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SUMMARY

Application of tertiary alloy nanoparticles is becoming more important, however, the local structure of such
alloyed particles, which is critical for tailoring their properties, is not yet very clearly understood. In this study, we
present detailed theoretical analysis on the atomistic structure and CO adsorption in Pd70Co20X10 (X5Au, Mo,
Ni) tertiary composite alloys for their application in fuel cells toward oxygen reduction reaction (ORR). Basic
structure and the most stable configurations for all the three composites are determined. Quantum mechanical
approaches and classic molecular dynamics methods are applied to model the structure and to determine the lowest
energy configurations. Our theoretical results agree well with the experimental results of XRD patterns.
Considering those structures as the base, simulations were performed to determine the magnitude of CO poisoning.
The results obtained by ab-initio calculations allow us to estimate the CO-tolerance that these catalysts might have,
along with those obtained for Pd-Co-Ni (70:20:10 atom%) tertiary alloy, and compared with commercial Pt (1 1 0)
catalyst. From these results, a comparison has been made to show different CO adsorption strengths. This is the
first step to fabricate an efficient engineering design that allows us to obtain high-performance, low-cost
nanostructured catalysts. Copyright r 2010 John Wiley & Sons, Ltd.
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1. INTRODUCTION

Proton exchange membrane fuel cells (PEMFCs) are

promising power sources for transportation, portable,

and stationary applications. There is a decent review of

the different flow field designs employed by stack

developers and academic researchers, and a fairly

expansive discussion of membrane electrolyte based on

Nafions material developed by DuPont de Nemours.

However, the sluggish kinetics of oxygen reduction

reaction (ORR) at the cathode and high cost of

platinum-based noble metal electrocatalysts are two

major challenges that impede the commercialization of

PEMFCs. From previous reports [1–5], it can be

understood that platinum alloys have shown higher

electrocatalytic activities compared to other catalysts.

Pt supported on carbon black is widely used as the

electrocatalyst for ORR in PEMFC due to its high

catalytic activity and an excellent chemical stability in

the fuel cell environment [6]. Particularly difficult

problem is the large over-potential of 0.3 to 0.4V in

the initial part of the polarization curves, which is the
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source of declination in fuel cell’s efficiency. This loss

was partly attributed to the inhibition of O2 reduction

caused by OH� adsorption on Pt in the potential

region of 0.75 to 1V. These challenges have created

enormous interest in the search for less expensive,

more efficient electrocatalysts as well as in lowering the

catalyst loading [6–9]. Extensive investigations have

been conducted to find alternative electrocatalysts that

are more active and less expensive than the benchmark

Pt/C catalysts. Recent studies have shown that most of

the Pt alloy electrocatalysts are not stable in PEMFC

operating conditions [10,11]. In addition to it, the high

cost of Pt has led the researchers around the world to

search for alternative catalysts. Some important

reports available on alternative catalysts are non-

platinum-based metal combinations, [12,13] metal

oxides, [14,15] carbides, [16] chalcogenides, [17]

enzymes, [18,19] inorganic and organometallic com-

plexes, [20,21] and porphyrins. These catalysts are

investigated over the years for ORR, but they generally

exhibit lower catalytic activity than Pt and get

poisoned easily. Probable solution to overcome the

poisoning effects in fuel cell is to use alloyed catalysts,

such as Pt/Ru, Pt/Mo, Pt/Ru/Mo, Pt/Sn, Pt/Ru/WO3,

etc. [22–25]. A carbon-supported Pd-based PdPt

catalyst with a Pd:Pt atomic ratio of 19:1 was

synthesized and applied to a polymer electrolyte

membrane fuel cell. Three different types of single

cells with the electrodes containing (PdPt/C: Pt/C), (Pt/

C: PdPt/C) and (PdPt/C:PdPt/C) as their anode and

cathode electrocatalysts were fabricated and the

performance of them were compared [26,27]. Recent

reports on Pd-based catalysts show that Pt can be

replaced by these catalysts [28–33]. Hence in this study,

the theoretical evaluation of three palladium-based

electrocatalysts, Pd70CO20X10 (X5Ni or Mo or Au),

paying main attention to changes in their chemisorp-

tion energy has been reported.

Advance in computational sciences provides us the

opportunity to implement codes and algorithms in

which quantum mechanical theories can be applied to

predict the behavior of molecular systems. These state-

of-the-art codes have been satisfactorily used in many

areas of the physical/chemical sciences. The electronic,

optical, and structural properties can be simulated

using first-principles calculations. Density functional

theory (DFT) under the Cambridge Serial Total

Energy Package (CASTEP) code has been used to

perform these calculations. Besides the structural

information, the use of molecular simulation methods

allows to understand (a) how the clusters are

formed, (b) which atomistic distribution produces the

minimum energy configurations, and (c) the most

probable configuration in the real material. Poisoning

of catalysts by CO molecules is of high importance

due to the catalyst deactivation process. Therefore,

CO adsorption over the modeled structure is also

performed.

2. THEORETICAL CALCULATIONS

Using a CASTEP module, an atomistic model accom-

plishing both the stoichiometry and XRD pattern was

developed for each of the Pd70Co20X10 alloys and pure

Pt. For comparison, experimental XRD patterns for

Pd-Co-Au and Pd-Co-Mo were taken from references

[34] and [35], the pattern and lattice parameter for Pt

were taken from the references [36] and [37], Scherrer’s

formula was considered to calculate the lattice para-

meter and build up the atomistic model. To assure the

correct description of the structure, a simulation of

XRD pattern was performed. According to the experi-

mental details [38,39], the simulated diffractometer was

set to X-ray, Cu Ka source, with a wavelength of

1.54Angstrom. Temperature of reaction was deter-

mined to be at room temperature (201C), and CO

coverage considered for the calculations was 1ML.

3. RESULTS AND DISCUSSION

Comparison between literature [34,35,40,41] and cal-

culated XRD patterns for Pt, Pd-Co-Au (70:20:10

atom %) and Pd-Co-Mo (70:20:10 atom %) catalysts

for ORR gives a good match between proposed

atomistic models and experimental XRD patterns.

Figure 1(a, b), which correspond to the comparison of

theoretical (calculated) and experimental XRD pattern

of Pd-Co-Mo and Pd-Co-Au, respectively. The diffrac-

tion peaks are characteristic of a face-centered cubic

lattice, but the reflections are shifted to higher angles

compared to that of Pd metal, indicating a contraction

of the lattice due to alloy formation. It is interesting to

note that the samples of Pd-Co-Mo treated at 5001C

and Pd-Co-Au treated at 7501C show different specific

activity for ORR than the commercial Pt [39]. The

specific activity decreases with increasing heat treatment

temperature due to an increase in crystallite size and a

consequent decrease in surface area.

For the host-solute systems investigated, viz., Ni-Au,

Co-Pd, and Co-Pt, it was shown that a strong surface

segregation of Au, Pd, and Pt in these alloys can be

expected based on DFT calculations, [36] and experi-

mental results [37]. As there is no experimental XRD

pattern for Pd-Co-Ni alloy until the writing of this report,

it was estimated to be correct and shown in Figure 1(c).

Although the experimental and calculated XRD patterns

seem to match, an additional step of geometry optimi-

zation for each of the tertiary alloy crystals, to approach

the minimum energy configuration has been carried out

to keep the structure within a reasonable confidence level.

This was achieved by using a GGA-RPBE functional

with ultrasoft pseudopotentials and a density-mixing

scheme for the electronic minimizer. After calculating

the optimized structures, (1 1 0) plane has been con-

structed from the original crystals and their energies were
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calculated through a geometry optimization process

with the same parameters and potentials. Vacuum slab

technique was chosen due to its reliability to reproduce

experimental chemisorption energies. In parallel, a

crystal was built incorporating the poisoning species

(CO) and its energy was also calculated. Afterwards,

assuming that there is a short-bridge adsorption pro-

cess of CO by the metallic species, a crystal simulating

the CO adsorbed by the alloys was built. A supercell or

superlattice is created, as shown in Figures 2–5, and

CO molecules were tilted with respect to each other to

prevent the self-repulsive forces. Energy was evaluated

for all configurations and the chemisorption energies

were also estimated.

Chemisorption energies calculated considering room

temperature and atmospheric pressure for all the tertiary

composites is shown in Table I. CASTEP calculations

were carried out using the general gradient approach—

RPBE functional with ultrasoft pseudopotentials.

A geometry optimization was developed to run the cal-

culations with the use of a BFGS minimizer. Number of

SCF cycles was limited to 500, binding energies of con-

taminant specie, as well as energies of surface and con-

taminant specie adsorbed in the short-bridge way to

crystal atoms were then calculated. The change in the

chemisorption energy for each of the crystals was found

using the well-known formula given by

DEchemisorption ¼ 1=2ECO on supercell ð110Þ�Esurfaceð110Þ�ECO

ð1Þ

Where ECO on supercell (1 1 0) is the energy of CO

molecule adsorbed by the metallic surface represented
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Figure 1. (a). XRD pattern of Pd70Co20Mo10: (i) literature 35 (ii) calculated. (b) XRD pattern of Pd70Co20Au10: (i) literature 34

(ii) calculated. (c) Simulated XRD pattern for Pd-Co-Ni (70:20:10 atom %) tertiary alloy.
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as a supercell, Esurface (1 1 0) is the energy for metallic

(1 1 0) surface without the adsorbed specie and ECO is

the energy calculated for CO molecule crystal. As seen

from Table I, the Pd-Co-Mo tertiary alloy catalyst

with a composition of around Pd:Co:Mo5 70.20:10

exhibits high catalytic activity for ORR in PEMFC

with good chemical stability and the most CO-tolerant

of the three tertiary alloys is Pd-Co-Mo alloy.

4. CONCLUSION

This study demonstrates the feasibility of developing

non-platinum alloy compositions that offer catalytic

activity similar to that of platinum. Comparison of the

electrochemical properties of these new non-Pt alloy

catalysts with that of Pt may also help to develop a

better understanding of the mechanisms involved in

chemisorption energy. Higher change in the chemi-

sorption energy represents lower probability of the CO

to be adsorbed by the crystal. In terms of the Fermi

energy, the higher occupancy of the ‘d’ band near the

Fermi level by the electrons of Pt, Pd-Co-Au, and

Pd-Co-Ni makes them more susceptible of being

attacked by the CO specie, whereas for Pd-Co-Mo

crystal, lower occupancy of the ‘d’ band near the Fermi

level yields to less susceptibility of being attacked by

the CO specie. Furthermore, we have shown that

Pd-Co-Mo tertiary alloy catalyst, with a composition

Figure 3. Supercell for the adsorbed CO species on the Pd-Co-Au (1 1 0) plane.

Pt

C

O

Figure 2. Supercell for the adsorbed CO species on the Pt (1 1 0) plane.
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of around Pd:Co:Mo5 70.20:10, exhibits high catalytic

activity in PEMFC with good chemical stability; and

the most CO-tolerant of the three alloys is Pd-Co-Mo

alloy. Significantly, lower cost of Pd-Co-Mo, Pd-Co-

Au, and Pd-Co-Ni catalysts and the relative abundance

of these metals compared with that of Pt could enhance

the commercial viability of fuel cell technology. This

study demonstrates the feasibility of designing new less

expensive, more efficient non-platinum catalysts for

PEMFC and DMFC, enhancing the commercialization

prospects of fuel cell technology.
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Figure 5. Supercell for the adsorbed CO species on the Pd-Co-Ni (1 1 0) plane.

Table I. Change in chemisorption energies.

Catalyst Change in chemisorption energy (eV)

Pt �1.847 [24]

Pd-Co-Au �587

Pd-Co-Mo 321.9

Pd-Co-Ni �596.52

Figure 4. Supercell for the adsorbed CO species on the Pd-Co-Mo (1 1 0) plane.
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