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Abstract
The mechanism of formic acid decomposition on Pd(111) surface has been investigated by several
theoretical methods in previous studies, including PBE and PW91. These results indicated that the
mechanism is different from different methods, and even by using the same method (i.e., PBE), the
mechanism is also different. In this study, we have revisited the formic acid decomposition on Pd(111)
surface by using another density functional RPBE and by including van der Waals interaction which is
neglected in the previous studies. Our results showed that the formic acid is decomposed via O-H bond
cleavage to form bi-HCOO*, and the most favorable pathway is HCOOH* → bi-HCOO*+H* → CO2+2H*.
The energy barrier is 0.55 eV at the rate-determining step. This conclusion is consistent with one of the
PBE study. This demonstrated that computational methods have great in�uence on the reaction
mechanism, and care should be taken in selecting the appropriate computational methods.

1. Introduction
Energy crisis has become one of the biggest challenges for human society due to the
rising energy demands. To solve the problem, fuel cells are studied extensively because they can convert
the chemical energy of fuels into electrical energy directly to alleviate the energy shortage [1]. To date, the
direct formic acid fuel cell (DFAFC) has attracted great attention as potential power source due to its
advantages such as safety, high electrode potential, lower crossover current, and appropriate power
densities at low temperatures [2-5].

Nowadays, Pd and Pd-based catalysts are commonly employed for the dissociation of formic acid in
DFAFCs [6]. Pd is considered as the most active catalyst among the pure metals. There are two possible
pathways for formic acid (FA) decomposition on the Pd(111) surface, i.e., the dehydrogenation pathway
(HCOOH → CO2+H2) and the dehydration pathway (HCOOH → CO+H2O). The dehydration pathway would
not only decrease the production of hydrogen, but also produce the adsorbed CO to degrade the catalytic
performance of Pd [7]. Thus, the method of improving the selectivity of FA decomposition (via
dehydrogenation pathway) is desirable. To achieve this goal, FA decomposition on Pd surface has been
studied both experimentally [8-12] and theoretically [13-18]. The experimental study showed that the
reaction pathway on Pd(111) surface proceeds primarily via a dehydrogenation pathway at 280 K with
the formation of CO2 and H2, and HCOO- generated by the cleavage of O-H bond in HCOOH is an
important intermediate to enhance the reaction rate [8]. It has also been observed that on Pd(111)
surface, HCOO- is much more e�ciently decomposed than HCOOH and the C-H bond cleavage is found to
be the rate-determining step on Pd/C catalyst [11]. By including NH3 on the Pd(111) surface, CO species
is inhibited and the FA decomposition mainly goes through the dehydrogenation pathway [12]. Besides
pure Pd catalyst, there are also many studies focus on the Pd based alloys, such as Pd-Au [19], Pd-Ag
[20], and Pd alloying with other metals [21-23] in order to enhance the dehydrogenation pathway. For the
theoretical study, it is reported that the dehydrogenation pathway of FA decomposition on Pd(111)
surface is the dominate pathway [14,17] based on the different density functionals. However, the
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obtained rate determining step is found to be different. By using PW91 [24], it has been found that the
rate-determining step is the cleavage of O-H bond of HCOOH* to generate HCOO* with the energy barrier
of 1.00 eV [14]. By using PBE [25], the cleavage of C-H bond of bidentate HCOO* to form CO2+H2 is the
rate-determining step with the energy barrier of 0.79 eV [17]. In addition, a study based on PBE showed
that by locating two new con�gurations for HCOOH adsorption on Pd(111), the formation of CO is
predicted to be competing with the formation of CO2 [15]. 

Motivated by the above study, in this work, we have revisited the FA dissociation on Pd(111) surface by
using the revised Perdew−Burke-Ernzerhof functional (RPBE) [26] and including van der Waals (vdW)
interaction. RPBE is known to be more accurate in describing the adsorption energy of the reaction
intermediate on the catalyst surface [26], compared with PBE and PW91 functionals. In addition, the
impact of vdW correction was demonstrated to be important for FA dissociation on transition metal
surface and agreement with experimental study is achieved by including the vdW interaction [27].

2. Computational Details

2.1 Method
All calculations were carried out using Vienna ab-initio simulation package (VASP) [28-31]. The
interaction between ion cores and valence electrons were described by the projector augmented wave
(PAW) method [32]. The revised Perdew−Burke-Ernzerhof (RPBE) functional [26] was adopted to describe
the exchange and correlation effects. The wave functions at each k-point were expanded with a plane
wave basis set. The kinetic cutoff is set to be 400 eV. The Brillouin zone was sampled by a 3 3 1
Monkhorst Pack k-point mesh [33], while the Fermi surface was treated with second-order
Methfessel−Paxton smearing [34] with a width of 0.1 eV to accelerate electronic convergence. The
geometries were optimized until the energy was converged to 1.0 10-5 eV/atom and the force to 0.05 eV/
Å. Spin polarization was considered during all calculations. The van der Waals (vdW) interaction
calculated with D2 was considered throughout the study. The climbing image nudged elastic band (CI-
NEB) method was adopted to �nd a minimum energy pathway and the transition state (TS) structures
[35]. The minimum energy pathway was optimized using a force-based conjugate-gradient method [31]
until the maximum force was less than 0.05 eV/Å.

2.2 Model
The most stable face-center-cubic (111) surface of close-packed Pd metal is modeled using a four atomic
layers p(33) supercell to investigate the catalytic mechanism of FA decomposition. A vacuum layer of 12
Å along the z direction is set to separate the periodically repeated slabs. For the Pd(111) surface, the
bottom two layers were fixed, while the upper two layers were relaxed during the geometry optimization.
The structure of clean Pd(111) surface are shown in Fig.1 with possible adsorption sites. The adsorption
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energies are de�ned as ∆Eads = Etotal - Esurface - Eadsorbate, where Eadsorbate, Esurf, and Etotal are the energies
of free adsorbate, the clean surface, and the adsorbed system, respectively.

3. Results And Discussion

3.1 Geometries and adsorption of species in FA
decomposition
For the possible species in FA decomposition, the obtained most stable con�gurations are presented in
Fig. 2. The corresponding adsorption energies and selected bond distances are listed in Table 1.

HCOOH. The reaction of FA decomposition starts with the adsorption of gaseous HCOOH. After it is
adsorbed on the Pd surface, two different isomers have been obtained, i.e., trans-HCOOH* and cis-
HCOOH* (Fig. 2). For trans-HCOOH*, the H atom in hydroxyl group (OH) points toward the bridge site on
the Pd surface and trans-HCOOH* bonds with Pd atom at the top site by another O atom with the Pd-O
bond distance of 2.33 Å, in agreement with the previous study [17]. For cis-HCOOH*, it also bonds with Pd
atom at the tope site with the Pd-O bond distance of 2.58 Å, but the H atom in OH pointing away from the
catalyst surface. The adsorption energy for trans-HCOOH* is -0.71 eV (Table 1), stronger than -0.62 eV by
PW91 [14] and -0.37 eV by PBE [17]. This could be caused by the different theoretical methods or the vdW
interaction considered in this work, or both. For cis-HCOOH*, the adsorption energy is weak (-0.34 eV)
compared with the trans-HCOOH*. This value (-0.34 eV) is stronger than -0.11 eV by PBE [17], but weaker
than -0.41 eV by PW91 [14]. In addition, the parallel adsorption structure of HCOOH* with Pd surface in
the previous study [15, 36] has also been taken into account, in which HCOOH* bonds with the surface
through C, O atoms. But unfortunately, we failed to locate this structure.

Table 1 Adsorption sites, bond distances (Å) and adsorption energies (eV) for the most stable adsorbed
species in formic acid decomposition on the Pd(111) surface. Comparison is made with the previous
studies.
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  RPBE PBE a PW91 b

site ∆Eads dPd-C/H dPd-O site ∆Eads site ∆Eads

trans-HCOOH top -0.71   2.33 top -0.37 top -0.62

cis-HCOOH top -0.34   2.58 top -0.11 top -0.41

bi-HCOO bri -2.58   2.17, 2.17 bri -2.32 bri -2.70

mono-HCOO top -1.92 1.97 2.10 top -1.54 top -2.04

trans-COOH top -2.55 2.00   bri -2.16 top -2.57

cis-COOH top -2.38 1.99   bri -2.15 top -2.41

CO2 bri -0.19   3.22,3.22 bri -0.02 bri -0.18

CO fcc -2.00 2.02, 2.06, 2.08   fcc -2.04 fcc -2.05

H fcc -2.82 1.81   fcc -2.87 fcc -2.91

OH bri -2.44   2.15 ,2.17 bri -2.57 bri -2.62

H2O top -0.31   2.51 top -0.25 top -0.51

a Ref. [17] and b Ref. [14]

HCOO. HCOO* is the main intermediate in FA decomposition. It bonds with the Pd surface and forms two
isomers, i.e., bi-dentate HCOO* (bi-HCOO*) and mono-dentate HCOO* (mono-HCOO*). For bi-HCOO*, both
O atoms bonds with Pd surface with the same bond distance of 2.17 Å (Fig. 2 and Table 1). The
adsorption energy is -2.58 eV, indicating a very strong adsorption. For mono-HCOO*, only the O atom at
the carbonyl group (C=O) bonds with the Pd atom with Pd-O bond distance of 2.10 Å. Meanwhile, the H
atom in C-H bond of mono-HCOO* points toward the atop Pd atom with a distance of 1.97 Å. The
adsorption energy is -1.92 eV, much weaker than -2.58 eV for bi-HCOO*, consistent with the previous
studies [14,17].

COOH. Similar to HCOO*, there are also two isomers for COOH*, i.e., trans-COOH* and cis-COOH*. For
both con�gurations, only C atom bonds with Pd surface with the bond distances of 2.00 Å for trans-
COOH* and 1.99 Å for cis-COOH*. For trans-COOH*, the H atom points away from the Pd surface with the
adsorption energy of -2.55 eV. For cis-COOH*, the H atom points toward the Pd surface with the
adsorption energy of -2.38 eV, weaker than trans-COOH*. From Table 1, we also noted that in this study
and previous study by PW91 [14], both COOH* isomers adsorbed on the Pd top site, while they are
adsorbed at the bridge site from the PBE study with nearly the same adsorption energies [17].

CO2. For adsorbed CO2, O-C-O bond angle is 179.3°, slightly deviated from the linear structure. The C=O
bond distance is 1.18 Å, nearly the same as in the gaseous CO2 molecule, suggesting that CO2 is
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adsorbed physically on the surface. The adsorption energy is -0.19 eV, similar to -0.18 eV by PW91 [14],
but stronger than -0.02 eV by PBE study [17].

CO. CO* is adsorbed on the fcc site with three slightly different Pd-C bond distances (Table 1). This is
consistent with the experimental observation that CO* occupied hollow site by scanning tunneling
microscopy [37]. The adsorption energy is -2.00 eV, similar to -2.05 eV by PW91 [14] and -2.04 eV by PBE
[17].

H. H* atom can be stably adsorbed at the fcc site on Pd surface. This is in agreement with the
experimental observation by low-energy electron diffraction that H* atom resides at fcc 3-fold hollow site
on Pd(111) surface [38]. The calculated adsorption energy is -2.82 eV, also close to experimental value of
-2.68 eV [39].

OH. For OH*, it prefers to bind at the bridge site with the adsorption energy of -2.44 eV. The two Pd-O bond
distances are slightly different, i.e., 2.15 Å and 2.17 Å, respectively.

H2O. H2O interacts weakly with the Pd surface with the Pd-O distance of 2.51 Å. The adsorption energy is
-0.31 eV, weaker than -0.51 eV by PW91 [14], but slightly stronger than -0.25 eV by PBE [17].

By comparing different methods, we noted that the adsorption energies from RPBE in this study lie
between PBE and PW91 for cis-HCOOH*, bi-HCOO*, mono-HCOO*, trans-COOH*, cis-COOH* and H2O
(Table 1). For trans-HCOOH* and CO2, the adsorption energies from RPBE are the strongest, while for CO*,
H*, and OH*, RPBE gives the weakest adsorption energies.

3.2 FA decomposition mechanism
After obtaining the most stable adsorption structures, we can now procced to study the FA decomposition
mechanism. The corresponding results are shown in Fig. 3 and Fig. 4. For comparison, our results are
also presented in Scheme 1 together with previous theoretical studies.

FA decomposition via O-H bond cleavage (Fig. 3). In this mechanism, the �rst step is the FA
dehydrogenation via O-H bond cleavage to form bi-HCOO*. In this step, the O-H bond in HCOOH* is
elongated from the initial distance of 1.02 Å to 1.78 Å in transition state TS1. The energy barrier is 0.55
eV with slightly endothermic by 0.07 eV. We know that for isolated bi-HCOO* on the Pd surface, both Pd-O
bond distances are the same (Table 1). However, for the complex state bi-HCOO* + H*, the existence of H
atom makes the two Pd-O bonds having different distances, i.e., 2.16 and 2.23 Å, respectively.
Subsequently, the longer Pd-O bond (2.23 Å) would be broken and the HCOO* species is rotated to form
mono-HCOO*, in which the H atom in C-H group points toward Pd surface, which would be bene�cial for
C-H breaking. The reaction energy barrier in this step is 0.73 eV, which is also the rate-determining step.
After the formation of mono-HCOO*, the formation of �nal product of CO2+2H* is very easy due to the
negligible energy barrier of 0.06 eV. Thus, for the pathway trans-HCOOH* → bi-HCOO*+H* → mono-



Page 7/15

HCOO*+H* → CO2+2H*, the rate determining step is from bi-HCOO* to mono-HCOO*, similar to the
previous study by PBE [15,17] (see also Scheme 1). For the other pathway, i.e., trans-HCOOH* → bi-
HCOO*+H* → CO2+2H*, CO2 is produced directly from bi-HCOO*. In this pathway, the direct
decomposition of bi-HCOO* is carried out through the cleavage of the longer Pd-O bond and the torsional
deformation to form TS4, in which H atom in C-H is close to Pd surface. The energy barrier is 0.55 eV and
the reaction is exothermic by -0.69 eV. This means that in the pathway trans-HCOOH* → bi-HCOO*+H* →
CO2+2H*, both steps have the same energy barrier of 0.55 eV and are the rate-determining steps. This
indicated that for the FA decomposition via O-H bond cleavage, pathway trans-HCOOH* → bi-HCOO*+H*
→ CO2+2H* is preferred. This is in agreement with the previous study by PBE [17].

FA decomposition via C-H bond cleavage (Fig. 4). The C-H bond cleavage in trans-HCOOH* would
produce the intermediate trans-COOH*. The energy barrier is 0.68 eV. After trans-COOH* is formed, there
are three possible pathways to produce the �nal products, i.e., trans-COOH*+H* → CO2+2H*, trans-
COOH*+H* → CO*+H2O, and trans-COOH*+H* → cis-COOH*+H* → CO*+H2O (Fig. 4). For trans-COOH*
directly converts to CO2+2H*, the energy barrier is 1.11 eV and exothermic by -0.50 eV. For trans-COOH*
converts to CO*+H2O, the energy barrier is similar, i.e., 1.18 eV. This suggested that the direct conversion
of trans-COOH* to the �nal product is di�cult due to the high energy barriers. In contrast, the pathway
trans-COOH*+H* → cis-COOH*+H* → CO*+H2O has relatively low energy barriers. The energy barrier is
0.51 eV from trans-COOH* to cis-COOH*, 0.64 eV from cis-COOH*+H* to CO*+H2O, which is more
favorable. Thus, for FA decomposition via C-H bond cleavage, pathway trans-HCOOH* → trans-
COOH*+H* → cis-COOH*+H* → CO*+H2O is favorable. The rate determining step is the formation of
trans-COOH* from trans-HCOOH* with the energy barrier of 0.68 eV, in agreement with the previous study
by PBE [17].

In a word, the above study showed that the FA decomposition via O-H bond cleavage is favored with the
pathway of trans-HCOOH* → bi-HCOO*+H* → CO2+2H*. The energy barrier is 0.55 eV at the rate
determining step, lower than 0.68 eV in the pathway of trans-HCOOH*→ trans-COOH*+H* → cis-
COOH*+H* → CO*+H2O for CO production (Scheme 1). This conclusion is in agreement with the previous
study by PBE [17], but different from the study by PW91 [14], in which the most favorable pathway is
trans-HCOOH* → bi-HCOO*+H* → mono-HCOO*+H* → CO2+2H* (Scheme 1). Meanwhile, we also noted
that in another study by PBE [15], the most favorable pathway is trans-HCOOH* → cis-COOH*+H* →
CO*+H2O, while the most favorable pathway in this work, i.e., trans-HCOOH* → bi-HCOO*+H* → CO2+2H*,
is not examined in Ref. 15. This demonstrated that computational methods would have great in�uence
on both the geometries and electronic properties, and care should be taken in choosing the computational
methods, for instance, calibrating the theoretical methods by comparing with the experimental study or
more reliable theoretical methods. In addition, since the same method gives different conclusions, this
remind us that we should be very careful in selecting the initial and �nal structures during the reaction.

Finally, from Scheme 1, we have also found something in common. All these theoretical studies showed
that the formation of bi-HCOO* from HCOOH* is more favorable compared to the formation of trans-
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COOH* (HCOOH* → bi-HCOO* vs HCOOH* → trans-COOH*). Dehydrogenation pathway is favored along
bi-HCOO* pathway, while dehydration pathway prefers to follow trans-COOH*. The formation of CO2+2H*
from mono-HCOO (mono-HCOO* → CO2+2H*) is very easy due to the negligible energy barrier. This
implies that mono-HCOO* can not exist stably on the catalyst surface because it will be dissociated
immediately to the �nal product once it is formed. For the formation of CO*+H2O, the main intermediate is
cis-COOH* and trans-COOH* is relatively easy to be transformed to cis-COOH*, while direct formation of
CO*+H2O from trans-COOH* is di�cult. This means that if more HCOO* species can be obtained
experimentally and meanwhile reduce the formation of COOH*, the production yield of hydrogen would be
high.

4. Conclusions
The formic acid decomposition on Pd(111) surface is revisited by using the density functional RPBE and
by including the van der Waals interaction. Our calculations showed that FA decomposition is through the
O-H bond cleavage pathway, and the most favorable pathway is HCOOH* → bi-HCOO*+H* → CO2+2H*.
The energy barrier is 0.55 eV at the rate determining step, lower than 0.68 eV in the pathway for CO
production. This means that the dehydrogenation pathway is preferred over dehydration pathway. This
conclusion is in agreement with one of the previous PBE study [17]. Meanwhile, the inconsistent
conclusions from the previous theoretical studies based on different methods remind us that we should
be careful in selecting both the theoretical methods and the initial and �nal structures during the reaction.
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Figure 1

Top view of the Pd(111) surface and possible adsorbed sites, i.e., top site, bridge site, hexagonal-close
packed site (hcp), and face-centered-cubic site (fcc). For clarity, only two layers are displayed.

Figure 2

The most stable adsorption con�gurations for the species during the formic acid decomposition on
Pd(111) surface. The red, gray, white and dark-blue balls are O, C, H and Pd atoms, respectively.
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Figure 3

Potential energy pro�les for trans-HCOOH decompose through O-H bond cleavage.
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Figure 4

Potential energy pro�les for trans-HCOOH decomposition initiated by C-H bond cleavage.
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