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Abstract

A new and simple process has been developed for the fabrication of catalyst layer of the PEMFC electrodes, scalable to large area electrodes
in order to reduce the interfacial contact between the catalyst layer and the electrolytes. The catalyst layers of the PEMFC electrodes prepared
by this process have been structurally characterized by EDAX and SEM studies. The fuel cell experiments carried out on the laminated electrode
membrane assembly (EMA) were analysed, in order to get the dependence of the performance of the fuel cell electrode on proton network,
electronic network and interface between the electrolyte and the electrocatalysts. The interfacial resistance has been evaluated for EMAs made
by conventional method and the new process and compared. The catalyst layer prepared by this process showed higher platinum utilization in the

electrodes and also amenable for scaling up.
© 2006 Elsevier B.V. All rights reserved.

Keywords: Fuel cells; PEMFC; Electrocatalyst; Decal; Screen printing

1. Introduction

Research activities in proton exchange membrane fuel cells
(PEMFC) have gained much momentum during the past decade
[1]. Understanding the relationship between structure, proper-
ties, processing and performance is an essential prerequisite in
the search for cost effective materials in PEMFC. The impor-
tant challenges in PEMFC research arise in their catalyst layers
because they are complex and heterogeneous. The catalyst and
catalyst layers are required to be designed so as to generate
high rates of desired reactions and minimize the amount of
catalyst required for reaching the required levels of power out-
put. In addressing these issues, a few requirements need to be
considered: (1) large interface between the polymer electrolyte
and catalyst, (2) efficient transport of protons generated at the
anode and consumed at the cathode at the reaction spots, (3)
easy transport of reactant or product gases and removal of con-
densed water, and (4) continuous electronic current passage
between the reaction spots and the massive current collector.
The overall catalyst layer performance depends on all these crit-
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ical factors and is therefore essential to identify the composite
structures and operation conditions which provide the best bal-
ance between them. The improvement of catalytic activity is a
task of material chemistry and in view of the competing require-
ments, the optimum structure is a result of trade off between
all the four requirements. Most of the known fabrication pro-
cedures like spraying, painting, rolling, screen printing, etc.,
reveal hardly any degree of precision and there is not much
control over the composite structures of fabricated membrane
electrode assemblies [2—5]. Screen printing is also one of the
most popular methods used for the fabrication of catalytic layer
either in the membrane or in the electrode of the PEMFC [6].
In the direct printing or screen printing process, the catalyst
slurry was applied to the membrane in Na* form or TBA (tetra
butyl ammonium) form to stabilize the catalytic layer enhancing
the physical strength of the membrane. However, there are no
reports on the potential impact of these methods on the precision
of resulting catalyst loading, effect of changes in material param-
eters such as ink composition, type of coating, substrate, etc. A
series of parameters affecting the catalytic layer microstructure
in polymer exchange fuel cell electrodes have been studied by
Fernandez et al. [7] in which they have shown that the deposi-
tion of the catalytic layer in the gas diffusion support depend
not only on the ink deposition method but also on the charac-
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teristics of the solvent used to disperse both the catalyst and the
Nafion ionomer. The solvent viscosity and its dielectric constant
are two important factors to control for the catalytic ink prepara-
tion. In particular, the solvent dielectric constant is shown to be
directly related to the electrode performance in single cell tests.
The differences in fuel cell performance resulting from differ-
ent preparation procedures has been studied by Frey and Linardi
[8] and identified an optimized fabrication concept with regard
to maximal performance, considering the previous optimized
procedure. A novel method based on the electrospray technique
has been developed by Ben’ytez et al. [9] and characterized
by different techniques, which showed both morphological and
structural improvements that contribute to a better catalyst uti-
lization compared to conventional methods. These facts were
corroborated after manufacturing several electrode membrane
assemblies (EMAs) with electrodes prepared by three different
methods. EMAs obtained by means of the electrospray technique
exhibited three times higher power density than those prepared
by the impregnation method ones and eight times higher than
EMAs made with electrodes prepared by the spray technique
with platinum loadings of 0.5 mgcm™2. Moreover, the power
density obtained was twice better than a commercial E-TEK.
However, the same group has studied the platinum utilization
in electrodes prepared by impregnation, spray and electrospray
methods and found that the impregnation method gives a higher
platinum utilization than the other two methods and they have
attributed the same for complete solvent removal in the case
of impregnation due to long period leading to tortuous porous
structure, while in the other two methods, immediate elimina-
tion of solvent leaves a low porous structure [10]. Xu et al. [11]
recently reduced the Nafion content in the catalyst layer by incor-
porating sulphonic acid group in the carbon supported catalyst
particles, thereby decreasing the resistivity and the performance
was found to be higher than the unsulphonated counterpart. Kaz
and Wagner [12] studied the triple phase boundary with dif-
ferent kind of catalysts and different amount of electrolyte in
the electrode to explore the interrelationship between platinum

Step 1

and electrolyte content by the dry spray technique directly onto
the membrane surface. They have found that the dry coated
electrodes require a high amount of Nafion to the catalyst to
increase the triple phase boundary. Santamaria et al. [13] stud-
ied the electrode performance by reduced the platinum loading
to 50 pg/cmz, which is about 10 times lower than the normal
loading, in the catalyst layer by dc magnetic sputtering, They
observed the same performance when oxygen is used as oxi-
dant. However, the performance loss is high when air is used
as oxidant and they have attributed the same to less porous
catalyst layer by sputtering, than the standard catalyst layer.
Giorgi et al. [14] described the preparation methods based on
the electrochemical and sputter deposition of low-loading Pt
nanoparticles on gas diffusion electrodes, as a tool for manufac-
turing proton-exchange membrane fuel cell (PEMFC) electrodes
with improved performance and catalyst utilization versus com-
mercial chemical deposited platinum. The porosity of the thin
film decal method using Pt3Cr catalyst has been studied by Xie
et al. [15], where they found that the majority of pores for car-
bon powders and catalyst loaded carbon powders concentrate
in a range from 24 to 84nm with a small number of resid-
ual pores lying outside this range. The catalyst layer prepared
from recast Nafion and carbon supported catalyst has differ-
ent pore structure, determined by the type of catalyst used, the
preparation method, and the total Nafion content. The catalyst
layer has two distinctive pore categories which decreases with
an increase of Nafion content which affects the performance of
EMAs over the entire current range. The optimum performance
was obtained with a Nafion content of 28 wt% for a Pt3Cr cata-
lyst layer made by the thin film decal process. The other method
of EMA fabrication was by electrophoretic deposition (EPD)
reported by Morikawa et al. [16], in which a suspension con-
sisting of ethanol, carbon powders with Pt catalyst, and Nafion
polymer was used in the EPD process to obtain a stable dis-
persed solution. The thickness of the prepared catalyst layer
was controlled by EPD duration or concentration of suspension
and the layer was similar to that prepared by a hot press method.
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Fig. 1. Schematic of coating apparatus: (Step 1) at ambient conditions and (Step 2) at suitable pressure and temperature.
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Fig. 2. SEM picture of catalyst layer. (a) Catalyst layer in decal film.

This method produced a uniform structure which in turn pro-
vided a 56% utilization of Pt catalyst. A method based on pulse
electrodeposition technique was developed by Kim and Popov
[17] for preparation of membrane electrode assemblies which
ensures that most of the platinum to be in close contact with the
membrane. Using this method it is possible to increase the Pt/C
ratio up to 75 wt% near the surface of the electrode resulting in
a 5 mm thick catalyst layer. The EMA prepared by pulse elec-
trodeposition exhibits a current density of 0.33 A/cm? at 0.8 V
with platinum loading of 0.25 mg of Pt/cm?”. The results indicate
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that pulse deposition may be an attractive technique to replace
the conventional powder-type EMA preparation methods. Wu et
al. [18] studied the effect of current distribution in the catalyst
layer by a modified sub cell approach and showed that the con-
ventional hydrophobic electrodes showed better performance
under flooding conditions compared to hydrophilic electrodes.
A composite catalyst layer was designed with 2/3 of the area
from the inlet prepared hydrophilic and the remaining 1/3 area
hydrophobic which showed a notable enhanced performance in
the concentration polarization region. Saha et al. [19] fabricated
EMAs using a thin preformed precursor sheet which was sand-
wiched between two gas-diffusion electrodes. An effective three
phase boundary was established due to thermoplastic property
of the precursor sheet, which showed an enhanced performance
in single-cell tests at 75 °C, current density of 0.4 A/cm? at 0.5 V
compared to conventional electrodes. Inaba et al. [20] studied the
effect of agglomeration of Pt/C catalyst on hydrogen peroxide
formation by rotating disk electrode and found that the forma-
tion of H,O, was enhanced with a decrease in agglomeration of
Pt/C.

In the present paper, we have developed a new process
for the fabrication of catalyst layer by combining the screen
printing and decal process in order to increase the interfacial
contact between the membrane and the catalyst layer. The cata-
lyst layer performance is analysed by electrochemical methods,
current—voltage characteristics. Microscopic examination of the
electrodes as well as interface and the elemental map analysis
were carried out to get the structural relationship, adhesive-
ness of the catalyst with electrolyte and the distribution of
catalysts.
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Fig. 3. SEM of catalyst layer on the kapton film and EDAX of the voids.
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2. Experimental
2.1. Fabrication procedure

The coating apparatus consists of a silk screen of 100 mesh
fixed to a wooden frame with proper tension to squeeze the ink
through the screen to the polyimide blank. The substrate layer
(polyimide blank) is fixed on the XY table with the help of
adhesive tape. The silk screen mesh is completely masked with
the help of a masking fluid, except the area to be screen printed.
The squeegee, made of silicone rubber, is fixed in a wooden
cavity, can be moved along both X and Y directions. A hot air
dryer/IR lamp is fixed on the frame in order to dry the coating
at every step for the removal of solvents.

Fuel cell catalyst ink was prepared by taking 20% Pt/C,
(Arora Mathey, India), water and 5% Nafion solution from
Dupont. The slurry was ultrasonicated till a good catalyst ink
is formed. The coating procedure consists of positioning the
substrate layer under the silk screen mesh, which is not masked,

100pm ———
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Pt
o)
Na  py

and squeegee on top of the mesh at one side. The schematic of
coating facility is shown in Fig. 1. The appropriate amount of the
ink is micropipetted near the squeegee and the slurry is spread
across the mesh and then pushed through the mesh to the sub-
strate layer by moving the squeegee quickly. The hot air heater
is turned on to dry the catalyst layer coated on the substrate.
The same procedure was repeated until the pipetted volume of
catalyst ink is being transferred to the substrate layer. After coat-
ing, the substrate layer was dried for about 2 h. The area of the
catalyst layer is 30 cm?. Subsequently, Nafion 1135 membrane
converted to Nat form was used to transfer the catalyst layer
from the decal film, on both sides. This was done by using a
hydraulic hot press. This procedure was repeated for both anode
and cathode separately. After transferring the catalyst from the
kapton film to Nafion membrane, the membrane was once again
converted to acid form by boiling in concentrated sulphuric acid.
Two gas diffusion electrodes of size 30 cm? made by a propri-
etary process were bonded to the catalyst-coated membrane. In a
subsequent experiment the electrode size was increased from 30

0.80 1.50 2.20 2.90 3.60

4.30 5.00 5.70 6.40 7.10

Fig. 4. Catalyst layer in the Nafion film after decal from the kapton film. EDAX of catalyst layer in Nafion film.
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to 90 cm?. This electrode is called decal electrode which com-
bines both screen printing of catalyst layer and decaling the same
to the electrolyte. Microstructural characterization was carried
out by using a high-resolution scanning electron microscope

Decal film

Carbon

Fluorine

Platinum

(Hitachi). From the EDS examination, elemental map analysis
was carried out for all the elements present in the catalyst layer.
X-ray fluorescence analysis was carried out using a Philips XRF
spectrometer for the laminated membrane electrode assembly by

Nafion Film

0 100pm —

Fig. 5. Elemental map analysis of electrodes in decal film and Nafion film.
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Fig. 6. SEM image of EMA (Pt decal) at the intersection.

inserting the same in the SS holder and tightening the same with channels for the reactants, two copper current collector and an

the help of a plastic fixture. end plate assembly. Polarization measurements were carried out
using a test bench facility fabricated in house, consists of gas sup-
2.2. Fuel cell testing ply chamber, humidity chamber, temperature control system and

an electronic dc load box. The fuel and oxidant are H, and air in
The EMASs thus made were inserted in the fuel cell hard-

ware consisting of two graphite blocks with parallel flow field

Table 1

XRF elemental analysis of MEA Pt

Element Anode (Wt%) Cathode (wt%) S

F 11.708 8.725 il

Mg 0.038 0.029 Na M Series2
Si 0.58 0211 B Series
al 0.199 0.074 cl

Na 0.144 0.082 Si

Al 0.0615 0.017

S 0.637 0.241 Mg

Pt 0.426 0.433 0 0.2 % 06 08

Total 13.7 9.8

Fig. 7. XRF analysis of EMA: series 1 (anode) and series 2 (cathode).
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the stoichiometry of 1.2 and 2.0, respectively. The cyclic voltam-
metry and ac impedance measurements were carried out with the
help of Ecochemie Autolab, Model PGSTAT 30, incorporated
with an ac impedance analyzer.

3. Results and discussion
3.1. Electrode characterisation

The SEM picture of the catalyst layer coated on the polyimide
film is shown in Fig. 2. From the figure, one can see that there are
large number of grain boundaries, cracks and voids in the catalyst
layer. The SEM and EDAX spectrum, shown in Fig. 3, at two dif-
ferent voids in the catalyst layer of the polyimide film showed no
platinum particles. However, after transferring the catalyst layer
to the Nafion film, there are no cracks and voids in the film, as
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shown in Fig. 4. The cracks and voids disappear due to the decal
process at high temperature and pressure. The EDAX spectrum
also revealed the presence of platinum in the Nafion film. This
can be attributed to the uniform distribution of the constituents of
the catalyst layer at the Nafion film due to temperature and pres-
sure applied during the fabrication. Fig. 5 shows the elemental
map of the catalyst layer in both the decal film as well as Nafion
film for carbon, fluorine, oxygen and platinum. From the figure
one can see that the dispersion of platinum is more uniform in
the Nafion film compared to polyimide film. In the case of other
elements, there is not much difference in dispersion between
substrate film and Nafion film. The interface region between the
catalyst layer and the membrane was examined by SEM by cold
fracturing the membrane electrode assembly at 77 K. The cut
piece was oriented vertically in the SEM sample stub and the
SEM pictures along with elemental map are shown in Fig. 6.
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Fig. 8. (a) Current—voltage characteristics of decal electrode at various temperatures and pressures compared with normal electrode and (b) current—voltage

characteristics of 90 cm? (two electrodes) and 30 cm? electrode at 60 °C.
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From the elemental map one can see that the catalyst layer is
on just on the surface of the film and that catalyst layer has not
migrated in to the Nafion film. The EMAs were characterized by
X-ray fluorescence spectroscopy (XRF) for elemental analysis
and the results are shown in Table 1 which is also graphically rep-
resented in Fig. 7, after eliminating the major contribution from
fluorine.

3.2. Electrochemical characterisation

The current—voltage characteristics of the fuel cell is shown in
Fig. 8a. The interfacial resistance and Tafel slope were obtained
from the polarization curves by fitting the polarization curve to
the following equation:

N. Rajalakshmi, K.S. Dhathathreyan / Chemical Engineering Journal 129 (2007) 31-40

Table 2

Kinetic parameters of PEMFC electrodes

Electrode type a (mV) b (mV/decade) R (2 cm?)
Normal 942.13 19.24 1.63
Decal (30 cm?) 951.7 15.49 0.954
Decal (90 cm?) 927.9 10.1 0.644

where E is the cell potential, a the open circuit potential, b the
Tafel slope due to both the electrodes, i the current density, and
R is the sum of ohmic resistance due to membrane, electrodes,
contact resistance, etc. The electrodes were scaled up to 90 cm?
by the same decal process and the current—voltage characteristics
are given in Fig. 8b. The kinetic parameters are listed in Table 2.
From the figure and table it is clear that the fuel cell performance
for 90 cm? is comparable with 30 cm? electrode in the activation

E=a—blogi—Ri (1) region and it performs better in the ohmic region.
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Fig. 9. (a) Cyclic voltammogram of the decal electrode and normal electrode,

scan rate 15 mV/s, humidified at 50 °C and (b) ac impedance of the EMA.
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From Table 2, for the normal electrode, the polarization
resistance R, =1.63 Q cm? reduces to 0.95 Q cm? in the decal
electrode, and hence there is a decrease in overall contact
resistance. This has two components viz., electronic and pro-
tonic interfacial contact resistance. The electronic contributions
arising from the gas diffusion electrodes, fuel cell fixtures, com-
pression, etc., are the same in both type of electrodes and
only the catalyst layer interface with the membrane differs.
Hence the drop in polarization resistance is attributed to the
improved interfacial layer. This is further quantified by the fol-
lowing calculation for electrolyte resistance in the catalyst layer
[21].

The catalyst layer electrolyte resistance can be given with
respect to the tortuosity of the proton path in the catalyst layer
as maximum and minimum resistance and can be computed from
the following equations [21]:

1 1)

Rmin = - - (2)
o 8,’/['
1 1)

Rmax = ; - 8,715 (3)

where o is the ionomer conductivity at 100°C, 80% RH
(0.13S/cm), § the catalyst layer thickness (0.025 mm), ¢ the
volume fraction of ionomer in the catalyst layer (0.3 for
Nafion/carbon ratio of 0.83) and I is the totuosity of the elec-
trode. The Nafion to carbon ratio of 0.83 gives rise to 40%
of ionomer in the catalyst layer (CL) which is optimum value
required for the percolating proton network. Eq. (2) assumes
the tortuosity of the path of proton travel in the CL to be equal
to unity and thus gives a low-end estimate of R and when the
tortuosity is considered higher end of R is obtained. The min-
imum and maximum resistance of the ionomer in the catalyst
layer has been evaluated and is found to be 64 and 370 m$2 cm?,
respectively.

The contributions for ohmic drop like interfacial resistance,
membrane resistance and components resistance apart from
ionomer, can be calculated from the polarization resistance.
Since the membrane and the components and the ionomer con-
tent in the catalyst layer are the same for both normal and decal
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Fig. 10. Contact resistance from current interrupt method.

electrodes, the reduction in resistance is attributed mainly due
to the reduction in interfacial resistance which is quantified by
the above calculation. In the normal conventional electrode, the
resistance is 1260 mS2 cm?2, whereas for the decal electrode, it is
580 m2 cm?. From this calculation it is clear that the interfacial
resistance can be reduced by 50% by decal process.

The electrochemical utilization of platinum in the catalyst
layer has been evaluated by cyclic voltammogram studies. The
cyclic voltammogram of the electrodes with a scan rate of
15 mV/s shown in Fig. 9a, shows almost the same electrochem-
ical platinum utilization for both the electrodes, from which it
is clear that the activation region is not affected by this proce-
dure and the improved performance is further due to reduction
in ohmic contribution.

The ac impedance measurements shown in Fig. 9b, with
single sine wave at 5mV amplitude also shows the reduced
polarization resistance for the decal electrode in the frequency
range 100kHz to 10mHz. From impedance measurements,
Rp=29m&, R;=16.56mS2, Z=1.07F, was obtained for the
decal electrodes. The double layer capacitance given by the
R is low in decal values compared to normal electrodes. The
impedance was also obtained from the current interrupt method
as shown in Fig. 10, where a relay switch placed in series with
the load bank and the relay switch is opened while operating
at a particular current and the voltage response of the cell over
a given period of time is measured, which is a measure of the
impedance. The fuel cell is fixed at a specific operating condition
viz., load, pressure, temperature, humidity and stoichiometry. At
a given time, the current relay is opened and the cell voltages
are monitored for different timings viz., 0.001-0.1 s. The slope
of the cell voltage response against current gives the total ohmic
losses in the cell is around 64 mV, which is about 50% higher
than the impedance value obtained from ac impedance, which
can be attributed to the change in ohmic resistance during experi-
ment. This can be compensated by dynamic drop compensation.
Based on these experiments and calculations, the interfacial
resistance between the electrodes and the electrolyte has been
estimated and found to be lower by about 50% by the new
process.

4. Conclusion

The electrochemical characterisation of the EMA showed a
25% higher performance increase in kinetic region current den-
sity over EMAs made by hand brushing. The ac impedance
measurements also showed a lower interfacial resistance of
about 50% over EMAs made by conventional method. In addi-
tion, it has been demonstrated that the screen printing and
decal process is scalable. The catalyst layer by decal process
also showed a higher platinum utilization in the electrodes.
The current density was found to be 400 mA/cm?® at 0.6V
for EMAs prepared by decal method compared to the cur-
rent density of 300mA/cm? at 0.6V for EMAs prepared by
hand brushing indicating that EMAs prepared by decal process
is superior to the conventional brushing method for PEMFC
application.
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