
INTRODUCTION

Recently, there has been a resurgence of interest in alkaline

fuel cells (AFCs) because of the development of alkaline anion

exchange membranes1 and the utilization of non-Pt metal

catalysts2. The electrocatalytic oxygen reduction reaction

(ORR) has attracted extensive interest due to its importance in

the fuel cells2-4. A high metal dispersion5-7 is an important

design factor for oxygen reduction reaction catalysts not only

in alkaline fuel cells but also in acid-based polymer electrolyte

membrane fuel cells (PEMFCs) because it conserves expensive

metals such as Pt5-9.

As a single-atom-thick carbon material with light weight

and high surface area and conductivity, graphene10,11 could be

an ideal substrate for growing and anchoring of functional

nanomaterials for high-performance electrocatalytic or electro-

chemical devices. It has attracted great interest from many

researchers in recent years to decorate nanoparticles on graphene,

such as Sn, Pt, Ni, Pd and so on12-17. Pt/graphene and Pd/

graphene electrocatalysts have been reported to use as anode

and cathode electro-catalysts for hydrogen oxidation and oxygen

reduction reactions, respectively15-17.

In this work, graphene are used as an excellent support to

synthesize small and uniformly dispersed PdSn nanoparticles.

The particle size, size distribution and structural information

are verified using transmission electron microscopy (TEM),
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energy dispersive X-ray (EDX) and X-ray diffraction (XRD).

The active oxygen reduction reaction performance of graphene-

supported PdSn catalysts (PdSn/graphene nano-composite)

with highly dispersed catalyst particles are described in alkaline

solutions employing the cyclic voltammetry (CV).

EXPERIMENTAL

Synthesis of electrocatalyst: The graphene used in this

study was prepared by rapid thermal expansion of graphene

oxide that had been made according to the modified Hummers

method.

The as-prepared graphene (10 mg) was dispersed via

ultrasonication in 100 mL of 5 % wt sodium dodecyl sulfonate

(SDS) water solution. An aqueous solution (0.1 M of SnCl2/

0.1 M of HCl) was immersed and ultrasonication at 25 ºC for

0.5 h, followed by washing with de-ionized water. After

washed, Sn@graphene was vigorously refluxed in the aqueous

mixture of 0.0014 M of PdCl2 and 0.25 M of HCl at 25 ºC in

10, 20, 30 and 60 min, respectively, with ultrasonication.

Prepatation of catalyst electrode: The working electrodes

were prepared by mixing mass fraction 90 % PdSn@graphene

material and 10 % polytetrafluoroethylene (PTFE) in 7 mL

ethanol followed by an ultrasonication treatment for 20 min.

The slurry of the mixture was put onto a nickel foam current

collector with an area of 1 cm2 and pressed under a pressure

of 10 MPa for 5 min to fabricate an electrode. The performance



of a single electrode was tested on CHI760D electrochemical

workstation. The cyclic voltammetric experiments were

carried out at room temperature under flowing nitrogen with

a convention active three-electrode electrochemical setup, in

which the active materials electrode served as working

electrode and a platinum plate and Hg/HgO were used counter

electrode and reference electrode, respectively. 0.1 M NaOH

was used as the electrolyte.

RESULTS AND DISCUSSION

Characterization of Sn-Pd/graphene: The morphologies

and structrural features of the as-prepared PdSn@ graphene

nano-composites are shown in Fig. 1(a-d). It is clear that catalyst

nano-particles are highly and homogeneously dispersed on

the surface of graphene. As ultraphonic time prolonged, the

diameter of nano-particles can be observed to increase from

Fig. 1(a-c). The PdSn nano-particles are generally between 1

and 2 nm in diameter after the 10 min of soaking (Fig. 1a),

while after the 1 h of soaking are between 5 and 10 nm (Fig. 1c).

And these nano-particles cumulate with each other. The cross-

sectional high-magnification TEM image of Fig. 1(d) shows

that PdSn nano-particle has a polycrystalline structure. The

crystal domains with PdSn nano-particle have an interfringe

distance of 0.3794 nm, which is close to the Pd crystal (0.389).
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Fig. 1. TEM image of the PdSn@Pt/graphene nano-composites (a, b, c

corresponding with the soaking time of 10, 20 and 60 min), (d) the

cross-sectional high-magnification TEM image of the 20 min

soaking time of graphene nano-composite

The value was in good agreement with the XRD data. In

addition, the EDX patterns in Fig. 2 reveal that PdSn@graphene

catalysts were composed of C, Sn and Pd elements (refer to

the EDX spectrum in Fig (b-d), a Cu holey carbon support

grid was used).

Fig. 2. XRD patterns of the bare graphene and PdSn@ graphene nano-

composites

Fig. 2 shows the XRD patterns of PdSn@graphene nano-

composites. The peak about at 2θ = 24.8º all XRD patterns

corresponds to the (200) plane of the graphene support (Fig.

2a). The peaks about at 2θ = 33.81º and = 51.6º are indicative

of the formation of Sn. The other four peaks are characteristics

of the face-centred cubic (fcc) crystallite Pd for planes (111),

(200), (220), (311).

The composition analysis of the PdSn@graphene nano-

composites was performed by EDX. Prolonged the time of

impregnation, it was found that the metal ration of Pd was

increased dramatically. The reason why the Sn would be

reduced and then cover the PdSn particles could be attributed

to (i) the interaction between the metals would be stronger

than that between metal and graphene; (ii) Pd crystallite and

Sn are all with fcc structure, which is in favour of the epitaxial

growth of the Pd shell on the Sn core; (iii) As the replacement

reaction takes place, the Sn atom on the surface of graphene

are easily oxidised to SnX+ and the Pd2+ reduced to Pd. Conse-

quently, the catalyst surface will be covered with the Pd. This
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core-shell structure can improve the performance of oxygen

reduction reaction, which will be as follows.

Electrocatalytic properties of Sn-Pd/graphene: The

cyclic voltammetry of the oxygen reduction reaction on graphene

and different soaking time of PdSn@graphene nano-composites

shown in Fig. 4, which were recorded in 0.1 M NaOH alkaline

solutions. Fig. 4(a) shows the oxygen reduction reaction for

these catalysts with the scan rate of 10 mVs-1. The oxygen

reduction reaction peaks were present at E = 0.48 V, whereas

the oxygen reduction reaction peak of curve b was E = 0.465

V. In Fig. 4(b), the onset potential of oxygen reduction reaction

was observed at 0.401 V on curve blank, at 0.377 V on curve

a, at 0.31 V on curve b, at 0.373 V on curve c and at 0.385 V

on curve d, indicating the oxygen reduction reaction on

PdSn@graphene nano-composites could proceed at lower

potential. The peak potential shifted negatively with increasing

Pd atomic ratio but the peak current increased with the soaking

time until 20 min and then decreased for PdSn nanoparticles

catalyst. It could be seen that catalyst with Pd:Sn atomic ratio

of 1:1 had the highest oxygen reduction reaction activity,

according to the EDX data of Fig. 3(c).

This indicate that the catalytic mechanism of PdSn@

graphene nano-composites for oxygen reduction reaction

might be the same as Pd. The electrocatalytic activity enhance-

ments for oxygen reduction reaction are considered that (i)

PdSn@graphene nano-composites have a larger surface area

than the bare graphene, which provides more active sites and

results in high electrocatalytic activity; (ii) core-shell nano-

structure increases the utilization efficiency of precious metal

electrocatalysts and (iii) the electronic effect between Sn and Pd.

Besides, due to diffusion limitations of O2 into the

micropores of graphene aggregates, a large portion of the PdSn

nanoparticles embedded deeply in the aggregated restacked

graphene structure are most likely not available for the oxygen

reduction reaction. Oxygen diffusion within such micropores

should not be strongly affected by hydrodynamic conditions,

i.e., the increasing Pd atomic ratio should have nagetive effect

into the diffusion of O2 into micropores with long diffusion

length. This will explain the observation of the potential varia-

tions in Fig. 4(b). As the O2 diffusion path will be longer for

larger sized graphene, the amount of inactive PdSn nano-

particles for the oxygen reduction reaction will increase. In

other words, only PdSn nanoparticles near the edges of

graphene are electrochemically active for oxygen reduction

reaction. The decrease in specific activity with the increase in

Pd atomic ratio is in agreement with the above assumption.

The results obtained in this work clearly illustrate the importance

of the Pd content of PdSn@graphene nano-composites for full

utilization of the electrocatalyst.

Conclusion

In summary, we showed that the PdSn@graphene nano-

composite can be synthesized in solution with graphene as

the substrate and uniformly dispersed core-shell PdSn

nanoparticles were successfully deposited on the graphene.

The results were discussed in terms of the slow O2 diffusion

through the micropores of aggregated graphene. The impor-

tance of the structure of the Pd content of PdSn@graphene

nano-composites for full utilization of the electrocatalyst has

Fig. 3. Composition analysis of the PdSn@graphene nano-composites by

EDX a, b and c are corresponded to the soaking time of 10, 20 and

60 min
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Fig. 4. Cyclic voltammetric curves of the scan rate of 10 mV s-1 (a) and

100 m V-1 (b) (a, b, c, d and blank versus the impregnated time of

10, 20, 30 and 60 min and the bare graphene)

been demonstrated. These results suggest that PdSn@graphene

nano-composites could be considered a good electrocatalyst

material for use in alkaline fuel cell cathode materials.
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