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A carbon-supported palladium catalyst modified by non-metal phosphorus (PdP/C) has been developed as
an oxygen reduction catalyst for direct methanol fuel cells. The PdP/C catalyst was prepared by the sodium
hypophosphite reduction method. The as-prepared Pd nanoparticles have a narrow size distribution with
an average diameter of 2 nm. Energy dispersive X-ray analysis (EDX), X-ray photoelectron spectroscopy
(XPS), and X-ray diffraction (XRD) results indicate that P enters into the crystal lattice of Pd and forms an
alloy. The PdP/C catalyst has an oxygen reduction reaction (ORR) activity comparable to the commercial
Pt/C catalyst and a higher activity than the Pd/C catalyst synthesized by the conventional NaBH,4 reduction
method. Its high catalytic activity can be attributed to its small size, lower relative crystallinity, and the

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

Proton exchange membrane fuel cells (PEMFCs) and direct
methanol fuel cells (DMFCs) are attracting more and more atten-
tion as environmentally friendly power sources for transportation
and stationary applications. The oxygen reduction reaction (ORR)
is a fundamental reaction in fuel cell systems. Platinum has been
widely used as the catalyst for the ORR because of its high cat-
alytic activity, but its high price and poor methanol tolerance ability
have urged the development of non-platinic materials, such as
ruthenium-based materials [1-4], macrocycle catalysts [5-7], and
Pd [8-23]. Pd has a similar valence shell electronic configuration
and lattice constant to platinum. It is less expensive and relatively
abundant compared to Pt. More importantly, the Pd catalyst is
highly methanol tolerant [8,9], making it a promising alternative
material for the ORR. To further improve its catalytic activity and
stability for the ORR, many metallic elements such as Ti[10], Au[11],
Co[12-20],Fe[21],Ni[22], etc. were added to Pd. These metallic ele-
ments, however, easily leaked into the strong acid electrolyte under
electrochemical oxidative conditions. Some non-metals, such as S
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and Se, were also added to Pd [23], they had little positive effect on
the catalytic activity of Pd, and S was even deleterious.

In this paper, we present a new Pd catalyst modified by non-
metal phosphorus (denoted as PdP/C) to greatly improve the
catalytic activity of Pd for the ORR. The catalyst was prepared by the
sodium hypophosphite reduction method. The nature and function
of phosphorus in the catalyst were analyzed.

2. Experimental

PdP/C (20wt.% Pd) catalyst was prepared by the sodium
hypophosphite reduction method [24-26]. First, an appropriate
amount of PdCl, aqueous solution was thoroughly mixed with Vul-
can XC-72 carbon by sonication and agitation. NaH, PO, solution at
amolar ratio of Pd:P=1:60 was then added into the above mixture.
The pH of the solution was adjusted to ca. 9 by a 5% NaOH solu-
tion. The solution was heated to 90°C for 10 h and then cooled in
air before the catalyst was filtered and washed with distilled water.
Finally the catalyst was dried at 80 °Cin a vacuum oven. For compar-
ison, Pd/C (20 wt.% Pd) catalyst was prepared with the conventional
impregnation method by reduction of NaBHy.

The TEM images were recorded on a JEOL 2010 transmis-
sion electron microscope operating at 200kV. The composition
of the prepared catalysts was estimated by energy disper-
sive X-ray analysis (EDX) on a JEOL JAX-840 scanning electron
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Fig. 1. EDX spectrum of the PdP/C catalyst.

microscope operating at 20 kV. The X-ray diffraction (XRD) patterns
for the catalysts were obtained using a Rigaku-D/MAX-PC 2500 X-
ray diffractometer with the Cu Ko (A =1.5405 A) radiation source
operating at 40kV and 200 mA. X-ray photoelectron spectroscopy
(XPS) measurements were carried out using a Kratos XSAM-800
spectrometer with an Mg Ka radiator. All electrochemical mea-
surements were performed at ambient temperature with an EG&G
PARC potentiostat/galvanostat (model 273A) and a conventional
three-compartment electrochemical cell. All potentials were ref-
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erenced to the Ag|AgCl|KCI (sat.) electrode. The working electrode
was a rotating glassy carbon electrode (5 mm in diameter) that was
covered with the catalysts after being polished and cleaned by son-
ication. The current density in the electrochemical measurements
was normalized to the geometrical surface area of the working
electrode.

3. Results and discussion

Fig. 1 shows a typical EDX spectrum of the PdP/C catalyst. The
composition of the PdP/C nanocatalyst consists of Pd (17.83 wt.%),
P (0.51 wt.%), C(73.29 wt.%), and O (8.37 wt.%). The result indicates
that P coexists with the Pd nanoparticles and the atomic ratio of Pd
to P is 1.0:0.1. Fig. 2 shows XPS results for the Pd/C and PdP/C cat-
alysts. The binding energies of the C(1s) main peak, Pd(3ds,;), and
Pd(3d3,, ) for the Pd/C catalysts are 284.7 eV, 334.7 eV, and 340.2 eV,
respectively. The binding energies of the C(1s) main peak, Pd(3ds, ),
and Pd(3dsp,) for the PdP/C catalysts are 284.6eV, 334.8eV, and
340.4 eV, respectively. A comparison of XPS data between the Pd/C
and PdP/C catalysts shows that the shift in the Pd(3d) peak is neg-
ligible. Moreover, no signal from P was detectable from the P(2p)
spectrum in the PdP/C catalyst [24]. Therefore, P must lie in the
interior of the PdP/C nanoparticles. This phenomenon is different
from that reported in the literature for PtRuP/C, PtSnP/C, and NiP
catalysts [24,25,27].

Fig. 3 displays the XRD patterns of the Pd/C and PdP/C catalysts.
In both XRD patterns, the diffraction peak at ca. 25° is due to the
(002)crystal face of carbon. The other diffraction peaks at ca. 39.7°,
45.8°, and 67.8° correspond to the (111),(200), and (2 20) crystal
faces of Pd, respectively. Therefore, the Pd particles in both Pd/C
and PdP/C catalysts have a face centered cubic (fcc) structure. The
diffraction peaks of the PdP/C catalyst (Fig. 3b) are much broader
than those of the Pd/C catalyst (Fig. 3a), showing that the average

(B) C1s

Intensity (a.u.)

(b) PdPIC

(a) PIC

275 280 285 290 295 300
Binding Energy (eV)

T
125 130

T T T 1
135 140 145 150

Binding Energy (eV)

Fig. 2. XPS for the Pd/C and PdP/C catalysts: (A) Pd(3d) spectra, (B) C(1s) spectra, and (C) P(2p) spectrum (only for the PdP/C catalyst).
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Fig. 3. XRD patterns of the (a) Pd/C and (b) PdP/C catalysts.

size of the Pd particles in the PdP/C catalyst is much smaller than
those in the Pd/C catalyst and that the relative crystallinity of the
PdP/C particles is much lower than that of the Pd/C catalyst. The
average particle size, L, can be estimated from the Pd(220) peak
according to the Scherrer formular [28,29]:

_ 0.9hkq
B(26) €OS Omax

where A, is the incident wavelength (1.54056 A) and B(20) is the
width of half peak in radians. The calculated average particle size
for the PdP/C and Pd/C catalysts is 2.2 nm and 4.6 nm, respectively.
In addition, the 26 values of the characteristic peaks of the PdP/C
catalyst shift towards higher 26 values compared to those of the

Pd/C catalyst. The lattice parameters, a¢., for Pd particles with fcc
structure were evaluated from the angular position of the Pd(2 2 0)
peak maxima (26 =67.86° for PdP/C and 67.66° for Pd/C catalysts)
according to the following formula [29]:

\/ 2)"](()(1

a = — .
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The calculated lattice parameters are 0.3903 nm and 0.3913 nm
for the PdP/C catalyst and the Pd/C catalyst, respectively. This indi-
cates that the crystal lattice of Pd contracts in the presence of P.
Furthermore, no phosphorus or phosphide phase is observed in the
XRD patterns. Therefore, phosphorus has entered into the crystal
lattice of Pd at the atomic level.

The TEM images of the Pd/C and PdP/C catalysts are presented
in Fig. 4. The nanoparticles in the PdP/C catalyst dispersed more
uniformly on the carbon support (Fig. 4a). Moreover, Pd particles in
the PdP/C catalyst (Fig. 4b) have smaller sizes and a narrower size
distribution than particles in the Pd/C catalyst. The average size of
the Pd nanoparticles in the PdP/C catalyst is ca. 2 nm, consistent
with the size calculated from the XRD data. The TEM study demon-
strates that the addition of phosphorus inhibits the aggregation of
Pd particles, leading to higher dispersion of the Pd nanoparticles
and a narrow size distribution.

Cyclic voltammograms of the Pd/C and PdP/C electrocatalysts in
0.5 M H;S04 solutions are shown in Fig. 5. The hydrogen adsorption
and desorption peaks for both catalysts are located at ca. —0.05V
and 0.05V, respectively. The area of the hydrogen adsorption and
desorption peaks for the PdP/C catalyst (Fig. 5b) are much larger
than that for the Pd/C catalyst (Fig. 5a). The Pd oxidation peak of
the PdP/C catalyst is located at more negative potential than that of
the Pd/C catalyst, indicating that the oxidation of Pd is easier in the
presence of P, while the reduction peak of the oxides of the PdP/C
catalyst is located at a more positive potential than that of the Pd/C
catalyst. This implies that the reduction of the oxides formed during

Fig. 4. TEM images of the (a) Pd/C and (b) PdP/C catalysts.
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Fig. 5. Cyclic voltammograms of the (a) Pd/C and (b) PdP/C catalysts in 0.5 M H,SO4
solutions. Scan rate, 50mVs~'.
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Fig.6. Linear sweep voltammograms (LSVs) of the (a) Pd/C, (b) PdP/C, and (c) Pt/C (E-
TEK) catalyst in 0.5 M oxygen-saturated H,SO,4 solutions. Sweeping rate, 10mVs—';
rotation speed, 1500 rpm.

the sweep to positive values is more facile in the presence of P. The
shifts in the oxidation peak and reduction peak may be ascribed to
the change in nanoparticle size and the formation of the PdP alloy.

Fig. 6 shows linear sweep voltammograms of the Pd/C, PdP/C,
and Pt/C (E-TEK) catalysts in 0.5 M oxygen-saturated H,SO4 solu-
tions. The onset potential and the half-wave potential for the ORR
at the PdP/C catalyst electrode are 50mV and 85 mV more pos-
itive than those at the Pd/C catalyst electrode, respectively. This
implies that the PdP/C catalyst is more active than the Pd/C cat-
alyst. The high activity of the PdP/C catalyst can be attributed to
smaller nanoparticle sizes, lower relative crystallinity, and forma-
tion of the PdP alloy [19,30,31]. The limiting current density at the
PdP/C catalyst electrode comes up to the level of the commercial
Pt/C (E-TEK 20 wt.%) catalyst and is significantly larger than that of
the Pd/C catalyst electrode. The lower limiting current density at
the Pd/C catalyst may be ascribed to larger nanoparticle sizes that
result in lower Pd surface area.

4. Conclusions

In this study, a PdP/C catalyst was synthesized by the
sodium hypophosphite reduction method and exhibited high
electrocatalytic activity for the ORR. The physicochemical and elec-
trochemical characterization of the PdP/C catalyst showed that the
high electrocatalytic activity of the PdP/C catalyst can be attributed
to smaller Pd particle size, lower relative crystallinity, and forma-
tion of the PdP alloy. The results demonstrate that the introduction
of a non-metal element into Pd catalysts is a promising strategy to
develop alternative catalysts for the ORR.
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