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Abstract Carbon-supported Pt catalysts were prepared
using NaBH, as a reducing agent in either ethylene glycol
or water for use as a cathode catalyst in PEMFCs (polymer
electrolyte membrane fuel cells). Aqueous NaBH, solution
was used to reduce Pt precursor and to produce the Pt-W
catalyst, while Pt-E and Pt-E-base catalysts were synthe-
sized using NaBH, in ethylene glycol for the reduction of
Pt. Compared to Pt-W catalyst, Pt-E and Pt-E-base catalysts
have higher Pt dispersion and larger EAS (electrochemi-
cally active surface area) due to the stabilizing effect of
ethylene glycolic NaBH, solution on Pt particles. In addi-
tion, increasing pH of the preparation solution improved the
Pt dispersion (Pt-E-base). In unit cell tests the performance
of Pt catalysts decreased in the following order: Pt-E-
base > Pt-E > Pt-commercial > Pt-W. Higher metal dis-
persion and larger EAS are believed to be responsible for
the superior performance of Pt-E catalysts, particularly
Pt-E-base, compared to other catalysts.
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1 Introduction

PEMFCs (polymer electrolyte membrane fuel cells) are
possible alternatives power sources for portable electronic
devices, vehicles, and residential power generators, due to
their high power density and low operating temperature [1—
7]. Although considerable progress has been made in their
commercialization over the past decade, many obstacles
still remain to be overcome, including the high cost of the
catalyst, which is based on precious metals [8]. To reduce
the overall cost of PEMFCs, it is necessary to reduce the
amount of Pt loaded on the MEA (membrane electrode
assembly) without loss of unit cell performance. In addi-
tion, Pt particles in the catalyst should be small and well
dispersed for the use of Pt more effectively [9-14].

In recent years various methods have been proposed for
preparing highly dispersed Pt catalysts on carbon black
[15-21]. The colloidal method, using organic stabilizers,
has been widely used to produce supported Pt catalysts of
small size and with homogeneous distribution [22, 23]:
however, if preparation conditions are not optimized during
Pt reduction it is difficult to reproduce the supported Pt
catalyst with uniform distribution. Distinctive routes based
on polyol and alcohol reduction methods have been
recently developed with good results [9, 24-26]. In par-
ticular, Bock and co-workers successfully synthesized
uniform Pt nanoparticles on carbon black using ethylene
glycol [26]. In this process, in order to achieve uniform
nanometer-sized particles, the solution temperature should
be increased to 160 °C within a short period during the
reduction of the Pt precursor. In the alcohol reduction
method, surfactants with a high reduction temperature are
required to reduce the Pt precursor [27, 28].

Another strategy for high metal dispersion is to control
other synthetic conditions such as the amount of solvent
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and the solution pH. Precious metal ions (i.e., Pt, Pd, and
Au) are easily stabilized in the high pH range. Uniform Pt
nanoparticles have been synthesized by using of due to the
high electrosteric stabilization effect [29-32].

In this work, Pt catalysts were prepared using NaBH, in
ethylene glycol solution as a reducing agent. The properties
of the resulting Pt catalysts were controlled by changing
the pH in the preparation solution. A highly dispersed
carbon-supported Pt catalyst was successfully prepared
at ambient conditions and used as a cathode catalyst in
PEMEFCs. The Pt catalysts were characterized by X-ray
diffraction (XRD), transmission electron microscopy
(TEM), and electrochemical methods.

2 Experimental
2.1 Catalyst preparation and characterization

H,PtClg - 6H,O (Aldrich) and Vulcan XC-72 (Cabot
Corp., Sget = 230 m? gfl) were used as a Pt precursor
and carbon support, respectively. Figure 1 shows the
preparation procedure of the Pt catalysts. Pt was reduced
using a synthetic reducing agent produced by mixing eth-
ylene glycol with NaBH, (see ‘A’ in Fig. 1). The typical
preparation procedure was as follows. To prepare the
reducing agent solution ethylene glycol was reacted with
NaBH,. The Pt precursor was dissolved in ethylene glycol
(EG), and the carbon support was well dispersed in solu-
tion. This reducing agent solution (A) was slowly added to
the above EG solution with vigorous stirring. After stirring

NaBH,
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Fig. 1 Preparation procedure for the supported Pt catalysts. A:
reducing agent produced using ethylene glycol with NaBH,, Pt-W: Pt
catalyst using aqueous NaBH, solution, Pt-E: Pt catalyst using
reducing agent A, Pt-E-base: Pt catalyst using reducing agent A under
basic pH conditions
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for 6 h, diluted HCI solution was added for deposition of
the Pt nanoparticles on the carbon support. The precipitate
was filtered, washed with large amounts of de-ionized
water, and dried at 120 °C overnight to give the final
carbon-supported Pt catalyst (Pt-E: Pt catalyst prepared in
ethylene glycol). In order to investigate the effects of
preparation conditions, the pH of the ethylene glycol
solution was raised to 11 and the Pt-E-base catalyst was
obtained (Pt catalyst prepared in ethylene glycol at basic
pH). For comparison a supported Pt catalyst was prepared
by conventional sodium borohydride reduction using
aqueous NaBH, solution (Pt-W). FE-SEM-EDX analyses
showed that 40 wt% Pt was successfully loaded on the
carbon support in all catalysts.

2.2 Electrochemical analysis and single cell test

The electrochemically active surface areas (EASs) of the
prepared catalysts were measured by cyclic voltammetry
using an EG&G potentiostat. The cyclic voltammetry
experiments were conducted in a conventional three-elec-
trode system, with a saturated calomel electrode (SCE) and
platinum gauze as the reference electrode and the counter
electrode, respectively. The working electrode was pre-
pared by coating the catalyst ink on disk-type graphite.
Cyclic voltammograms (CVs) were obtained at room
temperature at a scan rate of 20 mV s 'in 0.5 M H,SO,
from —0.25 to 1.0 V vs. SCE. For CO-stripping voltam-
mograms, CO was adsorbed to the surface of the working
electrode by bubbling CO into the electrolyte of 0.5 M
H,SO,4 for 30 min, while holding the working electrode
potential at —0.142 V vs. SCE. After CO bubbling, the gas
was switched to nitrogen for 20 min and the potential was
scanned from —0.25 to 1.0 V vs. SCE to record the
CO-stripping voltammogram.

MEAs were prepared using the CCM (catalyst-coated
membrane) method reported by Reshetenko et al. [33].
Nafion-112 (Dupont), pretreated by boiling in 3 wt% H,0,
and 0.5 M H,SO,, was used as a solid electrolyte. The
catalyst ink was sprayed on the pretreated Nafion-112
membrane. The catalyst-coated membrane and commercial
carbon papers (ETEK) as gas diffusion layers were
assembled on both electrodes at ambient conditions with-
out the hot-pressing process. The anode electrode
contained a commercial 40 wt% Pt catalyst (Pt-commer-
cial) with a metal loading of 0.2 mg Pt cm_z, and the
cathode electrode contained the prepared Pt catalysts with a
metal loading of 0.35 mg Pt cm ™2, which was identical for
all MEAs. A single cell test was conducted using a
homemade PEMFCs test station. The geometric area of the
electrode was 5 cm? and the cell was operated at 70 °C.
Hydrogen as the anode fuel and oxygen at the cathode were
fed at rates of 450 and 400 mL min~', respectively.
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3 Results and discussion

Figure 2 shows the XRD patterns of Pt-E-base, Pt-E, Pt-W,
and Pt-commercial with a loading of 40 wt% Pt. In all
catalysts, a broad peak at ca. 26 = 25° was observed due to
the (002) plane of the hexagonal structure of the carbon
support, indicating that Vulcan XC-72 is amorphous car-
bon with small regions of graphitic properties [34]. Typical
characteristic diffractions for the face-centered cubic phase
of Pt were observed for all the catalysts. The average
crystalline sizes of the Pt catalysts were calculated by the
Scherrer formula based on the diffraction peaks of the Pt
(220) plane. Surface areas of crystalline Pt were calculated
from the crystalline size using the following equation:

g 6000 ’
od

where d is the average crystallite size (nm), S is the surface
area (m2 g_l) and p is the density of Pt (21.4 g cm_3). The
sizes and surface areas are summarized in Table 1.

The Pt-W catalyst prepared using NaBH, in water
showed the largest crystallite size among the studied cat-
alysts. The sizes of Pt-E-base and Pt-E, prepared using
NaBH, in ethylene glycol solution as the reducing agent,
were smaller than that of the Pt-commercial catalyst. It has
been reported that the reaction of EG with NaBH, forms a
complex reducing agent, and has performed roles as both a
reducing agent for Pt reduction and a stabilizer for the
reduced Pt nanoparticles [35]. Compared to Pt-E, the Pt-E-
base catalyst had relatively highly dispersed Pt nanoparti-
cles on the surface of the carbon support. Bonnemann et al.
reported that Pt nanoparticles are stabilized via electros-
teric repulsion between the anionic surface of the Pt
nanoparticle and the stabilizer [36]. In acidic solution, a
large number of H* ions interact with negatively charged
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Fig. 2 XRD patterns of the supported Pt catalysts

Pt particles, resulting in the destruction of electrosteric
repulsion and leading to the growth of Pt nanoparticles. In
basic solution, almost no species would directly interact
with negatively charged Pt nanoparticles, implied that the
electrosteric stabilization is unbroken [32, 36-38].

A similar feature has also been observed in the synthesis
of Pt-based metal nanoparticles using EG as a reducing
agent [25, 26]. In our case, the differences in Pt particles
between Pt-E and Pt-E-base can also be explained by the
effect of electrosteric repulsion. Under high-pH conditions,
only minor interaction occurred between H' ions and
stabilizer anions, yet the stabilizer interacted strongly with
the reduced Pt nanoparticles. Therefore, the growth of Pt
particles was suppressed, leading to the formation of Pt
nanoparticles with smaller size in the Pt-E-base than in the
Pt-E catalyst.

Figure 3 shows TEM images of the Pt catalysts. The
Pt-W catalyst has the largest size of Pt on the carbon
support among the employed Pt catalysts. Pt-E-base and
Pt-E have higher metal dispersion than Pt-commercial, and
Pt-E-base has slightly smaller Pt particles than Pt-E (in
high-magnification TEM images). These features are
consistent with the results of XRD analyses.

Figure 4 shows CVs for the prepared Pt catalysts in
acidic electrolyte (0.5 M H,SO,4), which were used to
estimate EAS using the Coulombic charge for H* ion
adsorption—desorption. The CVs of the Pt catalysts show
four different characteristic regions: a typical proton ion
adsorption—desorption region, a double-layer charging
current region, a Pt pre-oxidation region, and a Pt reduction
region. The peak area for the H" ion adsorption—desorption
current is proportional to EAS values, which were calcu-
lated from the integrated average charges after correction
for the contribution of the double-layer charging current
[39-42]:

Ou

SEASH = (o < PO

where Sgas.p, Qn, and [Pt] are the EAS value (m2 gpfl),
average Coulombic charge for H" ion adsorption—desorp-
tion (C), and platinum loading (mg cm™?), respectively.
The resultant EAS values are listed in Table 1. Sgaspy
values decreased in the following sequence: Pt-E-
base > Pt-E > Pt-commercial > Pt-W. This trend also
corresponds with the results of TEM and XRD analyses.

The EAS was further confirmed via CO-stripping vol-
tammetry, as shown in Fig. 5. A representative CO-
stripping voltammogram of the Pt-commercial catalyst is
shown in the inset image in Fig. 5. In the first cycle, the
peak at 0.47 V vs. SCE represents the electro-oxidation of
irreversibly adsorbed CO on the Pt surface. The calculated
peak charge, Qco, is related to the CO oxidation reaction
[39, 40].
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Table 1 Average crystallite size calculated from the Pt (220) using the Scherrer equation, surface areas calculated from the Pt crystalline size
(Sxrp) and electrochemically active surface area (EAS) by H' ion adsorption (Sgas.i) and by CO adsorption (Sgas.co)

Average crystallite size (nm)

Sxrp (M* gp ")

Seasu (m” gp ") Skas.co (m” gp ")

Pt-W 4.9 57
Pt-E 3.0 93
Pt-E-base 2.6 108
Pt-commercial 3.6 77

25 20
92 80
109 94
60 55

Fig. 3 TEM images of the
supported Pt catalysts: (a) Pt-W,
(b) Pt-commercial, (c¢) Pt-E, and
(d) Pt-E-base

Pt — CO + H,O — Pt + CO, +2¢~ +2H"

The peak charge of CO oxidation, Qcg, can be used to
calculate the EASs of the prepared Pt catalysts using the
following equation:

Oco

SEAS-CO = X
FASZCO ™0 484 5 [P]”

where the value 0.484 represents the charge density
required to oxidize a monolayer of CO on the Pt surface
[40]. The Sgas.co values obtained by CO-stripping vol-
tammetry are listed in Table 1. The Sgas.co values were
lower than the Sgag.y values; however, the trends in
Seas.co Vvalue are identical to those in Sgag.y and Pt

@ Springer

surface area calculated from XRD results. The TEM,
XRD, and CV data indicate that the preparation method
that employs NaBH, in ethylene glycol solution as a
reducing agent under basic conditions is highly favorable
for the formation of finely dispersed Pt nanoparticles on
the carbon support.

Figure 6 shows the cell polarization curves for PEMFCs
and maximum power densities of the supported Pt catalysts
at 70 °C. Because an identical catalyst was used in all cases
with the same loading of Pt catalyst on the anode electrode,
the differences in cell performances are mainly attributed
to catalytic activities in the cathodes. As shown in Fig. 6a,
the order of cell performances of the prepared Pt catalysts
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Fig. 5 Representative CO-stripping voltammogram of Pt-commer-
cial catalyst (inset image) and CO-oxidation peaks of the supported Pt
catalysts

is as follows: Pt-W < Pt-commercial < Pt-E < Pt-E-base.
At a current density of 1.2 A cm ™, the cell potentials of
Pt-W, Pt-commercial, Pt-E, and Pt-E-base were 0.26, 0.52,
0.56, and 0.61 V, respectively. Compared to Pt-commer-
cial, Pt-E-base exhibits higher maximum power density by
a factor of 1.25; Pt-W shows the lowest cell performance.

As previously observed, good dispersion of active metal
particles may affect catalytic performance for oxygen
electro-reduction in PEMFCs [41-43]. Because electro-
chemical reactions in a fuel cell occur at the interface
between the fuel, the catalyst and the electrolyte (i.e., a
three-phase boundary), highly dispersed Pt particles pro-
duce the many sites required for electro-catalysis [42—46].
Therefore, the remarkable cell performance of Pt-E-base is
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Fig. 6 (a) Cell polarization curves and (b) maximum power
densities of the supported Pt catalysts

probably attributable to the fact that it yields the highest
EAS.

4 Conclusions

A carbon-supported Pt catalyst was prepared using NaBH, in
ethylene glycol solution. Compared to Pt-W and Pt-com-
mercial catalysts, the Pt catalysts (Pt-E and Pt-E-base)
prepared using NaBH, in ethylene glycol solution show high
metal dispersion. The highest Pt dispersion was obtained in
solution of high pH due to electrosteric stabilization between
the small Pt nanoparticles and stabilizer. In unit cell tests for
PEMFC, the highest cell performance was observed when
using the Pt-E-base catalyst. It is thought that the enhanced
catalytic activity results from the fact that Pt-E-base has the
highest EAS among the prepared Pt catalysts.
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