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Abstract

The ‘impregnation—reduction method’ has been investigated as a tool for the preparation of a direct methanol fuel cell (DMFC)
anode. In this method, PtRu electrocatalysts were directly bonded onto a polymer electrolyte membrane by the chemical reduction
of a mixture of Pt and Ru complexes impregnated in the membrane. The deposited PtRu particles were embedded in the 3—4 um
region of the membrane surface to form a porous and hydrophilic layer. The PtRu layers turned out to be applicable to the DMFC
anode, despite their small active surface areas compared to PtRu nanoparticles used in the conventional method. Approximately, 3
mg cm 2 of the PtRu layer exhibited better catalyst utilization and facilitated the release of evolving CO,. This preparation
technique is attractive for the application of various solid polymer electrolyte materials with low heat-resistance or various shapes,

etc.
© 2002 Elsevier Science Ltd. All rights reserved.
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1. Introduction

A direct methanol fuel cell (DMFC) based on a
polymer electrolyte membrane (PEM) is attractive for
transport and portable applications. Despite a great
number of research and development studies on
DMFCs, several problems still prohibit their practical
uses. In particular, it is urgently necessary to develop
novel membranes with low methanol permeation [1-4]
and anode catalysts with high catalytic activity for
methanol oxidation [5,6]. Most of the fabrication
methods for membrane—eclectrode assemblies (MEAsS)
for DMFCs were developed on the basis of those of gas
diffusion electrodes for polymer electrolyte fuel cells
(PEFCs). A typical method is the hot-pressing of
catalyst layers, which were prepared separately by
painting, spraying or printing catalyst inks containing
catalyst particles and a polymer electrolyte suspension,
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onto a PEM [7-9]. In this paper, we observed hydro-
philic electrodes with the same structure as those for a
polymer electrolyte water electrolyzer, from the point
that liquid methanol aqueous solution is supplied to an
anode in the DMFC.

In previous studies [10—12], the ‘impregnation—reduc-
tion’ (IR) method was developed for direct contact of a
PEM and metal electrodes under wet conditions to
apply to a polymer electrolyte water electrolyzer. In the
IR method, the cation-exchange membrane with a pre-
exchange cationic metal species, e.g. [Pt(NH3) >, is
subsequently immersed in the reduction solution, which
reduces and displaces the metal towards the outer
surface of the membrane. All procedures can be
conducted below 80 °C in a wet state, which are much
milder conditions compared to the hot-pressing method.
The characteristics of the electrodes prepared by this
method are a few microns in thickness, hydrophilic and
porous. In addition, they exhibit excellent adhesion and
durability, due to the fact that the metal particles are
embedded in the membrane surface. Indeed, the Pt—
PEM composite prepared by the IR method was
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supplied for solid polymer electrolyte water electrolysis
and the electrolyzer was put into practical use as a
hydrogen generator or a hydrogen station for a PEFC
[13—16]. The scale-up of the electrolyzer has succeeded
up to 0.75 m? with a six-cell module [16]. Pt electrodes
have been durable during the vigorous gas evolution due
to their adhesive property and porous structure.

The application of such a satisfactory IR method to
the preparation of MEA for DMFC will facilitate the
release of the evolving CO, [17] and decrease the risk of
electrodes peeling from the PEM due to the swelling of
the PEM on absorbing methanol. The IR method,
which is conducted at low temperature under wet
conditions, is applicable to polymer electrolyte materials
with poor heat-resistance or various shapes (e.g. tubes
or spheres).

Fundamental studies for the oxidation of methanol
were reported on Pt alloy electrodes bonded to a PEM
by the reduction permeation (RP) method developed by
Takenaka and Torikai [18,19]. A mixture of H,PtClg
and a second metal chloride solution, and a reducing
solution (e.g. NaBH4, NH,NH,) were placed on both
sides of the membrane, respectively. Pt alloy layers were
formed on the surface of the membrane by permeation
of reducing agents into the other side of the membrane.
Ru or Sn alloyed with Pt increased the activity of
methanol electro-oxidation in a sulfuric acid solution
[20-22].

In this paper, the PtRu electrode, which is currently
known to be the most active anode catalyst for methanol
oxidation [2,23—-25] was bonded directly onto a PEM by
the IR method. The possibilities of a PtRu anode
prepared by the IR method were investigated with the
DMEFC operation.

Nafion 117

+[Pt(NHg) 42*
—_—

+[RUCI(NHg)g]?*

(i) ion-exchange |:

PH(NHg) 1 2

2. Experimental

2.1. Preparation of PtRu onto PEM by IR method

Fig. 1 is a schematic representation of the IR method
for direct plating of PtRu onto a Nafion membrane.
PtRu loading was performed on Nafion®117 (Du Pont),
which is a typical perfluorocarbon sulfonic acid cation-
exchange membrane with an ion-exchange capacity of
0.909 x 102 eq. g~ ! and 180 pm thickness in the dry
state. Tetraammineplatinum(IT)chloride ([Pt(NHj3)4]Cl,
from Tanaka Precious Metals) and chloro pentaammi-
neruthenium(IIl)chloride ~ ([RuCI(NH3)s]Cl,  from
Johnson—Matthey) were used as PtRu precursors.
Cation-exchange (impregnation) was carried out by
immersing the H* form of the Nafion in aqueous
solutions (10~ 3-10~% M) of these Pt and Ru complexes
overnight at room temperature (Fig. 1(i)). The mem-
brane was washed with distilled water to remove the
excess metal species. Subsequently, the membrane was
immersed in 107%10~" M of sodium borohydride
(NaBH,) solution at 60 °C for 5 h to precipitate PtRu
(Fig. 1(i1)) on the surface of Nafion membrane. After the
treatment in 1 M HCI aq. solution and distilled water at
80 °C, the Nafion—PtRu composite was successfully
fabricated.

2.2. Characterization of PtRu layers of the composites

The concentration change in the precursor solution
used for the impregnation step was monitored by ICP
(Nippon Jarrell-Ash, ICAP-575 II) to determine the
incorporated amounts of Pt and Ru complexes in the
membrane. ICP analysis was also carried out to obtain
the concentration of Pt and Ru eluted in the reduction
or HCI solution. The chemical composition and loading
amount of PtRu in the prepared composite were
calculated by subtracting the eluting amount in the
reduction step and HCI treatment from the incorporated
amount in the ion-exchange step.

+NaBH,

+Ht

(i) reduction

Fig. 1. Schematic representation of the PtRu—PEM composite prepared by the IR method: (i) the ion-exchange step; (ii) the reduction step.
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The X-ray diffraction (XRD) patterns for the PtRu
layers were obtained on a JEOL X-ray diffractometer
JDX-8020S using CuKa radiation source operating at
40 kV and 30 mA. The prepared composites were
examined with a scanning electron microscope, SEM
(Hitachi, S-2500), and the distribution of the PtRu
layers was analyzed by an energy-dispersive spectro-
meter, EDS (Horiba, EMAX-3700).

2.3. Preparation of MEAs for DMFC

PtRu was deposited on only one side of a Nafion
membrane by the same IR method described above and
was applied to an anode in a DMFC. On the other
hand, unsupported Pt black (from Johnson—Matthey,
specific surface area 27 m”> g~ ') was used as a cathode
catalyst. The Pt black powders were polytetrafluor-
octhylene (PTFE)-bonded (7 wt.%) by mixing with a
PTFE dispersion and were suspended in 5 wt.% Nafion
solution (Aldrich) to prepare the catalyst inks. The
catalyst inks were spread onto PTFE blanks to form 4
mg cm 2 loadings of Pt. The MEAs were prepared by
the decal transfer [26,27] of the catalyst layer onto the
opposite side of a PtRu layer of the Nafion—PtRu
composite.

2.4. Evaluation of DMFC performance

The MEA was hot-pressed between carbon cloth
current collectors and assembled in a 10 cm? single
cell. Aqueous methanol solution (1.0 M) was delivered
to the anode at 4 ml min ', while humidified oxygen
was delivered to the cathode (300 ml min ~'). Current—
voltage (/—V) curves were obtained using a current
pulse generator (Hokuto Denko HC-114) and a digital
multimeter.

Table 1
PtRu amount and the compositions deposited by the IR method
Denotation Deposited metal weight, mg cm 2 Pt:Ru (atom-
(mole x 10~%, mol cm~?) ic %)
Pt 0.96 (4.9) 100:0
PtO_SSRUO_IS 0.93 (52) 85:15
Ptoj]RUo_zg 0.80 (48) 71:29
Pty s3Rug37 0.82 (5.1) 63:37
Pt()_44RU()_56 0.68 (48) 44:56
Ptg23Rug 72 0.59 (4.6) 28:72
Ru 0.36 (3.6) 0:100

3. Results and discussion

3.1. Preparation and characterization of Nafion—PtRu
composites

Table 1 summarizes the deposited PtRu amount and
the composition of the PtRu layers in the Nafion—PtRu
composites prepared by the IR method. The stoichio-
metrically incorporated amounts of [Pt(NH;),*" and
[RuCI(NH3)s]** were calculated to be 5.8 x 10~ ° mol
cm 2. ICP analyses showed that theoretical amounts of
the Pt and Ru precursors were impregnated in the ion-
exchange step and more than 80% of the incorporated
complexes were precipitated to PtRu except for Ru in
this method. PtRu compositions deposited on the sur-
face of the Nafion membrane were changeable accord-
ing to the ratios of [Pt(NH3),]* ™ and [RuCI(NH;)s]* * in
the solution used in the ion-exchange step. The incor-
poration rates and the selectivity of the incorporation of
[Pt(NH;),J* ™ and [RuCI(NH3)s]* " in the Nafion mem-
brane are thought to be similar, because the complexes
have the same charge (2+) and similar structure. As a
result, the PtRu ratios impregnated in the Nafion
membrane and deposited on the surface were equal to
those in the ion-exchange solution.

The examples of plating PEM with multiple metals by
the IR method have already been reported for the
preparation of MEAs used in a PEM water electrolyzer
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Fig. 2. XRD patterns of various PtRu layers prepared by the IR
method: (a) Pt; (b) PtogsRug.is; (¢) Pto.71RUg.20; (d) Pto.g3Rugs7; (€)
Pto.44Rug.s6; () PtoasRug72; (g) Ru.
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[10,13,28,29]. However, in the most cases, the first layer,
which was first deposited by the IR method, was covered
with the second metal layer by electro- or electroless
plating. Ru or Ir deposited as the second metal is known
to be active for oxygen evolution in the previous studies.
Contrary to this case, co-deposited PtRu or PtRu alloy
is thought to be appropriate for methanol oxidation
[2,23-25].

XRD patterns of the PtRu layers of various Nafion—
PtRu composites are shown in Fig. 2. The pattern of the
Pt layer (a) displays the (111), (200), (220), (311) and
(222) reflections characteristic of the face-centered cubic
(fcc) crystal structure. The Ru pattern (g) corresponds to
the (100), (101), (110), (103), and (201) reflection
characteristic of its hexagonal close-packed (hep) crystal
structure. Peak patterns of the composites with less than
37% Ru content (b, ¢ and d) were similar to those of
pure Pt, although those peaks were broadened and
shifted to the large angle side compared to those of pure
Pt [30—32]. This implies the incorporation of Ru into the
fcc structure. On the other hand, the (101) peak of Ru
hcp was overlapped with fcc in the patterns of the
composites with more than 56% Ru content (e, f),
suggesting a mixture of fcc and hcp PtRu alloy phases.
Similar results were reported for the unsupported PtRu

—
50 um

Fig. 3. SEM photograph of composite cross-sections prepared by the
IR method.

alloy electrocatalysts prepared by an arc-melting [30] or
thermal decomposition of H,PtClg and RuCl; [31].

Fig. 3 shows the cross-sectional view of the composite
(Nafion—Pty 7;Rug.29) obtained by SEM. Metallic Pt or
Ru concentration profiles across the membrane ana-
lyzed by EDS are represented by the lower traces. This
photograph shows that both Pt and Ru particles are
selectively deposited near the membrane surface to form
3—4 pum thickness layers. Similar PtRu distributions
were observed for all composites listed in Table 1.

A few previous studies have investigated such a
curious distribution of metal particles, in terms of the
mechanism of the ion-exchange and precipitation pro-
cess in the IR method [33-35]. The preparation of Pt—
Nafion [33,34] or Au—Nafion [35] composites have been
used as examples in the literature. When the permeation
of a reducing agent is much faster than diffusion of the
metal complex, metal particles were deposited inside the
membrane. In contrast, if diffusion of the metal complex
is much faster than reductant permeation, metal parti-
cles will precipitate in the solution. Therefore, it is
thought that the selective precipitation of PtRu on the
surface resulted from the suitably balanced diffusion
rates of the precursor complexes and reducing agents.

3.2. DMFC performance

The IR method was conducted on only one side of the
Nafion membrane to deposit 1.6 mg cm > PtRu alloy.
The performance of DMFCs was evaluated with the
PtRu (1.6 mg cm ~2) deposited by the IR method as an
anode and Pt (4.0 mg cm ~?) as a cathode. Figs. 4 and 5
compare the cell performance with various PtRu com-
positions (pure Pt, Pto_7RUO'3, Pto_sRlloj, Pto_3R110'7) as

08 —————————
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Fig. 4. I-V curves for DMFCs with different PtRu compositions at
60 °Cand 0.2 MPa: @, pure Pt; a, Pty;Rug3; B, Pty sRuys; and v,
Pt0_3RU.0_7.
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Fig. 5. I-V curves for DMFCs with different PtRu compositions at
120 °Cand 0.3 MPa: @, pure Pt; a, Pt;;Rug3; W, Pty sRugs;and v,
PtosRug 7.

anodes at 60 °C, 0.1 MPa and at 120 °C, 0.2 MPa,
respectively. The cell voltages (both open circuit voltage
and at higher current densities) were significantly
improved on the PtRu anode, compared to the pure Pt
anode from 40 to 120 °C. The difference in the cell
voltages increased with increasing temperature. It is
thought that the activity of Ru toward the dissociative
adsorption of methanol was increased at higher tem-
perature [36]. The comparison of electrocatalytic activ-
ities of the different compositions of PtRu alloys are
more complicated. Pty sRug 3 performed the best activity
at higher current densities in both 60 and 120 °C,
although the cell voltages at low current densities below
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Fig. 6. I-V curves for DMFCs at 60 °C and 0.2 MPa with various

PtRu loadings (Pt:Ru = 7:3 in molar ratio): @, 1.6; a,3.2; l, 4.8 mg
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Fig. 7. I-V curves for DMFCs at 120 °C and 0.3 MPa with various

PtRu loadings (Pt:Ru = 7:3 in molar ratio): @, 1.6; a, 3.2; H, 4.8 mg
-2

cm” .

0.02 A cm 2 increased in the order of Pto-Rug; <
Pty 3Rug 7 <Pty sRugs. In most studies, the PtRu alloys
with 1:1 molar ratio were used as practical electrocata-
lysts for DMFC anodes. However, in the case of the
PtRu prepared by the IR method, 7:3 molar ratio
exhibited the optimum electrocatalytic activity for the
methanol oxidation, which is consistent with the results
on the well-structured PtRu alloy prepared by arc-
melting [36].

Figs. 6 and 7 show /-V curves for MEAs with
Pty 7Rug 3 (Pt—Ru = 7:3 in molar ratio) anode prepared
by the IR method. The loading amount of PtRu was 1.6,
3.2 and 4.8 mg cm 2 corresponding to one, two and
three repetitions of the IR method, respectively.
Although an increase in the PtRu loading from 1.6 to
3.2 mg cm 2 improved the cell voltage, 4.8 mg cm >
loading of PtRu had the opposite effect. The deteriora-
tion in the cell voltage with the anode having the highest
PtRu loading was much more prominent at 120 °C. The
second or third metal layers prepared by the repeated IR
method widely spread into the membrane, because the
reduction of the metal precursors diffusing from the
inside the membrane occurs catalytically on the first
metal layer. This tendency suggests that PtRu particles
electrically isolated from the electrode exist in the
multiply-plated PtRu layers. Therefore, PtRu deposited
inside a Nafion membrane poorly performs the three
functions of proton conductivity, electrical conductivity,
and fuel accessibility [37]. In addition to decreasing the
catalyst utilization, it is thought to be fatal because
thicker anode layers prohibited the release of the
evolving CO, [17], especially in operation at higher
temperature or higher current density.

The maximum power density was 0.14 W cm 2 at 0.6
A cm~? with the Pto,Rugs; anode in the DMFC



4084 N. Fujiwara et al. | Electrochimica Acta 47 (2002) 4079—-4084

operation at 120 °C, 0.3 MPa. The performance
obtained in this study did not reach the highest level
[9,38,39]. This is due to the small active surface area of
the PtRu anode prepared by the IR method compared
to PtRu black or PtRu nanoparticles dispersed on
carbon black. However, the morphologies of the depos-
ited PtRu prepared by the IR method might be
optimized, in terms of the selection of precursor com-
plexes and reduction agents, concentration and tem-
perature in the reduction solution, pretreatment of the
membrane, etc.

Recently, many studies have been conducted on the
development of novel PEMs for attaining high proton
conductivity, low methanol permeability and low cost
[40]. Despite their poor chemical stabilities, hydrocar-
bon-based membranes have been attractive especially
for utilization at low temperature, because they are
easily synthesized at low price compared to commercia-
lized perfluorinated polymers (e.g. Nafion, Flemion,
Aciplex). Additionally, a recent paper proposed a
tubular design for a PEFC in order to optimize air
access to the cathode [41]. The IR method should be a
powerful tool for applying polymer electrolyte materials
with poor heat-resistance or various shapes to the PEFC
system.

4. Conclusions

In this work, a PtRu alloy was successfully deposited
directly on a PEM by the IR method using [Pt(NH;)* "
and [RuCI(NH3)s]>* with NaBH,, as PtRu precursors
and reducing agents, respectively. Porous and hydro-
philic PtRu layers were selectively formed on the surface
of the membrane. The feasibility of the MEA with the
prepared PtRu for the DMFC anode was also demon-
strated. Despite the small active surface area of the PtRu
layer, the DMFC with a 3.2 mg cm ~ 2 PtRu (Pt:Ru = 7:3
in molar ratio) anode exhibited a power density of 0.14
W cm 2 in operation at 120 °C and 0.3 MPa. We
propose the IR method, which can be conducted under
wet conditions at low temperature, as a preparation
method for DMFC anodes.
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