed system, respectively. Conveniently,

here the EMol for H and O adsorbates was chosen as
1

2
EH2

and
1

2
EO2

respectively.

The transition states in the edge area were found by the
nudged elastic band method with the image climbing (CNEB)
method45,46 with the force convergence criterion of 0.05 eV Å�1.
We found that it is difficult to locate the transition states in the
center area by the CNEB method. Therefore, the CNEB45,46

combined with the dimer method47 was used for searching
the transition states in the center area with the same threshold.

3 Results and discussion
3.1 Gas phase

Since the energy of the adsorbed species is the basic parameter
for the adsorption energy calculation, we first investigate all

substances in gas phase. The optimized geometries of OH, CO,
HCOO, COOHu, COOHd, HCOOHu, and HCOOHd are depicted
in Fig. 1, which are generally in very good agreement with
experimental measurements.48–51 Nevertheless, the calculated
bond lengths of OH and CO are 0.018 and 0.016 Å larger than
the corresponding experimental values, respectively.48,49 The
calculated structure parameters for formic acid are listed in
Table 1. For HCOOHd, the largest deviation is only 0.005 Å
for the bond length, and around 21 for the bond angle in
comparison with the experimental results in vacuum.50 For
HCOOHu, the largest deviation for the bond length is slightly
larger, about 0.022 Å, while for the angle it is around 1.21.51 In
general, our calculated structures for all species are in good
agreement with previous theoretical results.52–54 For example,
the structure difference between results of the current GGA
functional (PBE) and the previous hybrid functional (B3LYP)
for HCOO is around 0.01 Å and 0.11 for bond lengths and
angles respectively.52

It is worth mentioning that with the functional used, not
only the optimized geometries but also the calculated relative
energies are reliable. It is noted that the calculated energy
separation between 1D and 3P states in the oxygen atom is
1.89 eV, in good agreement with the experimental value of
1.97 eV.55 The calculated isomerization energy between
HCOOHd and HCOOHu is 0.17 eV, which is in the range of
previous theoretical prediction, 0.16 to 0.20 eV, from different
methods.53,54,56,57 Meanwhile, we have also found that the
isomerization energy between COOHd and COOHu is 0.08 eV.
Our calculated bond energy of O–H in formic acid is 4.73 eV, which
also fits well with the experimental measurement, 4.66 eV.58

Moreover, the predicted C–H bond energy in formic acid is
found to be 0.4 eV lower than that of the O–H bond, consistent
with the experimental observation.58

3.2 Adsorption of H, O, OH, and CO

We first discuss how the simpler species, i.e. H, O, OH, and CO,
are adsorbed on the Au@2 ML Pd@0.5 ML Pt NPs. In this study,
we have limited the calculations to two areas on the epitaxially
deposited Pd surfaces of Au@2 ML Pd@0.5 ML Pt NPs. One of
them is far from the mushroom-like Pt cluster labeled as
‘‘center’’ area, while the other is near the Pt cluster labeled
as ‘‘edge’’ area. In each area, four typical adsorption sites,
namely the bridge, fcc, hcp, and top sites, are considered.

Table 1 Comparison of the calculated and experimental geometries (bond
lengths r in Å and angles d in degrees) of formic acid in gas phase

HCOOHd HCOOHu

Calculated Expt.a Calculated Expt.b

rC–H 1.107 1.106 1.114 1.105
rC–O 1.213 1.217 1.206 1.195
rC–OH 1.356 1.361 1.363 1.352
rO–H 0.983 0.984 0.978 0.956
dH–C–OH 109.3 109.1 113.5 114.6
dC–O–H 106.9 107.3 109.3 109.7
dO–C–OH 125.3 123.4 122.2 122.1

a Ref. 50. b Ref. 51.
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These adsorption sites in both areas are illustrated in Fig. 2
with the optimized CO/NPs structures as examples. In the
center area the direct interaction between the adsorbed species
and Pt clusters can be neglected because of the large distance
between them. On the other hand, the adsorbed species in the
edge area are significantly influenced by the Pt cluster simply
due to the geometrical reason.

All the calculated adsorption energies using eqn (1) are
listed in Table 2. It shows that H and O atoms prefer to adsorb
on the three-fold sites, i.e. the fcc and hcp sites, in the center
area of Au@2 ML Pd@0.5 ML Pt NPs. Moreover, H adsorbed
on the bridge site as well as O adsorbed on the bridge and the
top sites are unstable. The optimized geometries show that,
finally, these unstable adsorbates can be stabilized when they
adsorbed on the fcc site during optimizations. For H, the fcc
and hcp sites are almost degenerate and more favorable than
the top site. Whereas, for the adsorbed O, the fcc site is the

local minimum. These results are consistent with previous
theoretical findings for H and O atoms adsorbed on the pure
Pd(111) surface.59,60

In the edge area, the situation becomes different. For the H
atom, the top site is more stable (B0.5 eV lower in energy)
compared with that in the center area. As a result, the top site
and three-fold sites are almost degenerate and their adsorption
energies are lower by B0.1 eV than that on the hollow sites in
the center area. When the O atom is adsorbed in the edge area,
the adsorption energy on both the fcc and hcp sites is B1.0 eV.
Moreover, the O and H atoms adsorbed on the bridge site will
change to the stable adsorption on the fcc site, meanwhile, the
optimized structure of O adsorbed on the top site shows that O
atoms are directly adsorbed on the Pt cluster (see Fig. S1 in ESI†
for details).

The OH radical is aligned when adsorbed on hollow sites in
the center area, and tilted on the bridge sites. We also found
that the OH adsorbed on the top site is not stable and finally
transferred to the bridge site with a tilted configuration (see
Fig. S2 in ESI† for details). The most stable site for the adsorbed
OH in the center area is the fcc site. Meanwhile, the tilted
adsorption on the bridge site gives almost degenerate adsorp-
tion energy compared with that on the fcc site. The adsorption
energy on the hcp site is lower than that on bridge and fcc sites
and decreases successively. This tendency coincides with the
previous DFT calculations for the OH adsorbed on pure Pd(111)
surfaces.61 The adsorption energy on the fcc site in the edge
area is 0.38 eV unfavorable than that in the center area for
the adsorbed OH on Au@2 ML Pd@0.5 ML Pt NPs, while the
unfavorable value for the hcp is found to be 0.88 eV. For the top
site, the optimized structure shows that the OH is adsorbed on
the Pt clusters rather than on the Pd surface (see Fig. S2 in ESI†
for details).

The CO molecule is vertically adsorbed on all sites in the
center area as well as on the fcc site in the edge area (see Fig. 2).
The fcc and hcp sites are degenerate for CO adsorbed in the
center area while the top site is the most unfavorable site,
which can also be found from the previous experimental
and theoretical studies for CO adsorbed on pure Pd(111)
surfaces.62–65 The stabilization of CO adsorption at the three-
fold sites is also supported by our previous in situ SERS experi-
ments at relatively low surface coverage.9 Calculated results show
that the repulsion between CO and edge sites is significant.
Specifically, the adsorption energy of the CO on the fcc, hcp and
bridge sites in the edge area is 0.44, 0.58 and 0.94 eV smaller
than those in the center area, respectively. Whereas, the value
on the top site is increased by 0.39 eV. As a result, the top site in
the edge area is the most stable one for CO adsorption. This
result indicates that adsorption of the poison intermediate of
the DFAFCs process, i.e. CO, is unfavorable in the edge area
around the fcc site (see Fig. 2) of Au@Pd@Pt NPs. We have
found that the dipole moments of the whole system are 0.26
and 0.11 Debye nm�2 for CO adsorbed in the edge and center
areas, respectively. This indicates that the charge transfer
between CO and Au@Pd@Pt NPs is quite different. The
unstable CO in the edge area should thus be attributed to the

Fig. 2 Schematic adsorption areas (A) center and (B) edge as well as adsorption
sites, i.e. bridge, fcc, hcp, and top from left to right, with optimized structures of
CO adsorbed on Au@2 ML Pd@0.5 ML Pt NPs.

Table 2 Adsorption energy in eV of formic acid and its decomposition species at
bridge (B), fcc (F), hcp (H), and top (T) sites on center and edge areas of Au@2 ML

Pd@0.5 ML Pt surfaces. The reference states for H and O are
1

2
EH2

and
1

2
EO2

respectively

Species

Center Edgea

B F H T B F H T

H —b 0.80 0.77 0.14 —b 0.70 0.62 0.63
O —b 1.43 1.23 —b —b 0.95 0.96 —c

OH 2.39 2.43 2.19 —d —b 2.05 1.31 —c

CO 1.81 2.04 2.03 1.31 0.87 1.60 1.45 1.70
HCOO 2.36 —d —d 1.63 2.35
HCOOHu �0.05 —d —d �0.03 0.14
HCOOHd 0.16 0.17 0.18 �0.07 0.18
COOHu 2.13 2.14 2.12 1.91 1.88
COOHd 2.09 2.15 2.11 —e 1.95

a HCOO, HCOOH, and COOH are as close as possible to the Pt cluster.
b Adsorbed on the fcc site after optimization. c Adsorbed on Pt clusters
after optimization. d Adsorbed on the bridge site after optimization.
e Optimized structure essentially as that on the bridge site.
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synergistic geometrical and electronic effects. Hence, it can be
expected that the existence of the poison CO will be signifi-
cantly hindered in some edge areas, although CO molecules
may be generated during the DFAFCs process. Note that the
edge area contains the Pd and Pt compositions. Thus, the CO
unpoisoned edge area can keep the Pt in this area always
‘‘clean’’. Since the intrinsic activity of Pt is high,19 the ‘‘clean’’
Pt may well explain the high electrocatalytic activity of the NPs
for DFAFCs.

3.3 Adsorption of HCOO, COOH, and HCOOH

In this section, we discuss how the more complex species, i.e.
HCOO, COOHu, COOHd, HCOOHu, and HCOOHd, are adsorbed
on the Au@2 ML Pd@0.5 ML Pt NPs. All optimized structures
adsorbed in the center area are depicted in Fig. 3. The opti-
mized geometry shows that HCOO is normally adsorbed on the
bridge site without rotation from its initial structure in the x–y
plane. The bridge site is the most favorable site as displayed in
Table 2 and the optimized configurations on the hollow sites
are the same as those on the bridge site. The top site adsorption
is vertical, which is 0.73 eV unfavorable than the bridge site
adsorption. The prediction of HCOO adsorbed on the bridge
site in the center area of Au@2 ML Pd@0.5 ML Pt NPs agrees
well with previous experimental study of a formate anion
adsorbed on the pure Pd(111) surface.66,67 The adsorbed struc-
ture of HCOOHu in the center area is similar to HCOO as shown
in Fig. 3. Only stable configurations exist on the bridge and top
sites, while the optimized structures on the hollow site are
essentially the same as those on the bridge site. The calculated
results demonstrate that the interaction between HCOOHu and
the Pd surface is very weak. The bridge site even shows stronger
repulsion for the adsorption of HCOOH (see Table 2 for details).

The most favorable adsorption site for HCOOHu is the top site
where the adsorption energy is less than 0.1 eV, consistent with
the previous theoretical result for the HCOOH adsorbed on the
pure Pd(100) surface.41 Whereas the interaction between HCOOHd

and the Pd surface is attractive except the adsorption on the top
site. The bridge, fcc, and hcp sites are degenerate for HCOOHd

adsorption, meanwhile, the top site is the most unfavorable one.
These results can be attributed to the attraction between the
downward hydrogen in HCOOHd and the Pd surface.

The optimized structure of COOHu adsorbed on the bridge
site shows a 901 rotation from the initial structure in the x–y
plane while there is no rotation for the COOHd adsorption
(see Fig. 3 for details). Meanwhile, the calculated adsorption
energies show that the fcc site is the most favorable site for
both adsorbates (see Table 2 for details). When adsorbed on the
hollow sites, a rotation of 301 from the initial structures in the
x–y plane is observed (see Fig. 3 for details). All adsorption
energies of COOH on the bridge and hollow sites are around
2.10 eV in the center area. COOHu employs an unperturbed
configuration on the top site with adsorption energies around
1.9 eV, meanwhile, COOHd has essentially the same configu-
ration as that on the bridge site (see Fig. 3 for details).

When these species are adsorbed on the edge area, the Pt
cluster has obviously a larger influence on them because of
their larger sizes compared to the simpler adsorbates. As a
result, we only considered the adsorbates adsorbed as close as
possible to the Pt cluster. The optimized structures are shown
in Fig. 4. Compared to the center area, the adsorption energies
are almost the same for HCOO and HCOOHd. Whereas, for
COOH, the adsorption energies are slightly lower than those in
the center area. On the other hand, the adsorption energy of
HCOOHu in the edge area is even higher by B0.2 eV than that in

Fig. 3 Optimized structures of (A) HCOO, (B) HCOOHu, (C) HCOOHd, (D) COOHu, and (E) COOHd adsorbed on different sites in the center area of Au@2 ML Pd@0.5
ML Pt NPs.

PCCP Paper

Pu
bl

is
he

d 
on

 3
1 

Ja
nu

ar
y 

20
13

. D
ow

nl
oa

de
d 

by
 X

ia
m

en
 U

ni
ve

rs
ity

 o
n 

12
/0

7/
20

15
 1

3:
20

:5
3.

 
View Article Online

http://dx.doi.org/10.1039/c3cp44053b


4630 Phys. Chem. Chem. Phys., 2013, 15, 4625--4633 This journal is c the Owner Societies 2013

the center area. When the adsorbates are closer to the Pt cluster,
they are either adsorbed on the Pt clusters or further decom-
posed (see Fig. S3–S6 in ESI† for details). Moreover, we found
that the dihedral angle of C–O–O–H in the COOHu is 81. The
distorted structures make further decomposition much easier,
which indicates that such an edge area may be a catalytic active
site. According to this result and the repulsion between the edge
area and the poison intermediate CO, the high electrocatalytic
activity of tri-metallic Au@Pd@Pt NPs may be caused by the
unique edge area which contains the synergistic effect of the Au
core, the Pd shell surface and the mushroom-like Pt cluster.

3.4 Decomposition of COOH

To investigate the effects of the mushroom-like structure for the
formic acid oxidation, the decomposition of COOH is considered

in this section. COOH has been assumed as an important inter-
mediate in the DFAFCs.68–71 From the theoretical point of view,
COOH is a good substance to study the effects for the indirect/
direct pathway since it can be decomposed both through the CO
pathway (reaction e) and the CO2 pathway (reaction f). For the
geometric reason, we only considered the COOHu decomposed
through the CO pathway and COOHd through the CO2 pathway in
the edge and center areas.

The calculated potential energy surfaces (PESs) as well as the
optimized structures of stationary points for the CO and CO2

pathways are depicted in Fig. 5. In the center area, the most
stable configurations, i.e. adsorbed on the fcc site, were con-
sidered as the initial structures. The transition states are
similar in different areas for both pathways. For instance, for
the CO2 pathway, the O–H bond is broken in the transition
state and the final products are a H atom adsorbed on the

Fig. 4 Tilt view for the optimized structures of (A) HCOO, (B) HCOOHu, (C) HCOOHd, (D) COOHu, and (E) COOHd adsorbed as close as possible to the Pt cluster in the
edge area of Au@2 ML Pd@0.5 ML Pt NPs.

Fig. 5 Potential energy surfaces for the CO2 pathway (left) and CO pathway (right) in the edge and center areas with the energy of COOHd adsorbed on the center
area as the reference energy. The values in parentheses are the relative energies with respect to the corresponding reactant.
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hollow sites and an unbound CO2. Meanwhile, for the CO
pathway, accompanying with the C–O bond breaking, a rotation
of H–O–C–O dihedral takes place at the transition state. Finally,
the CO pathway produces CO vertically adsorbed on the fcc site
and OH adsorbed on the bridge site with a tilted configuration
as shown in Fig. 5.

Compared to the center area, the calculated results show that
the reaction barrier of the CO2 pathway in the edge area
decreases from 0.74 to 0.67 eV and the released heat increases
from 0.19 to 0.44 eV. Meanwhile, for the CO pathway, the
reaction barriers in both areas are all around 0.48 eV. Moreover,
the released heat of the CO pathway in the edge area is lower
than that in the center area (0.58 vs. 0.77 eV). These results
demonstrate that the CO2 pathway will be promoted and the CO
pathway will be suppressed in the edge area. Thus, the increased
probability of the CO2 pathway should be responsible for the
high electrocatalytic activity of Au@Pd@Pt NPs toward formic
acid oxidation. Yet, we are not able to rule out the probability of
the CO pathway for formic acid oxidation in Au@Pd@Pt systems.
In fact, the reaction barrier and released heat indicate that the
CO pathway easily occurs in the center area. Moreover, the
probability of the CO pathway is comparable with that of the
CO2 pathway even in the edge area (see absolute energies of the
transition state in Fig. 5). This result agrees with the in situ SERS
spectra which showed that the CO molecules are adsorbed on
the hollow sites during the oxidation of formic acid.9

It is noteworthy that there are other intermediates for the
formic acid oxidation.21,24,72 For instance, Pronkin et al.72

concluded that the HCOO is an intermediate on Pd/Au electro-
des for formic acid oxidations as on Pt73 by using surface-
enhanced infrared absorption spectroscopy in the attenuated
total reflection mode. However, oxidation of HCOO has really a
high active barrier because of the geometric reason as shown
on the Pt surface.74 Moreover, for other adsorbates, the CO2

pathway should take place more easily with the help of the Pt
cluster in the edge area due to the optimized geometries. For
instance, the difference in the adsorption energies of the
bidentate and monodentate HCOO is reduced from 0.73 eV
(in the center area) to 0.23 eV (in the edge area). Apparently, the
CO2 pathway is promoted for the monodentate HCOO because
the H is closer to the metallic catalyst. It should be noted that
the electrode potential calculated here is near the potential of
zero charge, i.e. B0.1 V vs. SCE,75 which is in the startup region
of the HCOOH oxidation.9,34 In this region of potential, the
surface concentrations of intermediates should be very low,
which is consistent with our simulations. Overall, we can
conclude that the CO2 pathway is considerably promoted in
the edge area. Therefore, the simple model employed here
without considering solvent effects22 and electrode potential76

can still provide useful understanding for formic acid oxidation
in Au@Pd@Pt NP systems.

4 Conclusions

In this study, we have investigated the adsorption and decom-
position of formic acid on the Au-core@2 ML Pd-shell@0.5 ML

Pt-cluster NPs which display high electrocatalytic activity by
DFT calculations. The center and edge areas with four typical
adsorption sites, bridge, fcc, hcp, and top, are considered in
our simulations for adsorption. The calculated results in the
center area are consistent with previous studies. On the other
hand, our calculations show that the poison intermediate CO
of DFAFCs is repulsed significantly in the edge area. Our
calculated PESs demonstrate that the CO2 pathway in the edge
area is enhanced compared to that at active sites in the center
area. This is probably the origin for the high electrocatalytic
activity of Au@Pd@Pt NPs toward the formic acid oxidation. To
conclude, the unique mushroom-like structure of Au@Pd@Pt
NPs should be the reason for its high electrocatalytic activity for
DFAFCs. Such a finding is expected to be helpful for the design
of new electrochemical catalysts.

Acknowledgements

This work is supported by the National Natural Science Founda-
tion of China (Grant No. 20620130427, 20925311), the National
Basic Research Program of China (Grant No. 2009CB930703,
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