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Abstract

The characteristics of a platinum-ruthenium catalyst supported on porous carbon (PC) are analysed by X-ray diffraction, scanning electron
microscopy, cyclic voltammetry and chemisorption techniques. Single-cell tests are carried out in order to compare the performance of these
catalysts as an anode in a direct methanol fuel cell with respect to that of a commercial-grade catalyst. The methanol oxidation rate on a Pt-Ru
catalyst supported on PC with a pore size of 20 nm is about 35% higher than that on a commercial E-TEK catalyst. The catalyst (Pt—-Ru/K20) in
the single-cell test gives a power density of 90 and 126 mW cm~2 under air and oxygen at 60 °C, respectively. These values are 15-16% higher

than those obtained with a commercial E-TEK catalyst.
© 2007 Published by Elsevier B.V.

Keywords: Direct methanol fuel cell; Porous carbon; Cyclic voltammetry; Single-cell test; Platinum—ruthenium catalyst, Power density

1. Introduction

Porous carbons (PCs) with good electronic conductivity have
been widely used as a catalyst supports and electrodes in fuel
cells, purification processes, chromatographic separations and
adsorbents [1,2]. Many techniques such as activation, templat-
ing methods and sol-gel techniques have been proposed to
make controllable PCs [2]. The preparation of PCs with control-
lable meso- and macropores as catalyst supports is extremely
important for fuel cells. Johnson et al. [3] reported the syn-
thesis of mesoporous polymers with a pore size of ~50nm
using close-packed silica nanoparticles as templates. Using such
templates, porous materials with spherical pore structures have
been synthesized. Other workers [4—6] studied highly ordered,
uniform, porous carbon as a catalyst support with colloidal
silica templates by the carbonization of phenol and formalde-
hydes as a carbon precursor in the presence of sulfuric acid.
They found much improved catalytic activity for methanol
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oxidation in a fuel cell. This is most likely due to their three-
dimensionally interconnected, uniform, pore structures and
large surface area. Kim and co-workers [7,8] studied mesocellu-
lar carbon foams and ordered mesoporous carbon materials with
larger surface areas that were synthesized via direct carboniza-
tion of synthesized silica/cross-linked, triblock, copolymer
nanocomposites through acid-catalyzed sol-gel polymeri-
zation.

In the present study, porous carbons with a controlled pore
size are prepared as a catalyst support material for anode
electrodes from naphthalene-based mesophase pitch with sil-
ica spheres. To serve an anode electrode catalyst for a direct
methanol fuel cell (DMFC), 60 wt.% of Pt—Ru metals is loaded
on the porous carbon (PC).

The characteristics and surface morphology of PCs with
Pt—Ru catalysts are determined through the use of a scanning
electron microscopy (SEM) and specific surface-area analysis
(BET) [1,2,9]. The characteristics and activities of the Pt—Ru
catalyst supported on PCs are analyzed by X-ray diffraction
(XRD) [10-14], cyclic voltammetry [15,16] and chemisorption
techniques. Single-cell tests [17,18] are carried out to compare
the performance of the anode electrode in the DMFC using the
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Fig. 1. Manufacturing process of PC using mesophase pitch (MPP) with silica
powder.

catalysts supported on PCs with that of a commercial grade
catalyst.

2. Experimental
2.1. Manufacture of porous carbons

The manufacturing process of the porous carbon based on
mesophase pitch (AR, Mitsubishi Chemical) [18]. Mesophase
pitch dissolved in tetrahydrofuran (THF) was mixed with a pre-
pared silica powder (particle size from 10 to 100 nm) at room
temperature for 24 h and then dried at 80 °C in a vacuum chamber
for 24 h.

The silica-mixed mesophase pitches were stabilized at 320 °C
for 6 h in air and carbonized at 1000 °C for 4 h under a nitrogen
atmosphere. The silica in the carbonized material was etched
using a NaOH solution and then the material was washed several
times with pure water.

The PCs were designated as K100, K50, K20 or K10 depend-
ing on the particle size of the dried colloidal silica.

The pore size and nitrogen adsorption capability of the
PCs were characterized via SEM (HITACHI S-4700) and BET
(ASAP 2010) techniques (Fig. 1).

2.2. Preparation of Pt—Ru/PCs catalysts

The preparation process of the Pt—Ru catalyst supported
on PC for the DMFC anode is shown in Fig. 2 [18,19].
H,PtClgs-6H,O (Aldrich) and RuCl3-3H,O (Aldrich) were used
as the precursors of the catalysts. The PCs were mixed with
H,PtClg-6H,O (Aldrich) and RuCls-3H,O (Aldrich) in deion-
ized water. The mixed solution was stirred for 12 h and the PCs
were impregnated with Pt—Ru metals using a 0.5 M NaBHj4 solu-
tions as a reduction agent for 1 h. After the impregnation, the PC
solutions with Pt—Ru metals were filtered and dried at 80 °C for
24h.

The particle size and characteristics of the Pt—Ru catalyst
supported on the PCs were measured using SEM, XRD (Rigaku
C., RINT2000) and chemisorption techniques.

Porous Carbon

H,PtCl;- H,0
H,0

RuCl,- H,0
H,0

Mixing
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Fig. 2. Preparation of Pt—Ru catalyst supported on PC.

I
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2.3. Performance tests of Pt—Ru/PCs catalysts [11,18,20]

The methanol oxidation rate and cell performance were mea-
sured by cyclic voltammetry (CV) and single-cell test methods.

To measure the methanol electro-oxidation activity of
Pt—Ru/PCs, CV tests were conducted between —0.2 and 1.0V
(versus Ag/AgCl) at a sweep rate of SmVs~!. The CV tests
were conducted at 30°C with a 0.5M H;SO4 +1M CH3;0H
electrolyte. The amount of metal catalyst loaded on the carbon
paper was controlled at 2 mgcm 2.

For the single-cell performance test, formulations of 40 wt.%
Pt—20 wt.% Ru binary catalyst supported on PC created by the
Korean Institute of Energy Research and Pt black (Johnson
Matthey HiSPEC 1000) were used as the anode and cathode cat-
alysts, respectively. These catalysts were mixed homogeneously
with a Nafion solution (5 wt.%) and water. In order to prepare
the catalyst layer, appropriate amounts of anode and cathode ink
were uniformly applied to carbon paper of 1.7 cm x 1.7 cm size
to give a catalyst loading of approximately 3 mg cm™~2, and then
dried at 80 °C for 1 h.

The Nafion (115) membrane was cleaned and converted
into the acidic form by boiling it in 3% H»O;, deionized
water, 5% H>SOy4, and then deionized water again for over
1h for each step. The membrane-electrode assembly (MEA)
was fabricated by hot pressing the surfaces of the anode and
cathode electrodes at a temperature of 135°C and a pressure
of 100kgem™2 for 10min. The MEA was inserted into the
fuel cell hardware, which consisted of a graphite block with
a machined serial flow-channel, copper current-collectors, and
stainless-steel compression plates. A 2.0 M methanol solution
was pumped into the anode channel of the cell, and air was sup-
plied to the cathode channel. Cell performances were evaluated
at room temperature to 60 °C.

2.4. Durability tests

A durability test of a single-cell was carried out at a constant
current density of 80 mA cm™2 with 1.0 M methanol solution as
the anode fuel and air as the cathode reactant, at atmospheric
pressure. The cell was operated more than 1700 h with a flow

rate of 1.0 cm? min~! on the anode side and 300 cm?® min~! on
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Fig. 3. Electron micrographs of silica spheres: (a) 10-20nm (CH3OH/TEOS: 46); (b) 20-30nm (CH3OH/TEOS: 42); (c) 40-50nm (CH3OH/TEOS: 38); (d)

80-100 nm, (CH30OH/TEOS: 32).

the cathode side [21]. In addition, commercial-grade Johnson
Matthey (HiSPEC 6000) catalyst supported on carbon black
(Vulcan XC 72R) was tested under the same conditions for
comparison of the characteristics of the durability test results.

3. Result and discussion
3.1. Morphologies and characteristics of porous carbons

Scanning electron micrographs of the silica spheres are
shown in Fig. 3. When the silica spheres were created using
sol-gel methods, the sizes of the silica spheres were very
dependent on the molar ratio of CH30H/TEOS [18]. As
shown in Fig. 3, when the molar ratios of CH3OH/TEOS are
approximately 46 and 42, well-dispersed silica spheres mea-
suring approximately 10-20 and 20-30nm in particle size,
respectively, are obtained. In addition, as the molar ratios of
CH3;OH/TEOS are decreased to 38 and 32, the size of silica
spheres becomes 40-50 and 80-100 nm, respectively.

Scanning electron micrographs of carbonized pitch with sil-
ica are given in Fig. 4. The size-controlled silica spheres are well
dispersed with the carbonized pitch.

Scanning electron micrographs of PCs after etching of the
silica spheres by NaOH solution from the carbonized pitch are
presented in Fig. 5. Some open pores develop after the heat treat-
ment and the etching process. This is due to the escape of organic
materials with low molecular weight from the mesophase pitch
during the stabilization and carbonization processes. Addition-
ally, some open pores are formed through the aggregation
of silica at nearly 800°C during the carbonization process
[22].

Nitrogen adsorption isotherms of the carbonized PCs are
shown in Fig. 6. The results are summarized in Table 1. The spe-

Silica
sphere

Carbonized
pitch

Fig. 4. Electron micrographs of carbonized pitch with silica after heat treatment
at 1000 °C: (a) 40-50 nm; (b) 90-100 nm.

cific surface areas of K10, K20, K50 and K100 are 273.2,212.4,
132.9 and 88.2m? g~ !, respectively. The corresponding average
pore diameters are 16.9, 17.7, 37.0 and 80.8 nm. Although the
specific surface areas of these PCs are relatively low, the meso-
to macro-pore ratio becomes 85-90% on the addition of the sil-
ica spheres. The pore sizes of the PCs are slightly smaller than
the particle sizes of the original silica spheres [2]. This is caused
by the structural change of the carbonaceous material during the
carbonization process. By contrasts, the PC prepared using sil-
ica of 10 nm size shows a larger pore-size distribution than the
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Table 1
Specific surface area and average pore diameter of PCs
Sample Vulcan XC 72R Raw pitch K10 K20 K50 K100
S (BET,m?>g™ ) 254 1.8 273.2 212.4 132.9 88.2
S (micro) 0.2 26.4 29.6 9.6 6.6
S (meso—macro) 1.6 246.8 182.8 123.3 81.6
V (total) 0.39 0.00444 1.1545 0.9402 1.2302 0.2519
Average pore diameter (4V/A), nm 5.73 - 16.9 37.0 80.8
original silica. This is due to some broken pores in the surface
of the carbon and the greater development of open pores in the
PC during the carbonization and etching processes. o
—v—K20
A K50
for 800 0.8
3.2. Characteristic of Pt—Ru/PCs ) —O— K100 &
ln_".‘ _?_’, 0.6 — M — Raw pitch I
X-ray diffraction patterns of the PCs prepared from raw pitch ® g0 | E /‘:
and the Pt—Ru/PCs are given in Fig. 7. As shown in Fig. 7(a), 2 s il /| :
carbonized carbon using raw pitch has a typical soft-carbon < £ 02 .{\ /
structure with a high intensity at approximately 26 =26° [10]. @ 400 & W Q@I VN 5 *
. ] 0.0 Ne-000-0—¢ *
The PCs, however, has a slightly amorphous structure compared no: 2 " /
vlvlith raI;N pitch. This is due to the mesopores and open pores in 2 200 Pore Diameter(nm) /’ v
the carbon. <
Guo et al. [11] obtained XRD patterns of Pt/C that exhibited § -5 ;-
. . i sssaniatte R
diffraction peaks of (111), (200) and (220) at 26 values of 04 S5 IDODODIEIIIEIPEN.EIIIPBIEDLOIEN s

39.9°, 46.3° and 67.45°, respectively. The diffraction patterns
of the Pt—Ru catalyst supported on PCs (Fig. 7(b)) are similar
to those of Pt/C, except that the 26 values are shifted to slightly
higher values [10,11]. Additionally, the structure of the Pt—Ru
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Fig. 6. Nitrogen adsorption isotherms of raw pitch and size-controlled PCs.

Open pore

Fig. 5. Electron micrographs of carbonized PCs after etching of silica with NaOH: (a) 10-20 nm (K10); (b) 15-30 nm (K20); (c) 30-50 nm (K50); (d) 80—100 nm

(K100).
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Fig. 7. X-ray diffraction patterns of (a) carbonized PCs with raw pitch and (b)
Pt—Ru catalysts supported on PCs.

catalyst is nearly identical to that of the commercial E-TEK
catalyst.

The average particle size of Pt—Ru was determined using the
(220) peak according to Scherrer’s equation [12,13]. The parti-
cle sizes of the alloy and the specific surface areas of the Pt-Ru
supported on PCs with different pore sizes, as calculated by XRD
and the chemisorption method, are summarized in Table 2. The
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Fig. 8. Cyclic voltammograms of Pt—Ru catalysts supported on PCs.

particle sizes of the Pt—Ru alloy increase from 2.6 to 3.0 nm when
the pore size changes from 10 nm (K10) to 100 nm (K100).

The specific surface areas of the catalysts were calculated
from the XRD data with the assumption that the Pt—Ru particles
are spheres, as suggested by Roth [14]. The values increase from
88.9 to 102.6 nm on decreasing the particle size of the Pt-Ru
alloy. This indicates that a Pt—Ru alloy with a smaller particle
size can be obtained by using PC that is smaller than 20 nm in
size.

The metal dispersion, crystallite size and metallic surface
area of the Pt—Ru/PCs catalysts as tested using a chemisorption
method are also summarized in Table 2. The metallic dispersion
and surface area are increased when the pore size of the PCs is
less than 20 nm. The crystallite size is decreased by decreasing
the pore size of the carbon.

In summary, the Pt-Ru alloy supported on PC with a pore
size of approximately 20 nm has the smallest particle size and
the largest metallic surface area compare with the others.

3.3. Electrochemical characteristics of Pt—Ru/PCs

Cyclic voltammograms of the Pt—Ru catalysts supported on
PCs with raw pitch are shown in Fig. 8 together with that of the
commercial E-TEK catalyst supported on carbon black [14,15].
The K20 catalyst shows greater methanol oxidation activity at
0.4V than K10, K50, K100 and the commercial E-TEK catalyst
(60 wt.% Pt—Ru/Vulcan XC 72R). The methanol oxidation rates
of Pt-Ru/K10, Pt—Ru/K20, Pt—Ru/K50 and the Pt—Ru/K 100 cat-

Table 2
Properties of Pt—Ru/PCs obtained by XRD and chemisorption techniques
Techniques E-TEK (Pt-Ru/Vulcan XC 72R) Pt-Ru/K10 Pt-Ru/K20 Pt—Ru/K50 Pt—Ru/K100
XRD
Pt—Ru alloy particle (nm) 2.7 2.6 2.6 2.8 3.0
Theoretical specific surface area (m? g~! metal) 98.8 102.6 102.6 95.2 88.9
Chemisorption
Metal dispersion (%) 8.8 7.8 7.9 6.1 5.5
Crystallite size (nm) 14.0 15.8 15.6 20.2 223
Metallic surface area (m? g~! metal) 25.1 22.3 22.6 17.5 15.8
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Fig. 9. Single-cell performance of DMFC in (a) air, (b) oxygen, 60 °C, open
pressure. Anode: 2.0M CH30H, 1.5 cm? min~!; cathode: 330 cm? min~! air,
250 cm® min~! 5.

alysts are about 45, 48, 40 and 30% higher than that of the
Pt—Ru/raw pitch catalyst at a constant voltage of 0.4 V. All of the
Pt—Ru/PCs showed greater levels of methanol electro-oxidation
activity compared with the commercial E-TEK; in particular, the
methanol oxidation rate of Pt—Ru/K20 is nearly 35% higher.
The current—voltage characteristics of single cells with dif-
ferent MEAs using Pt—Ru/PCs as the anode catalyst with air
and oxygen as the oxidants at 60 °C are presented in Fig. 9.
The results show a similar trend to those obtained from cyclic
voltammetry. As the mesopore size of the PCs becomes smaller,

Table 3
XRD patterns of Pt—-Ru/K20 and a commercial catalyst with a durability test
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Fig. 10. Long-term durability test of single-cell performance of DMFC in air
at 60°C, open pressure. 80 mA cm~2, anode: 1.0M CH3O0H, 1.5cm? min~!;
cathode: 300 cm? min~!, air.

the performance of the single cell increases. The highest power
density is obtained from K20, namely, 90 and 126 mW cm™2
using air and oxygen, respectively, at 60 °C. By comparison, the
maximum power density of the commercial E-TEK catalyst is
79 and 108 mW cm ™~ in air and oxygen, respectively, at 60 °C.
The single-cell performance of Pt—-Ru/K20 is 15-16% higher
than that for the commercial E-TEK catalyst.

The greater performance of Pt—-Ru/K20 can be attributed to
many factors. An important factor is the effect of open pores in
the PC that interconnects other pores. A Nafion solution filled
in an open pore will transfer protons more easily from the anode
side to the membrane than a closed pore such as carbon black or
raw pitch. The smallest particle size and the largest metallic sur-
face area compared with the other catalysts, as listed in Table 2,
is an additional factor.

3.4. Analysis of durability tests

The durability of single cells prepared with Pt—Ru/K20 and
the carbon black supported J.M (HiSPEC 6000) catalyst is
shown in Fig. 10. The voltage of the single cell using the
Pt—Ru/K20 catalyst is 0.48 V during the early stage of the test at
a constant current density of 80 mA cm™2. This value decreases
as the operating time increases. When the operating time reaches
1700 h, the voltage is reduced to nearly 0.43 'V, i.e., an approx-
imate 10% loss. By comparison, the single-cell voltage of the
J.M catalyst falls from 0.50 to 0.42V (15% loss) at a constant
current of 80 mA cm~2 for 1700 h. In addition, the single-cell
voltage using the Pt—Ru/K20 catalyst is a higher than that of
the J.M catalyst when the operating time surpasses 850 h. This
indicates that the rate of activity loss of the J.M catalyst is higher
than that of the Pt-Ru/K20 catalyst [20,23,24].

Catalysts Pt—Ru alloy particle size (nm) Theoretical specific surface area (m? g~! metal)
Before test After 1700 h Before test After 1700 h

Pt—Ru/K20 2.6 3.6 102.6 74.1

J.M HiSPEC 6000 1.9 3.0 140.4 88.9
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The results of XRD analysis [12,14,23] after alapse of 1700 h
are shown in Table 3. The particle size of Pt—Ru supported
on K20 increases from 2.6 to 3.6nm, i.e., at a rate of about
38%. The particle size of Pt—Ru supported on carbon black (J.M
catalyst) increases from 1.9 to 3.0nm, i.e., at a rate of about
58%. The theoretical specific surface area of the Pt—Ru parti-
cles supported on K20 changes from 102.6 to 74.1 m? g~ ! metal
while that supported on carbon black decreases from 140.4 to
88.9 m? g~ ! metal, i.e., decreasing rates of approximately 28 and
37%, respectively. From the above results, when Pt—Ru metals
are supported on PC with a pore size of 20 nm, the aggregation
rate of the metal particles is slower than that of metals supported
on the carbon black. This is due to the different structures of the
two carbon substrates [19].

4. Conclusions

Pore-size controlled PCs for catalyst supports in DMFCs are
prepared from mesophase pitch using silica spheres of different
sizes. The specific surface area of the PCs is 88.2-273.2m? g~/
and the average pore diameter, which depends on the size of the
silica spheres, varies from 15 to 100 nm.

A Pt—Ru alloy catalyst supported on PC with a pore size of
approximately 20 nm shows the smallest particle size and the
largest metallic surface area compare with the others.

The rate of methanol oxidation on Pt—Ru/K10, Pt—-Ru/K20,
Pt—Ru/K50 and the Pt—-Ru/K100 catalysts is approximately 45,
48, 40 and 30% higher than that on Pt—Ru/non-porous pitch-
based carbon at a constant voltage of 0.4 V. All Pt—Ru/PCs
display higher rates of methanol electro-oxidation compared
with commercial E-TEK and non-porous pitch-based carbon
Pt—Ru catalysts.

The performance of single cells increases as the mesopore
size of carbon decreases. The highest power density is obtained
from K20 at 90 and 126 mW cm ™2 using air and oxygen at 60 °C,
respectively.

When a single cell is operated for nearly 1700 h, the particle
size of Pt—Ru supported on K20 changes from 2.6 to 3.6 nm,
while that of Pt—Ru supported on carbon black (J.M catalyst)
increases from 1.9 to 3.0 nm. Thus, the rate of activity loss of the
J.M catalyst is higher than that of Pt—-Ru/K20. The latter shows
excellent electrochemical stability during 1700 h compared with
the commercial J.M catalyst.
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