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bstract
In this paper, it is reported for the first time that a carbon-supported Pd-P (Pd-P/C) catalyst for the anodic catalyst in the direct formic acid fuel
ell (DFAFC) can be prepared. The Pd-P/C catalyst shows that its electrocatalytic activity and especially its stability for the oxidation of formic
cid are much higher than that of a Pd/C catalyst. Therefore, the Pd-P/C catalyst may have practical applications in DFAFCs.

2006 Elsevier B.V. All rights reserved.
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. Introduction

Recently, the advantages of a direct formic acid fuel cell
DFAFC) have being progressively recognized compared to a
irect methanol fuel cell [1]. For example, formic acid is non-
oxic and has two orders of magnitude smaller crossover flux
hrough a Nafion membrane than methanol [2]. Consequently,
he optimal operating concentration of formic acid in a DFAFC
an be as high as 15 M [3,4]. Thus, the power density of a DFAFC
an be higher than that of DMFC although the energy density of
ethanol is higher than that of formic acid.
In recent years, Ha et al. [1–6] investigated the Pd/C catalyst

s a anodic catalyst for the DFAFC and found that Pd possesses
ood electrocatalytic activity for the oxidation of formic acid
7–10]. However, the Pd catalyst has some drawbacks. Espe-
ially, Pd is easily oxidized compared with Pt. Thus, one of
he disadvantages of Pd as an anodic catalyst is its instability
11]. A very slow deactivation was found to reduce the oxida-
ion current in the process of the oxidation of formic acid on a

d catalyst [7]. It was reported that Pd initially shows electro-
atalytic activity for the oxidation of formic acid much higher
han that of a Pt or a Pt/Pd catalyst, but the steady-state activities
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rted Pd-P catalyst

re in the order of Pt/Pd > Pd > Pt [12]. The electrocatalytic sta-
ility of Pd for the oxidation of formic oxidation may be related
o impurities in the solution because it was reported that after
ormic acid was purified, the electrocatalytic stability was in the
rder of Pd > Pt/Pd > Pt [3,9]. Thus, there may be several fac-
ors affecting the electrocatalytic stability of Pd-based catalysts.
his should be studied further.

In order to improve the stability of the Pd catalyst, the
d-based composite catalysts were investigated. Most of the
eported Pd-based composite catalysts are composed of Pd
nd other metal elements, such as Pd-Pt [12,13] and Pd-Au
14]. In the present work, a carbon-supported composite cat-
lyst composed of Pd and a nonmetal element, P, was pre-
ared. Its electrochemical activity and especially the stability
or the oxidation of formic acid are better than that of a Pd/C
atalyst.

The preparation procedure of the 20 wt.% Pd/C and Pd-P
atalysts is as follows. 25.0 mg of NH4F, 125 mg H3BO3 and
.13 mL 0.045 M PdCl2 solution were added to 10 mL water.
ixty milligrams Vulcan XC-72 carbon was added to the solu-

ion and the suspension obtained was sonicated for 30 min at
oom temperature. The pH of the suspension was adjusted to
–9 using concentrated ammonia. Then 10 mL NaBH4 solution

as added slowly into the suspension and sonicated for 30 min.
fter it was filtered, washed with the triply distilled water and
ried in a vacuum oven at 60 ◦C, a 20 wt.% Pd/C catalyst was
btained.
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Fig. 1. The XRD patterns of: (a) the Pd/C and (b) Pd-P/C catalysts.

A similar method was used to prepare a Pd-P/C catalyst. The
nly difference was that after the above suspension was obtained,
0 mL 0.1 M NaH2PO2 solution was added to the suspension
ith stirring and the reductant, NaBH4 was not added.
The electrochemical measurements were performed using a

HI 600 electrochemical analyzer and a conventional three-
lectrode electrochemical cell at 30 ± 1 ◦C. A Pt plate was used
s the auxiliary electrode. A saturated calomel electrode (SCE)
lectrode was used as the reference electrode. A catalyst mod-
fied glassy carbon (GC) electrode was used as the working
lectrode. Nine microliters slurry obtained was laid on the sur-
ace of the glassy carbon electrode. The specific loading of Pd
n the electrode surface was about 28 �g cm−2. The solution
or the measurement was 0.5 M H2SO4 solution with or without
.5 M HCOOH.

Energy dispersive spectroscopy, X-ray diffration (XRD)
nd transmission electron microspectroscopy (TEM) techniques
ere used to characterize the catalysts.
The measurement of the energy dispersive spectrum of the

d-P/C catalyst indicated that the Pd-P/C catalyst contained
bout 20.0 wt.% Pd, 0.52 wt.% P and the atomic ratio of Pd

nd P in the catalyst was 1.0:0.09.

Fig. 1 shows XRD patterns of the Pd/C and Pd-P/C catalysts.
t was found from Fig. 2, curve ‘a’, that the 2θ values of four

ig. 2. The cyclic voltammograms of 0.5 M HCOOH in the 0.5 M H2SO4 solu-
ion at: (a) the Pd/C and (b) Pd-P/C catalyst electrodes at 50 mV s−1.
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ig. 3. The chronoamperometric curves of 0.5 M HCOOH in 0.5 M H2SO4

olution at: (a) the Pd/C and (b) Pd-P/C catalyst electrodes for 1000 s. Fixed
otential: 0.3 V.

eaks corresponded to that of the Pd(1 1 1), (2 0 0), (2 2 0) and
3 1 1) crystal faces of the face centered cubic crystalline of the
d/C catalyst, respectively (ASTM standard 5-681(Pd)), illus-

rating that Pd in the Pd/C catalyst possesses the structure of a
ace centered cubic crystal. The 2θ values of the characteristic
eaks for the Pd-P/C catalyst (Fig. 1, curve ‘b’) shifted to the
igh 2θ direction comparing the peak positions of Pd (Fig. 1,
urve ‘a’), revealing that P has entered into the Pd lattice and an
lloy of Pd and P was formed. The average sizes of the Pd and
d-P particles in the Pd/C and Pd-P/C catalysts were measured

o be 3.2 and 3.0, respectively, according to the procedure in
he literature [15,16]. The results indicated that the Pd and Pd-

particles in the Pd/C and Pd-P/C catalysts were similar. The
verage sizes of the Pd and Pd-P particles obtained from TEM
easurements are in agreement with that from the above XRD
easurements.
Fig. 2 shows the cyclic voltammograms of 0.5 M HCOOH

n the 0.5 M H2SO4 solution at the Pd/C and Pd-P/C catalyst
lectrodes at 50 mV s−1. It can be observed from Fig. 2, curve
a’, that in the positive scan direction, a main peak at 0.085 V and
small peak at about 0.546 V were observed. Their peak currents
re 6.34 and 3.00 mA cm−2, respectively. The corresponding
eaks are located at 0.072 and 0.543 V and the peak currents are
.57 and 3.72 mA cm−2 at the Pd-P/C catalyst in Fig. 2, curve ‘b’.

Comparing with the Pd/C catalyst, the potential of the main
eak for the oxidation of formic acid at the Pd-P/C catalyst
lectrode shifted 18 mV in the negative direction and the peak
urrent was increased 1.19 mA cm−2. Thus, it is obvious that the
lectrocatalytic activity of the Pd-P/C catalyst for the oxidation
f formic acid is higher than that of the Pd/C catalyst. Because
he average sizes of the Pd and Pd-P particles in the Pd/C and
d-P/C catalysts are similar, the high electrrocatalytic activity
f the Pd-P/C catalyst can be only attributed to the P doping.

Fig. 3 shows the chronoamperometric curves of 0.5 M
COOH in 0.5 M H2SO4 solution for two catalyst electrodes

t 0.3 V. It can be observed that the current densities at the

d/C and Pd-P/C catalyst electrodes at 1000 s were 0.33 and
.72 mA cm−2, respectively. When the potential was fixed at
.3 V, the current densities at the Pd/C and Pd-P/C catalyst elec-
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ig. 4. The chronoamperometric curves of 0.5 M HCOOH in 0.5 M H2SO4

olution at: (a) the Pd/C and (b) Pd-P/C catalyst electrodes for 6000 s. Fixed
otential: 0.1 V.

rodes at 1000 s were 0.017 and 1.510 mA cm−2, respectively.
t 0.1 V, the corresponding current densities were 1.54 and
.41 mA cm−2, respectively. When the fixed potential was 0.1 V
nd the time was extended to 6000 s, the current densities at the
d/C and Pd-P/C catalyst electrodes at 6000 s were 0.060 and
.118 mA cm−2, respectively (Fig. 4). The above electrochemi-
al results demonstrate that after P is added to the Pd particles,
he electrocatalytic performance of the catalyst for the oxidation
f formic acid was increased. Especially, the electrocatalytic sta-

ility of the Pd-P/C catalyst for the oxidation of fomic acid was
uch better than that of the Pd/C catalyst. Pd is easily oxidized,

ut after P is added to the Pd particles, Pd may be not be so
asily oxidized because P is already a nonmetallic element.
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