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Pd metal supported on carbon nanotubes (Pd/CNT) for use as a cathode catalyst in polymer electrolyte
fuel cells was covered with silica layers a few nanometers thick to improve the durability of the catalyst
under severe cathode conditions. The silica-coated Pd/CNT cathode catalyst showed similar activity for
the oxygen reduction to Pd/CNT despite coverage of the Pd metal with a silica insulator. In addition,
the silica-coated Pd/CNT was highly durable during potential cycling between 0.05 and 1.20 V (vs. revers-
ible hydrogen electrode) in aqueous HClO4 while Pd/CNT suffered serious deactivation under the same
conditions. The silica layers in the silica-coated Pd/CNT prevent the diffusion of dissolved Pd species from
the Pd metal out of the layers. Therefore, silica-coated Pd/CNT was highly durable under the cathode con-
ditions. Furthermore, coverage of Pd/CNT with silica layers inhibited the two-electron reduction of oxy-
gen to H2O2.

� 2011 Elsevier Inc. All rights reserved.
1. Introduction

Polymer electrolyte fuel cells (PEFCs) are promising devices
used for the direct conversion of hydrogen chemical energy into
electricity by the oxidation of hydrogen with oxygen [1,2]. Pt metal
has been used as a catalytically active metal component for the
hydrogen oxidation reaction (HOR) at the anode and for the oxygen
reduction reaction (ORR) at the cathode in PEFCs. The sluggish rate
of the ORR on Pt compared with the HOR requires more Pt loading
in the catalysts at the cathode, which impedes the full commercial-
ization of PEFCs because of the high cost of Pt [3,4]. Recent inten-
sive research efforts toward reducing or replacing Pt catalysts in
PEFCs have led to the development of new electrocatalysts for
the ORR; these include Pt-based alloys such as Pt–Co and Pt–Pd
[5–8]. Pt alloy catalysts show higher activity for ORR than pure
Pt metal catalysts. The loading of Pt metal in PEFC cathodes de-
creases when Pt-based alloy catalysts are used in the cathode.
However, the cathode catalysts in the PEFCs are required to work
under severe conditions, such as low pH, highly positive potential,
high temperature, and an oxygen atmosphere. Under these severe
conditions, most catalyst metal species in the cathode inevitably
dissolve, which causes a rapid deactivation of the catalysts at the
cathode. Because the dissolved metal species diffuse into and de-
posit on the polymer electrolyte membranes, the dissolution of
metal species in cathode catalysts causes a decrease in the conduc-
ll rights reserved.
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tivity of protons in the polymer electrolyte membranes [9–11]. It is
thus desirable to limit the dissolution and diffusion of metals from
the catalysts in the cathodes.

The deactivation of Pt catalysts in the cathode impedes the
commercialization of PEFCs [12]. Carbon black-supported Pt cata-
lysts that are used in the cathode of state-of-the-art PEFCs should
be able to operate under severe conditions such as high potential
and low pH. Pt catalysts are deactivated by the aggregation of Pt
metal particles on the carbon supports and their activity is de-
creased as a result of the growth of Pt particles through the disso-
lution and subsequent deposition of Pt metal (Ostwald ripening)
[13–16]. Many research groups have attempted to develop meth-
ods to improve the durability of Pt catalysts under severe cathode
conditions [12]. The pore structure and functional groups of carbon
supports inhibit the aggregation of Pt metal particles to some ex-
tent, but these are not effective in suppressing Pt metal dissolution.
For the development of Pt or Pt-based alloy catalysts that are
highly active and durable during the ORR, it is important to devel-
op methods to suppress the diffusion of metal species out of the
catalysts under PEFC cathode conditions.

We previously developed carbon-supported Pt catalysts cov-
ered with silica layers a few nanometers thick for use as cathodes
in PEFCs [17,18]. The silica-coated Pt catalysts were highly active
and had excellent durability for the ORR under PEFC cathode con-
ditions despite the coverage of the Pt metal with a silica insulator.
However, Pt catalysts without a silica-coating suffered serious
deactivation under the same conditions because of Pt metal
particle growth caused by the aggregation of Pt metal particles
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and the dissolution and subsequent deposition of Pt metal. The sil-
ica layers that are wrapped around the Pt metal prevent the migra-
tion of Pt metal particles from the carbon support and prevent the
diffusion of dissolved cationic Pt species out of the catalysts. We
believe that our silica-coating technique unlocks new ways to de-
velop highly durable non-Pt metal catalysts for the ORR at the
cathode in PEFCs, because the coverage of metals with silica layers
inhibits the diffusion of metal species out of the catalysts [19].

In this study, Pd metal particles were covered with silica layers.
It is well known that Pd metal is highly active during the ORR
[20,21]. Pd is a relatively abundant and less expensive resource
compared with Pt. However, Pd metal dissolves easily under the
cathode conditions in PEFCs. We therefore demonstrate that the
coverage of Pd metal particles with silica layers prevents the diffu-
sion of Pd species out of the catalysts. The silica-coated Pd catalysts
are highly active and have excellent durability for the ORR under
severe cathode conditions.
2. Experimental

2.1. Preparation of catalysts

Multiwalled carbon nanotubes (CNTs) were used as supports for
the Pd metal because carbon black, a conventional support for Pt in
PEFCs, is easily corroded by oxidation during the accelerated dura-
bility test of the catalysts at the cathode by potential cycling [22–
25]. CNTs (Wako Pure Chemical Industries) were immersed into a
mixed aqueous solution of 8.0 M H2SO4 and 8.0 M HNO3 and then
mixed ultrasonically at 328 K for 2 h to oxidize the CNT surfaces
[26]. The obtained CNTs were thoroughly washed with distilled
water several times and dried in air. The CNTs were dispersed in
an aqueous solution containing PdCl2 and dried. The obtained sam-
ples were treated in hydrogen at 623 K for 1 h to reduce the Pd pre-
cursors to Pd metal. The CNT-supported Pd metal is denoted as Pd/
CNT hereafter. The Pd loading in Pd/CNT was determined to be
5.0 wt.% by inductively coupled plasma atomic emission spectros-
copy (ICP-AES). The Pd/CNT was covered with silica layers by suc-
cessive hydrolysis with 3-aminopropyltriethoxysilane (APTES) and
tetraethoxysilane (TEOS) [27,28]. The Pd/CNT was dispersed in
water and the pH of this solution was adjusted to ca. 10 by the
addition of triethylamine. APTES was added to the solution and
was then stirred at 333 K for 0.5 h. TEOS was then added to the
solution and was stirred at 333 K for 2 h. The obtained samples
were dried in air at 353 K and reduced with hydrogen at 623 K
for 3 h. The Pd/CNT covered with silica layers is denoted as SiO2/
Pd/CNT hereafter.
2.2. Measurement of cyclic voltammograms

Cyclic voltammograms (CVs) were obtained using a three-com-
partment electrochemical cell with a Pt mesh and a saturated
Ag/AgCl electrode serving as counter and reference electrodes,
respectively. The saturated Ag/AgCl electrode was separated from
the working electrode compartment by a closed electrolyte bridge.
All the potentials are given relative to the reversible hydrogen elec-
trode (RHE). A glassy carbon disk electrode (5 mm diameter) was
used as a substrate for the catalysts and polished to a mirror finish.
Catalyst ink was prepared by ultrasonically blending 10 mg of the
catalyst (Pd/CNT or SiO2/Pd/CNT) and 5 ml of methanol. A 20-ll
aliquot of this ink was deposited on a glassy carbon disk and dried
at 333 K. Twenty microliters of a 1 wt.% Nafion solution diluted
with methanol was dropped onto the catalysts to ensure that the
catalysts attached to the disk. Nafion ionomer (5% Nafion suspen-
sion in alcohol, Aldrich) was diluted with methanol to obtain a
1 wt.% Nafion solution before dropping it onto the electrode. The
working electrode was immersed in a N2-purged 0.1 M HClO4 elec-
trolyte solution at 303 K. A solution containing 0.1 M HClO4 elec-
trolyte (Wako Pure Chemical Industries, super special grade) was
prepared using deionized water (Millipore, 18 MX cm). CVs of
the catalysts were measured at a scan rate of 50 mV s�1 between
0.05 and 1.20 V. Accelerated durability tests for the catalysts were
carried out by cycling the potential of the working electrode in a
triangular wave at a scan rate of 50 mV s�1 between 0.05 and
1.20 V in N2-purged 0.1 M HClO4 at 303 K.

2.3. Catalytic evaluation using PEFC single cells

The catalytic activity of Pd/CNT and SiO2/Pd/CNT for the ORR
was examined using PEFC single cells. Cathode catalyst ink for
the preparation of the membrane-electrode assembly (MEA) was
prepared by ultrasonically mixing Pd/CNT or SiO2/Pd/CNT with
2-propanol and 5% Nafion ionomer. Anode catalyst ink was pre-
pared by ultrasonically mixing Pt metal (10 wt.%) supported on
carbon black (Vulcan XC72, Cabot Co.) with 2-propanol and the
Nafion ionomer. The carbon black-supported Pt metal catalysts
were prepared by a conventional impregnation method. The aver-
age particle diameter of the Pt metal in the catalysts was estimated
to be 3.3 nm by the adsorption of CO. We assumed that CO ad-
sorbed onto the surface of the Pt atoms at a mole ratio of CO/
Pt = 1. The catalyst ink was painted onto the surface of Teflon-
coated carbon paper (5 cm2, Toray) as a gas diffusion layer. A
MEA with an area of 5 cm2 was fabricated by hot pressing the cath-
ode and anode with Nafion 117 (Aldrich) at 403 K and 10 MPa for
3 min. The MEA was placed on the PEFC single cells (Electrochem.
Co., EFC-05-02). Hydrogen (flow rate = 28 ml min�1) and oxygen
(flow rate = 28 ml min�1) were supplied to the anode and cathode,
respectively. The gases for the cathode and anode were humidified
at 353 K before their introduction into the cells. Before obtaining
polarization curves for the single cells, MEA was conditioned by
the supply of hydrogen to the anode and oxygen to the cathode
at a cell voltage of 0.5 V for 1 h. The cell voltage for the single cells
was cycled between 0.05 and 1.20 V to perform an accelerated
durability test for the catalysts at the cathode. During the durabil-
ity test, hydrogen and nitrogen were supplied to the anode and
cathode, respectively. Polarization curves for the single cells were
also measured after the introduction of oxygen to the cathode.

2.4. Catalytic evaluation using a rotating ring-disk electrode

Electrochemical measurements using a rotating ring-disk elec-
trode (RRDE) were carried out using a three-electrode electro-
chemical cell. A glassy carbon rod (diameter = 6 mm) was used as
a counter electrode, and Ag/AgCl was used as a reference electrode.
The working electrode was composed of a Pt ring on a 6-mm-diam-
eter glassy carbon core embedded in a Teflon cylinder. Catalyst ink
was prepared by ultrasonically blending Pd/CNT or SiO2/Pd/CNT
and methanol. This ink was deposited on a glassy carbon disk.
The amount of Pd catalyst deposited onto the glassy carbon rod
was such that the Pd content was equivalent in both the experi-
ments. After drying the catalysts at room temperature, the Nafion
solution diluted with methanol was dropped onto the catalysts to
ensure that the catalysts were attached to the disk. The catalysts
were immersed in 0.1 M HClO4 at room temperature. The polariza-
tion curves for the ORR on Pd/CNT and SiO2/Pd/CNT were mea-
sured in O2-saturated 0.1 M HClO4 at room temperature by
changing the potential of the working electrode from 0.1 to 1.1 V
at a scan rate of 10 mV s�1 with an electrode rotation rate of
1600 rpm. The Pt ring electrode was polarized at 1.20 V for the oxi-
dation of hydroperoxide intermediates. Accelerated durability tests
for the catalysts were also performed using the RRDE. The potential
of the working electrode was cycled between 0.05 and 1.20 V in
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N2-purged 0.1 M HClO4, and then, the polarization curve for the
ORR over the catalysts was measured in an O2-saturated 0.1 M
HClO4 electrolyte solution.

2.5. CO stripping experiment

CO stripping voltammograms were measured using a three-
compartment electrochemical cell as described for the measure-
ment of the CVs. CO stripping voltammograms for Pd/CNT and
SiO2/Pd/CNT catalysts attached to a glassy carbon rod were mea-
sured in a N2-purged 0.1 M HClO4 solution at 303 K by changing
the potential from 0.4 to 1.2 V at a scan rate of 50 mV s�1 after
the Pd catalysts were immersed in a CO-saturated electrolyte and
held at 0.4 V for 30 min. The CO that dissolved into the HClO4 elec-
trolyte was thoroughly purged with pure N2 for 1 h before obtain-
ing CO striping voltammograms.

2.6. Characterization of the Pd catalysts

Transmission electron microscope (TEM) images of the Pd cata-
lysts were recorded on a JEOL JEM-3000F instrument. Specimens
were prepared by ultrasonically suspending the Pd samples in
2-propanol. A drop of the suspension was deposited on a carbon-
enhanced copper grid and dried in air.

Structural changes in the Pd species from the Pd/CNT or SiO2/
Pd/CNT cathode catalysts in the MEAs during repeated potential
cycling were examined by Pd K-edge extended X-ray absorption
fine structure (EXAFS) analysis. The Pd K-edge EXAFS spectra were
obtained at the Photon Factory in the Institute of Materials Struc-
ture Science, High Energy Accelerator Research Organization, Tsu-
kuba, Japan. Catalyst sample spectra were obtained using a
Si(3 1 1) two-crystal monochromator at room temperature with
beam line NW10A. The ring energy was 2.5 GeV and the stored cur-
Fig. 1. TEM images of Pd/CNT (a and
rent was 250–450 mA (Proposal No. 2010G556). Analysis of the
EXAFS data was performed using the EXAFS analysis program
REX (Rigaku Co.). A Fourier transformation of the k3-weighted EX-
AFS oscillation was performed over a k range from 3.5 to 15.0 Å�1.
3. Results

3.1. Structure of Pd catalysts

Fig. 1 shows TEM images of the Pd/CNT catalysts. Pd metal par-
ticles with diameters ranging from 1 to 3 nm were supported on
the CNTs, as shown in the TEM images of Pd/CNT. The Pd/CNT cat-
alysts were covered with silica layers by the successive hydrolysis
of APTES and TEOS. TEM images of SiO2/Pd/CNT are also shown in
Fig. 1. The SiO2 loading in SiO2/Pd/CNT was estimated to be 20 wt.%
by ICP-AES. Pd metal particles were also present in the TEM images
of the SiO2/Pd/CNT catalysts, and their particle sizes were similar
to that of Pd/CNT. A high-resolution TEM image for SiO2/Pd/CNT
clearly showed the coverage of Pd/CNT with silica layers a few
nanometers thick. The SiO2/Pd/CNT catalysts were calcined at
1073 K in air to confirm whether Pd/CNT was uniformly covered
with silica layers. The TEM image of SiO2/Pd/CNT after calcination
in air is shown in Fig. 2. In this TEM image, silica tubes are present,
and the inner diameter of the silica tubes is similar to the outer
diameter of the CNTs that were used in this study. In addition,
Pd metal particles are always present in the silica tube channels,
although the size of the Pd metal particles in the silica tubes is sig-
nificantly larger than the Pd metal particles in SiO2/Pd/CNT before
calcination. The CNTs in SiO2/Pd/CNT were removed by calcination
in air at 1073 K, and silica tubes were formed. Pd metal particles
from SiO2/Pd/CNT should be aggregated in the cavity of the silica
tubes during calcination, and the Pd metal particles should grow.
The experimental result indicates that the Pd metal particles and
b) and SiO2/Pd/CNT (c and d).



Fig. 2. TEM image of SiO2/Pd/CNT after calcination in air at 1073 K.

Fig. 3. CVs of Pd/CNT (a) and SiO2/Pd/CNT (b) in the N2-purged 0.1 M HClO4

electrolyte during potential cycling between 0.05 and 1.20 V.

Fig. 4. TEM image of silica-coated CNT after the deposition of Pd metal particles.
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CNTs in SiO2/Pd/CNT were covered with silica layers a few nano-
meters thick. In the present study, Pd/CNT was covered with silica
layers by the successive hydrolysis of APTES and TEOS. APTES was
adsorbed on the CNT surfaces through the interaction between
amino groups of APTES and graphene. The APTES adsorbed on
the CNT was hydrolyzed to form the thin layers of silica precursors
on the CNT. In the subsequent hydrolysis of TEOS on the CNT which
was covered with silica precursors from APTES, silica precursors
from TEOS should be formed by heterogeneous nucleation and
they were uniformly deposited on the CNT, because the silica pre-
cursors from APTES work as nucleation sites of silica precursors
from TEOS. Therefore, Pd/CNT can be uniformly covered with silica
layers by the successive hydrolysis of APTES and TEOS.

3.2. Durability of Pd catalysts

Fig. 3 shows CVs for the Pd/CNT and SiO2/Pd/CNT catalysts in
the N2-purged HClO4 electrolyte at 303 K. The CVs for these Pd
catalysts were also measured in N2-purged HClO4 after potential
cycling between 0.05 and 1.20 V to determine the durability of
these Pd catalysts. Two peak couples were present in the CV of
the fresh Pd/CNT catalyst. One peak couple at 0.05–0.3 V is attrib-
uted to the adsorption and desorption of hydrogen on Pd metal and
the other peak couple at 0.5–1.2 V to the oxidation and reduction
of Pd metal. The peak currents for the Pd metal in the CVs for
Pd/CNT decreased significantly with the number of potential cycles
and the peaks disappeared completely after 900 cycles. This is due
to the dissolution and diffusion of Pd species in Pd/CNT during po-
tential cycling in the N2-purged 0.1 M HClO4 electrolyte. On the
other hand, two peak couples for the Pd metal were also observed
in the CVs of the SiO2/Pd/CNT catalysts despite the coverage of the
Pd metal particles with silica layers. This indicates that the SiO2/
Pd/CNT catalysts are electrochemically active. Reactant molecules
such as protons and water diffuse onto the Pd metal surface
through porous silica layers during the electrochemical reactions
over the SiO2/Pd/CNT catalysts. We earlier reported that silica-
coated Pt metal and silica-coated Pt/CNT show high activity for
various catalytic reactions such as the combustion of light alkanes
and the hydrogenation of CO [28,29]. The silica layers that are
wrapped around the Pt metal particles do not prevent the diffusion
of reactants and products. Electrons flow to the Pd metal particles
in SiO2/Pd/CNT through the exposed CNT surfaces. To determine
the conduction path of the electrons in SiO2/Pd/CNT, the electro-
chemical deposition of Pd metal onto the silica-coated CNT with-
out Pd metal was performed. The silica-coated CNT was attached
to a glassy carbon disk electrode and immersed into N2-purged
aqueous HCl containing PdCl2. A TEM image of the silica-coated
CNT after the electrochemical deposition of the Pd metal is shown
in Fig. 4. The CNTs in the TEM image seem to be covered with silica
layers. It should be noted that the Pd metal particles are deposited
on the outer surfaces of the silica-coated CNT. The Pd2+ cations in
the electrolyte solution are reduced to Pd metal on the exposed
CNT surfaces during the electrochemical deposition of Pd onto
the silica-coated CNT because the exposed CNT surfaces are a con-
duction pathway for electrons. This result strongly suggests that
electrons flow to the Pd metal surface through exposed CNT sur-
faces during the electrochemical reactions over the SiO2/Pd/CNT
catalysts. SiO2/Pd/CNT is thus electrochemically active despite
the coverage of Pd/CNT with a silica insulator.

Peak currents of the Pd metal in the CVs of SiO2/Pd/CNT gradu-
ally increase up to 500 potential cycles and then remain constant
after 500 cycles, while the peak currents in the CV for Pd/CNT
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reduce significantly with the number of potential cycles. These re-
sults indicate that the coverage of Pd/CNT with silica layers im-
proves the durability of the Pd metal during potential cycling in
the aqueous HClO4 electrolyte. The silica layers that are wrapped
around the Pd metal particles prevent the diffusion of Pd species,
which dissolves from the Pd metal, out of the silica layers. There-
fore, SiO2/Pd/CNT shows excellent durability during potential
cycling.

Fig. 5 shows TEM images of Pd/CNT and SiO2/Pd/CNT after 900
potential cycles (shown in Fig. 3). Hardly any Pd metal particles
were present in the TEM images of the used Pd/CNT, indicating that
the Pd metal particles in the catalyst dissolved during potential
cycling in the aqueous HClO4 electrolyte. By contrast, Pd metal par-
ticles were present in the TEM images of the used SiO2/Pd/CNT.
Interestingly, the size of the Pd metal particles in the used SiO2/
Pd/CNT was similar to the size of Pd metal particles in the fresh
catalyst, and the Pd metal particles in the used catalyst were cov-
ered with silica layers as shown in TEM image (d). The Pd metal
particles in SiO2/Pd/CNT also dissolve to form cationic Pd species
during potential cycling, because the peak current of the oxidation
of Pd metal is present in the CVs of the catalyst. The Pd species that
dissolve from the Pd metal in SiO2/Pd/CNT diffuse out of the silica
layers with difficulty and are deposited on the original Pd metal
particles. Therefore, the size of the Pd metal particles in SiO2/Pd/
CNT does not change during potential cycling. Furthermore, the
Pd metal particles and CNTs in the used SiO2/Pd/CNT were covered
with silica layers a few nanometers thick, suggesting that silica lay-
ers in the catalysts were stable under the PEFC cathode conditions.

3.3. Catalytic activity of Pd catalysts for ORR

The catalytic activity of Pd/CNT and SiO2/Pd/CNT for the ORR
was evaluated using RRDE in an O2-saturated HClO4 electrolyte.
Fig. 5. TEM images of Pd/CNT (a and b) and SiO2
The polarization curves for the ORR using these Pd catalysts were
also measured after potential cycling between 0.05 and 1.20 V in
the N2-purged HClO4 electrolyte to evaluate the durability of these
Pd catalysts. The polarization curves for the ORR on Pd/CNT and
SiO2/Pd/CNT are shown in Fig. 6. The disk current in these polariza-
tion curves corresponds to the current of the ORR, while the ring
current results from the oxidation of hydroperoxide intermediates
on the Pt ring electrode that is polarized at 1.20 V. Fresh Pd/CNT
shows catalytic activity for the ORR in the potential region lower
than 1.0 V, where the ring current is also higher. Therefore, a
two-electron reduction of oxygen to hydroperoxide occurs on the
Pd/CNT catalysts in addition to a four-electron reduction to water.
The yield of H2O2 during the ORR at 0.6 V over fresh Pd/CNT was
determined to be 12% assuming a correction efficiency for the ring
electrode of 0.38. The catalytic activity of Pd/CNT decreased drasti-
cally with the number of potential cycles. This is due to the disso-
lution and diffusion of Pd metal in the Pd/CNT. By contrast, SiO2/
Pd/CNT showed excellent durability toward potential cycling. The
catalytic activity of fresh SiO2/Pd/CNT is extremely low compared
to the activity of fresh Pd/CNT. However, the catalytic activity of
SiO2/Pd/CNT gradually improved with the number of potential
cycles, and it remained constant after 1500 cycles. We thus con-
cluded that SiO2/Pd/CNT had highly durable ORR activity during
potential cycling. We compared the catalytic activity of SiO2/Pd/
CNT after 1500 potential cycles to that of fresh Pd/CNT, as shown
in Fig. 7. The disk current of the ORR on SiO2/Pd/CNT after 1500 cy-
cles is slightly lower than that of fresh Pd/CNT, implying that the
silica layers that are wrapped around the Pd metal particles work
as a diffusion barrier for oxygen and/or protons. The ring current
of the SiO2/Pd/CNT catalysts is considerably lower than that of
Pd/CNT. Therefore, the coverage of Pd metal particles with silica
layers inhibits a two-electron reduction of oxygen to hydroperox-
ide. The Pd metal particles in SiO2/Pd/CNT also form hydroperoxide
/Pd/CNT (c and d) after 900 potential cycles.



Fig. 6. Polarization curves obtained with a RRDE for the ORR on Pd/CNT (a and b) and on SiO2/Pd/CNT (c and d) in the O2-saturated 0.1 M HClO4 electrolyte at room
temperature during potential cycling. (a and c) Ring current (current due to the oxidation of hydroperoxide intermediates); (b and d) disk current (ORR current).

Fig. 7. Polarization curves obtained with a RRDE for the ORR on fresh Pd/CNT and
SiO2/Pd/CNT after 1500 potential cycles in the O2-saturated 0.1 M HClO4 electrolyte
at room temperature. (a) Ring current (current due to the oxidation of hydroper-
oxide intermediates) and (b) disk current (ORR current).

Fig. 8. Polarization curves for PEFC single cells (area of electrode = 5 cm2) with Pd/
CNT (a) or SiO2/Pd/CNT (b) cathodes during potential cycling. Pd loading in both
single cells was 0.1 mg cm�2; cell temperature was 353 K.
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during the ORR, but the hydroperoxide diffuses out of silica layers
with difficulty. Therefore, the hydroperoxide formed on the Pd me-
tal in SiO2/Pd/CNT is subsequently reduced to water. The hydroper-
oxide formed at the cathode in PEFCs oxidizes the carbon support
and the polymer electrolyte membranes, which reduces PEFC per-
formance. Therefore, the coverage of Pd/CNT with silica layers is
desirable, because of the suppression of hydroperoxide formation
from oxygen at the cathode.

The catalytic durability of SiO2/Pd/CNT during the ORR was also
compared with that of Pd/CNT using PEFC single cells. Carbon
black-supported Pt catalysts were always used at the anode in
the PEFC single cells. The cell voltage of the single cells was repeat-
edly changed between 0.05 and 1.20 V for the durability test, while
nitrogen and hydrogen gases were fed into the cathode and anode
in the single cell, respectively. Polarization curves for the PEFC sin-
gle cells using Pd/CNT or SiO2/Pd/CNT at the cathode are shown in
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Fig. 8. Fresh Pd/CNT showed high activity for the ORR, but the
activity of the catalyst decreased rapidly with the number of
potential cycles. This is due to the removal of Pd metal from
Pd/CNT, as discussed earlier. The catalytic activity of the fresh
SiO2/Pd/CNT catalyst for the ORR was lower than that of the fresh
Pd/CNT catalyst. However, the activity of SiO2/Pd/CNT increased
gradually up to 800 potential cycles, and it remained constant after
800 cycles. After 1200 potential cycles, the SiO2/Pd/CNT showed a
similar activity to fresh Pd/CNT. Therefore, the coverage of Pd/CNT
with silica layers is effective for the development of cathode cata-
lysts in PEFCs because they are highly active and have excellent
durability.

Pd K-edge EXAFS spectra were used to determine structural
changes in the Pd species from the Pd/CNT and SiO2/Pd/CNT cath-
ode catalysts in the PEFC single cells during potential cycling. EX-
AFS spectra of Pd/CNT and SiO2/Pd/CNT were obtained just after
300 and 1200 potential cycles, respectively. Fourier transforms of
the Pd K-edge k3-weighted EXAFS spectra (RSFs; radial structure
functions) of these Pd catalysts before and after potential cycling
are shown in Fig. 9. A strong peak is present at around 2.4 Å in
the RSF of fresh Pd/CNT, and the position of this peak is consistent
with that of Pd foil. Therefore, the Pd species in fresh Pd/CNT are
present as Pd metal. A strong peak at around 2.4 Å was also present
in the RSF of Pd/CNT after potential cycling, and its intensity was
significantly stronger than that for the RSF of fresh Pd/CNT, indicat-
ing the growth of Pd metal crystallites in Pd/CNT during potential
cycling [30,31]. As described earlier, Pd metal particles were hardly
present on the CNT surfaces in the TEM images of Pd/CNT after po-
Fig. 9. Fourier transforms of Pd K-edge k3-weighted EXAFS spectra for Pd/CNT (a)
and SiO2/Pd/CNT cathode catalysts (b) before and after potential cycling.
tential cycling, as shown in Fig. 5. The Pd metal particles observed
in the RSF of the Pd/CNT cathode catalyst in the single cells after
potential cycling were present in the polymer electrolyte mem-
brane. It has been reported that the Pt species that dissolves from
the Pt cathode catalysts in PEFCs diffuse into polymer electrolyte
membranes. The Pt species are reduced by hydrogen that diffused
from the anode, and Pt metal particles are deposited in the mem-
brane [16,32]. During potential cycling, Pd metal particles from
the Pd/CNT cathode catalysts in the single cell dissolve and diffuse
into the polymer electrolyte membrane, where the Pd species are
reduced to Pd metal. A strong peak is also present at 2.4 Å in the
RSF of fresh SiO2/Pd/CNT, and the intensity of this peak is very
similar to that for the fresh Pd/CNT. Therefore, the crystallite size
of the Pd metal in fresh SiO2/Pd/CNT is the same as that in fresh
Pd/CNT. The Pd metal peak, at around 2.4 Å in the RSF of SiO2/Pd/
CNT, did not increase in intensity after potential cycling, indicating
that the Pd metal crystallites in the catalysts did not grow during
the durability tests. The silica layers that are wrapped around the
Pd metal particles prevent the diffusion of the dissolved Pd species
out of the silica layers, and the Pd species deposit on the original Pd
metal particles. Therefore, the Pd metal particles in SiO2/Pd/CNT do
not grow during potential cycling.

4. Discussion

The catalytic activity of SiO2/Pd/CNT for the ORR improved with
the number of potential cycles as described earlier. This is due to a
rearrangement of the Pd metal surfaces in the catalysts during
potential cycling. CO stripping voltammograms for Pd/CNT and
SiO2/Pd/CNT were thus obtained because the peak potentials and
the line shapes for CO stripping on the Pd metal surface are
characteristic of the type of Pd metal facets [21,33]. Fig. 10 shows
Fig. 10. CO stripping voltammograms for Pd/CNT (a) and SiO2/Pd/CNT (b) in the
0.1 M HClO4 electrolyte during potential cycling.
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CO stripping voltammograms for the Pd/CNT and SiO2/Pd/CNT cat-
alysts. The CO stripping voltammograms were measured after po-
tential cycling for these Pd catalysts between 0.05 and 1.20 V in the
N2-purged HClO4 electrolyte. CO stripping on fresh Pd/CNT oc-
curred over a broad potential range from 0.85 to 1.1 V. As the num-
ber of potential cycles for Pd/CNT increased, the onset potential of
the CO stripping gradually shifted to a higher potential and the rel-
ative intensity of the peak around 0.95 V increased. However, the
peak current for CO stripping over Pd/CNT decreased appreciably
after 300 potential cycles. By contrast, the onset potential for CO
stripping over SiO2/Pd/CNT gradually shifted toward a lower po-
tential during potential cycling. CO stripping over fresh SiO2/Pd/
CNT took place in a potential range higher than 1.0 V. The peak on-
set gradually shifted toward a lower potential, and the peak cur-
rent increased with the number of potential cycles for SiO2/Pd/
CNT. These results strongly imply that the morphology of the Pd
metal in SiO2/Pd/CNT changed during potential cycling. The cata-
lytic activity of Pd metal for the ORR is sensitive to the type of
Pd metal facet [21,34]. Therefore, the catalytic activity of SiO2/Pd/
CNT for the ORR gradually improved during potential cycling. In
addition, electrochemically active Pd surface area in SiO2/Pd/CNT
would increase during the potential cycling. As shown in Fig. 3,
the peak current due to the adsorption and desorption of hydrogen
on Pd metal increased in the CVs for SiO2/Pd/CNT during the poten-
tial cycling. This result suggests that the electrochemically active
surface area of Pd metal in SiO2/Pd/CNT increases during the po-
tential cycling. It is likely that Pd metal particles that are not con-
tacted with CNT surfaces are present in the fresh SiO2/Pd/CNT.
These Pd metal particles in the SiO2/Pd/CNT are not electrochemi-
cally active. However, these Pd metal particles also dissolve under
the PEFC cathode conditions such as low pH and oxygen atmo-
sphere. The dissolved Pd species are deposited on CNT surfaces
as well as Pd metal particles on the CNT to form Pd metal particles.
Thus, the catalytic activity of SiO2/Pd/CNT is improved during the
potential cycling experiments.

Many research groups have attempted to develop non-Pt cata-
lysts for use in PEFC cathodes [35–37]. However, the evaluation
of ORR activity for most of the catalysts that contain metal species
is difficult, because the metal species inevitably dissolve under
PEFC cathode conditions. In this study, we demonstrated that the
coverage of non-Pt metals with silica layers a few nanometers
thick prevents the diffusion of dissolved metal species out of the
catalysts under PEFC cathode conditions. As shown in Fig. 8, the
activity of SiO2/Pd/CNT catalysts for the ORR is inferior to that of
Pt catalysts used in state-of-the-art PEFCs. However, the catalytic
activity of Pd catalysts for the ORR is improved by the addition
of other metal species such as Ti, Co, Mo, and Au [38–40]. The cov-
erage with silica layers should improve the durability of the mod-
ified Pd catalysts under the PEFC cathode conditions. Therefore, our
silica-coating method is promising for the development of highly
active and durable non-Pt catalysts for use in PEFC cathodes.

5. Conclusion

Pd/CNT catalysts for the ORR in PEFCs were covered with silica
layers a few nanometers thick to improve the durability of Pd me-
tal under severe PEFC cathode conditions. SiO2/Pd/CNT showed
similar activity for the ORR to Pd/CNT without silica-coating, de-
spite the Pd metal particles being covered with a silica insulator.
SiO2/Pd/CNT showed high durability during potential cycling from
0.05 to 1.20 V. By contrast, Pd/CNT without silica layers greatly
deactivated under the same conditions. In addition, the coverage
of Pd/CNT with silica layers results in a four-electron reduction
of oxygen to water instead of a two-electron reduction of oxygen
to hydroperoxide. Therefore, coverage with silica layers is effective
for the development of non-Pt cathode catalysts for the ORR in
PEFCs.
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