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Abstract

We have proposed a novel deposition method of thin Pt catalysts onto Nafion membranes impregnated with polypyrrole (PPy) for unitizec
regenerative fuel cells (URFCs). We demonstrated that the polypyrrole impregnated into Nafion membrane not only offered electronic
conduction pathways necessary to sink electrons generated from the chemical reduction of platinic chloride, but also enhanced the dire
loading of Pt particles onto the Nafion surface.

The distribution and thickness of Pt particles deposited on the PPy/Nafion composite membrane was observed by energy dispersive X-re
spectrometry. Atomic force microscopy and scanning electron microscopy were implemented to investigate the morphology of PPy/Nafior
composite membrane surface and the influence of Pt loading onto the Pt/PPy/Nafion electrode surface morphology, respectively. Th
performance of fuel cell and water electrolysis was discussed in the referenceaurve.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction electrode assembly is not available for water electrolysis, be-
cause the gas diffusion electrode in the PEMFC inhibits the
Fuel cells have attracted much attention as clean energydiffusion of reactants and products. For this reason, most of
sources because of their high fuel conversion efficiency andthe MEAs used in URFC are constructed of two-layer struc-
environmental compatibility. In the application of proton ture electrodes consisting of membrane and catalyst layers.
exchange membrane fuel cells (PEMFC), a regenerative Also, most of the work to date in fabrication of catalysts
fuel cell (RFC) system is an energy storage device using onto solid polymer electrolytes utilized a roll-press method.
hydrogen as the energy medium. RFCs have the advantag@iowever, the catalyst loading was high (about 8—10 mgjcm
in long-term energy storage, because they are free fromin the roll-press method, thus another approach was neces-
self-discharge. The simple way to obtain hydrogen and sary for preparation of the electrode for the URFC in order
oxygen with high purity is water electrolysis. A regenera- to reduce the catalyst loadirii—4,8]
tive fuel cell using hydrogen as energy storage medium was The aim of this study was to develop a direct deposition
combined with two separated units for fuel cell and water of Pt catalyst onto the Nafion membrane for the URFC. For
electrolysis operation. A simpler and more compact sys- this purpose, we have proposed a novel deposition method
tem can be realized for the URFC. For the development of of thin catalyst layers on a Nafion membrane modified with
URFC, an important consideration is how to unitize the two polypyrrole (PPy). Among intrinsic conducting polymers,
functions of fuel cell and water electrolysis in a membrane polypyrrole has attracted much attention as an advanced ma-
electrode assembly. Previous efforts for URFC have been fo-terial because of its good environmental stability, facile syn-
cusing on the selection of catalysts or an optimization of the thesis and high conductivity. Pyrrole can easily be reacted
operation condition so as to enhance the performéihes]. by cation oxidizing species, and the resulting polymer is
A conventional membrane electrode assembly (MEA) for produced in the oxidized state with a cation center which is
a PEMFC is comprised of a Pt/C catalyst layer and a gas doped with electrolyte anion in order to neutralize electri-
diffusion electrodg5-7]. But the conventional membrane cal properties of the polymer backbone. Therefore, the com-
bination of Nafion and polypyrrole is easily achieved. lon

* Corresponding author. Tel:82-2-312-6507; fax:}82-2-312-6401. (cation and/or anion) motion in polypyrrole has turned out
E-mail addressihk1919@yonsei.ac.kr (H. Lee). to be more dependent on the size of the anions than on the

0378-7753/$ — see front matter © 2004 Elsevier B.V. All rights reserved.
doi:10.1016/j.jpowsour.2003.12.038



H. Lee et al./Journal of Power Sources 131 (2004) 188-193 189

nature of the anionf@—12]. Although some researches have of the catalyst layer of the Pt/PPy/Nafion electrode were
reported on the modification of a Nafion membrane using confirmed by energy dispersive X-ray spectrometer (EDS,
a conducting polymer for fuel cells, there have been few Oxford 7421, Oxford Link ISIS). AFM (NanoScope Il
investigations on the direct deposition of Pt catalyst onto scanning probe microscope) was used for the morphological
Nafion modified with polypyrrole. We expected that polypyr- investigation of the membrane surface.
role could combine with the sulfonate groups of Nafion and
that the resulting PPy/Nafion composite membrane could of- 2.3. Cell test for URFC performance
fer the electronic conduction pathway necessary to sink the
electrons generated from the chemical reduction of platinic The URFC performance test was conducted in both
chloride. Despite using a conventional reduction method for modes, of PEMFC and water electrolysis, using a single
the platinum precursdfi3,14] the electrocatalyst of Pt was  cell with an active area of 4 ¢inin the PEMFC mode, pure
more easily fabricated on a Nafion membrane modified with hydrogen and oxygen gases were provided to the fuel cell
polypyrrole compared with on a plain Nafion membrane. through a mass flow controller (Teledyne Hastings-Raydist
This method was not only simple, safe and more economi- Co.) from a storage tank. The streams of hydrogen and oxy-
cal, but also achieved better performance for the URFC. By gen were humidified at 85 and 8G, respectively. The fuel
taking advantage of those properties we, herein, have pro-cell tests were performed under ambient pressure a€75
posed a novel preparation method for the electrode with aThe performance of the single cell was carried out using
thin film catalyst for the URFC. a personal computer and an electronic load (HP-6060B,
Hewlett Packard Co.) interfaced through a general purpose
interface board (GPIB) and data acquisition/control soft-

2. Experimental ware written in-house. In the water electrolysis mode, the
cell was operated with pure water pumped into the electrode
2.1. Preparation of PPy/Nafion composite membrane chamber from the water reservoir and direct current was

supplied by a dc power supply (6410A, Hewlett Packard).
Polypyrrole-impregnated Nafion (PPy/Nafion) compos- Water was supplied to the bottom of the both sides of
ites were prepared by the following procedure. The Nafion electrodes of the test cell, and the gases generated were re-
membrane was placed in a two-compartment cell. Both |eased from the top of the test cell. Water was circulated by
surfaces of the Nafion membrane were treated with 0.1 M peristaltic pump at a rate of 100 ml/min for both electrodes.
FeCk solution for 15min, followed by washing with
de-ionized water before polymerization. A 0.2 M solution
of pyrrole monomer was simultaneously injected into the 3. Results and discussion
reaction chamber for 15min. The Nafion membrane had a
black color. The resulting PPy/Nafion composite membrane 3.1. Morphological analysis
was soaked in a 0.5 M#$0y solution before Pt deposition.
The Pt catalyst layer on the PPy/Nafion membrane, as a
2.2. Pt/PPy/Nafion electrode function of Pt loading, was fabricated by controlling the vol-
ume of 10 mM HPtCk solution used. When the Pt/Nafion
The Pt catalysts on the PPy/Nafion composite membraneelectrode was fabricated in the absence of polypyrrole, the
were prepared by reducing;RtCk using NaBH, and the Pt particles formed on the Nafion surface were easily peeled
amount of Pt deposited was controlled by the volume of off. In the presence of polypyrrole, we found that the Pt par-
10 mM H,PtCk solution used. A solution of 10 mM HPtClg ticles were deposited on PPy/Nafion membrane and the yield
was placed in one compartment of the cell and a solution of Pt loading was in the range of 40-56%. According to the
of 0.5M NaBH,; was inserted into the other compartment. ICP data, the amount of Pt particles deposited on the mem-
The volume of HPtCk solution in the Pt deposition was brane was 0.14, 0.20 and 0.38 mg?oah 0.5,1.0and 2.0ml
varied from 0.5 to 2ml. The deposition was carried out at volume of 10 MM HPtCk, respectively. These results sug-
room temperature for 1 h. After the Pt catalyst was deposited gested that the surface of the composite membrane that is
on one side of the PPy/Nafion surface, the opposite face ofpolymerized with pyrrole served as an electronic conduction
the Pt/PPy/Nafion was also deposited in the same methodpathway owing to the electronic properties of the polypyr-
After the reaction was completed, the resulting electrode role, therefore, the polypyrrole would play the role of an
was always soaked in 0.5MJ80, for 24 h and then in  electronic sink for the reduction of the platinum precursor
de-ionized water for 1 h. The amount of Pt loading on the similar to the preparation of a conventional Pt/C catalyst. As
membrane was determined by inductively coupled plasmamentioned earlier, the deposition of Pt on PPy/Nafion was
(ICP; ELAN 500, Perkin-Elmer, Inc.). easier than the method of using bare Nafion. The surface of
The surface of the Pt/PPy/Nafion electrode was ob- the Nafion membrane impregnated with polypyrrole was ob-
served by means of scanning electron microscopy (SEM, served by atomic force microscope (AFNFig. 1shows the
JSM-6700F, JEOL). Also, the thickness and the distribution AFM images of the bare Nafion and PPy/Nafion composite
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Fig. 1. AFM images of (a) Nafion 117 and (b) PPy/Nafion composite
membrane surface.

membranes. When the pyrrole was polymerized on the
Nafion membrane, the surface of the PPy/Nafion composite
membrane had a flatten morphology compared with the bare
Nafion membrane. This indicated that the polypyrrole was
formed on the surface of the Nafion by the oxidation of pyr-
role. The SEM images of the surface of the Pt/PPy/Nafion
electrode are shown iRig. 2 The porous structure and the
aggregation of the Pt particles are uniformly observed on
the Pt/PPy/Nafion electrode, and the average size of the Pt
particles is less thanidm. In water electrolysis, isolated Pt
particles could not be provided with an electronic conductor
to each other from the external dc power supply. Therefore, Fig. 2. Scanning electron micrographs of PtPPy/Nafion electrode surface
the continuously linked Pt particles were more effective cata- with different Pt loading.

lysts compared to isolated Pt particles. Also, if the Pt surface

was more porous and the size of the Pt particle was much

smaller, the surface area of Pt particle would be enlarged. mode. Therefore, the catalyst layer should be porous enough
As a result of morphological analysis, we expected that to allow the reactant gases access into the three-phase
the Pt/PPy/Nafion electrode prepared having the amount ofregion.

Pt loading of 0.38 mg/cfexhibited most performance for In order to investigate the location of the Pt deposit, the
water electrolysis. However, the morphological estimation result of the EDS analysis is presentedrig. 3. The images
from SEM was not consistent with the catalysts utility for the of the cross-section of the Pt/PPy/Nafion electrode assembly
fuel cell mode, because the three-phase region was a moravithout diffusion layers are shown. A lump of Pt particles
important effect for the PEMFC. It should be mentioned found inthe membrane represents debris generated when the
that the fuel and oxidant must react at the interface region composite electrode was cut for EDS analysis. The thin cat-
between the electrolyte and the catalyst layer in the fuel cell alyst layer on the PPy/Nafion composite membrane surface
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Fig. 3. Mapping of Pt distribution along the cross-section of Pt/PPy/Nafion electrode with different Pt loading.

is shown inFig. 3. The thickness of the catalyst layer was high current density, the electrocatalyst layer must be tightly
found to be approximately 3-wm, with different amounts  bound on the membrane. From the morphological analysis,
of Pt loading. After the surface region of the PPy/Nafion we confirmed that the adhesion of the Pt particles was im-
membrane was covered with Pt particles, granular Pt parti- proved by polypyrrole, and the Pt deposition method using
cles were progressively formed the direction perpendicular polypyrrole was valuable for fabrication of electrocatalysts
to the surface. When the fuel cell and the water electroly- onto the Nafion surface.

sis were conducted at high current density, the adhesion be- Fig. 4 shows typical cyclic voltammograms of the
tween the catalyst layer and the membrane was an importantPt/PPy/Nafion electrode in 0.5M280, solution at room
factor to consider for the purpose of reducing contact resis- temperature. The measurement was conducted in the po-
tance. Also, because most of the current was generated in theential range from-0.3 to 1.2V versus Ag/AgCl at a scan
interface between the catalyst layer and the membrane, atate of 40mV/s. The cathodic and anodic peaks observed
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Fig. 4. Cyclic voltammograms of Pt/PPy/Nafion electrode prepared with various Pt loading (scan rate 40 mV/s).

between—0.3V and 0.0V versus Ag/AgCI corresponded with an active area of 4cfnat 80°C. The performance

to the adsorption and desorption of hydrogen ions on of the single cell was increased as the Pt loading was in-
the Pt catalyst, respectively. From the CV, we found that creased. In particular, a single cell with a Pt loading of
the catalyst of the Pt/PPy/Nafion electrode behaved as anp.38 mg/cd showed higher performance than with the
electrochemically active site. Using the electrochemical other MEAs. When the cell voltage was 0.695 and 0.313V,
adsorption charge ifrig. 4, the roughness factor and the the current density was 190 and 636 mAfmespectively.
active surface area of the Pt/PPy/Nafion electrode wereEvyen though the performance of a single cell was increased
calculated inTable 1 The roughness factor was the ratio of as the Pt loading was increased, the active Pt catalyst within
the actual adsorption Charge on the Pt/PPy/Nafion electrodethe three_phase region were not proportionate to the Pt
to the theoretical adsorption charge on smooth platinum. jpading, quantitatively. Therefore, in order to enhance the

The active surface area was represented as the ratio of theyiility of the Pt catalyst on the Nafion membrane, further
roughness factor to the Pt loading. As mentionediahle 1,

the surface area was relatively high for each Pt/PPy/Nafion
electrode in spite of the low Pt loading. Therefore, it can be
considered that the direct deposition of Pt catalyst on Nafion
impregnated polypyrrole is a promising method to reduce
the amount of loading on the electrocatalysts for URFC. —o— 0.14 mglem? Pt

—o— 0.20 mg/cm? Pt
—a&— 0.38 mg/cm® Pt

3.2. Single cell performance of Pt/PPy/Nafion 08}
electrodes for URFC

Fig. 5 shows the fuel cell performance curves of single
cells obtained for a MEA with various loadings of Pt. The
performance of the fuel cells as a function of Pt loading
was evaluated in the presence of hydrogen and oxygen gas

06

Voltage (V)

04 r

Table 1
The electrochemical properties of Pt/PPy/Nafion electrode using polypyr-
role

Pt loading Electricity Roughness Surface area 0-20 1(')0 2(')0 3(')0 4(')0 5(')0 6(I)0 200
(mg/cn?) (mClcnd) factor (m?/g) )

0.14 24.00 114.29 81.64 Current density (mA/cm®)

0.20 39.10 185.24 92.62 . o ) . .

0.38 58.45 278.33 73.24 Fig. 5. 1-V polarization curves for MEA of Pt/PPy/Nafion with different

Pt loading.
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Fig. 6. Effects of different Pt loading on water electrolysis (the cell operated with purified water@t &0 atmospheric pressure).

investigations will be needed to establish the optimal con- of Pt catalysts on Nafion-impregnated polypyrrole is a

dition for the Pt/PPy/Nafion electrode fabrication. promising method to reduce the loading amount of electro-
-V curves for water electrolysis of URFC are presented catalysts and to prepare a thin catalyst layer for the URFC.

in Fig. 6. As the Pt loading was increased, the performance

of the water electrolysis followed the same trend. The sin-

gle cell with 0.38 mg/crh Pt loading showed higher water ~Acknowledgements

electrolysis performance than the other cells. When the cur-

rent density was 2.38 A/cfnthe voltage of the water elec- This work was supported by Korea Research Foundation

trolysis was 0.5V at ambient pressure and60Compared ~ Grant (KRF-2003-005-D00002).

with the fuel cell performance, the water electrolysis per-

formance was more dependent on the amount of Pt loading.

In principle, the general approach to optimize the two func-

tions of fuel cell and water electrolysis was to control the

Pt loading catalysts for the URFC. Based on the results, the
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