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Abstract

Platinum loading on the Nafion membrane by impregnation/reduction method was optimized for higher performance in the proton
exchange membrane fuel cell (PEMFC) electrode development and the performance was correlated to their coating condition in terms
of Platinum salt concentration, reaction time and the surface roughness. Surface roughening was used to increase the mass transpor
of chloroplatinate and tetraborohydrate ions, through the membrane, for the simultaneous deposition and reduction of platinum on the
membranes. The current density obtained at 0.7 and 0.6V was 500 and 10004n#fe'spectively for a membrane catalysed with a
platinum loading of 0.38 mg/cfrand the electrochemical utilization of the platinum was found to be 55%.
© 2004 Elsevier B.V. All rights reserved.

1. Introduction for PEMFC without sacrificing performance and reliability.
Catalyst surface utilisation describes the proportion of metal
There has been an increasing interest in the potential usesurface atoms involved in the electrochemical reactions. A
of proton exchange membrane fuel cells (PEMFC) as zerocommon method employed to increase Pt utilization is to
emission power sources for various applications, because ofadd a proton conducting polymer, such as Nafion, into the
their major advantages like quick start up, acceptable oxygencatalyst layer. Impregnation of the catalyst layers of gas
reduction kinetics, small diffusional polarization, dtt-4]. diffusion electrodes with solubilized ionomer increased the
The solid electrolytes are fluoro carbon ion exchange mem- utilization by more than 20%. However, due to the morphol-
branes coated or laminated to an electrocatalyst layer, whichogy, low gas permeability, and poor electronic conductivity
is an essential component in many electrochemical devicesof Nafion, there is a limit to the quantity that can be added,
and are used in fuel cell. They possess excellent chemicalbefore adversely affecting cell performance. Hence, alter-
and mechanical stability allied to a high ionic conductivity native methods of preparing the catalyst layer with a high
and produce highly acidic environments as a consequence oflectrochemical surface area are of interest.
the sulfonic acid groups within the micelle structyi&e6]. In order to achieve higher utilization, an alternative fab-
One of the key parameters for a PEM fuel cell electrode rication method for the membrane electrode assembly was
is its electrochemically active catalyst area. Since the poly- proposed in which the catalyst ink was directly applied on
mer membrane used for electrolyte is a solid phase, it doesto the membrane apart from the gas diffusion lajt].
not penetrate deeply into the electrode as does a liquid oneDuring such lamination, it is important to maximize the
therefore the reaction area is limited to the contact surface active metal surface area to achieve a high metal dispersion
between the electrode and membrnel0] on the membrane to promote the desired reactions. During
Increase in the utilisation of catalyst in the interface operation, mechanical stresses arise on the membrane due
between the gas diffusion layer and the solid polymer elec- to dimensional changes in the membrane during hydration,
trolyte, is always a significant factor to lower material costs dehydration and gas evolution. In order to reduce the ohmic
losses and to support high mechanical stresses, good adhe-
_— sion of the electrocatalyst to the membrane is also necessary.
* Corresponding author. .Present address: Centre for Fuel Cell Techqu-Apart from that, swelling of a Nafion film also makes it
ogy, 120, Mambakkam Main Road, Medavakkam, 601302 Chennai, India. L ! . f
Tel.: +91 4422772399; fax:-91 4422772393. very difficult to deposit thin catalyst layers on a membrane
E-mail address: lakshmiraja@hotmail.com (N. Rajalakshmi). electrolyte. Another method to improve the fuel cell perfor-

1385-8947/$ — see front matter © 2004 Elsevier B.V. All rights reserved.
doi:10.1016/j.cej.2004.05.004



242 N. Rajalakshmi et al./Chemical Engineering Journal 102 (2004) 241-247

mance is to coat the catalysts on the membrane, which areto remove HO, and traces of soluble organic impurities.
generally carried out by electrochemical deposition, chem- The metallic impurities were also removed by similar heat
ical deposition, and by mechanical pressiig]. Since a pretreatment in 0.5M B0, and several times with high
mechanically stable electrode with a high surface area canpurity water to remove the sulfuric acid. A square piece of
be easily obtained by a chemical reduction process, it hasmembrane of 4 cmx 4 cm was mounted horizontally be-
aroused great interest recently. In the chemical reductiontween two acrylic flanges. The acrylic flanges had a dip of
route, platinum was deposited on one side of the membrane2.2 cmx 2.2 cm at the center to accommodate the platinum
either by cycling the membrane between the reducing agentsalt solution on one flange and reducing agent on the other
and Pt salt solution or by dipping it in the reducing agent flange. The different concentrations of salt solutions of plat-
after Pt ions are equilibrated in it. The concentration of the inum varying from 0.5 to 5%, were prepared using chloro-
reactant, reducing agent and the reaction time play a majorplatinic acid in aqueous medium. Similarly reducing solu-
role in forming a platinized surface on the membrane. The tion was prepared containing 0.1 M of NaBldnd 1 M of
mass of platinum deposited and the platinum surface areaNaOH. Prior to coating, the surface to be coated by platinum
were also affected by the flux of diffusing reagents, the was roughened by abrasion with 1200 grade silicon carbide
deposition time and the temperature. paper, in order to increase the penetration rate of platinum
Cha et al.[12] studied the performance of PEMFC by and reducing agent. One membrane face was exposed to the
direct deposition of Pt on the membrane surface and Hsusolution of HbPtCls for half an hour and without disturbing
et al.[13] reported an innovative process for PEMFC elec- the assembly, reducing solution was injected slowly in to the
trodes using the expansion of Nafion film. There were centre dip of the other flange. Large amounts of hydrogen
many reports on localisation of platinum in low catalyst generated need to be removed, during the deposition pro-
loading electrodes to attain high power densities in PEM cess, it was achieved by manually shaking the membrane or
fuel cells, oxygen reduction reaction kinetics and mech- by slow agitation at regular intervals. After 3 h, the Pt-coated
anism on platinum nanoparticles inside Nafion, effect of Nafion membranes were left in concentratedSAy for
catalytic ink preparation method on the performance of about 12 h at 30C, in order to leave the membrane in hy-
PEMFC, and effects of gas diffusion layer characteristics drated acid form. The membrane was washed thoroughly in
on the performance of PEMF{14-17] The characteris-  deionised water prior to electrochemical studies.
tics of Pt/Nafion electrodes prepared by a Takenata—Torikai
method in sensing hydrogen was studied by Hwang et al. 2.2. Electrochemical studies
[18]. However, the effects of spatial distribution and com-
pactness of the metal onto the Nafion film on the fuel cell  For the electrochemical characterization of the electrocat-
for high performance has not been studied in detail. alysts towards oxygen reduction in solid polymer electrolyte
The object of the present study is to optimise the mem- membrane fuel cells, the membrane electrode assemblies
brane coating using a chemical reduction cycling method (MEA) were obtained by sandwiching the Pt-coated Nafion
to catalyse the Nafion membranes with varying degree of 1035 membrane between the anode and cathode. Both the
coating, in order to increase the reaction sites in the catalystanode and cathode layer consists of backing layer, diffusion
layer ie. the catalyst utilization in fuel cells for better per- layer and catalyst layer. To prepare the catalyst layer, the
formance. Initially, the electrode parameters were optimized required amount of the catalyst was divided in to two parts.
in terms of hydrophobic and hydrophilic contents and the One part was mixed with 5% Teflon suspension. The other
catalyst loading on the membrane was optimized by vary- part was suspended in water and ultrasonicated by adding
ing the concentration of the platinum salt solution for high 5wt.% Nafion solution. The paste thus obtained was brushed
performance. The results of real fuel cell experiments car- on to the teflonised carbon paper GDL-10 10-H, SGL car-
ried out with the help of catalysed membranes are presentedbon group technologies, Sigracet, and pressed at@30
The electrochemically active catalyst area, is determined byat 1000 psi for 2min. The anode contained a Pt loading
cyclic voltammetry, as shown by electrochemical hydrogen of 0.25mg/cm, and cathode 0.25 mg/&mwhich was kept
adsorption/desorption has also been discussed in detail.  identical in all the MEAs. The catalysed surface of the mem-
brane was used for the cathode side. The operating condi-
tions were kept constant to facilitate comparative evaluation

2. Experimental of various MEA. The anode and cathode were contacted on
their rear with gas flow field plates machined from high den-
2.1. Membrane catalysation sity graphite blocks from Electrochem, USA, in which chan-

nels are machined to achieve minimum mass polarisation in

Nafion 1035 membrane of §n thickness from Dupont  the PEMFC. Humidified gases are passed to the electrodes
de Nomours was pretreated by boiling in deionosed water from a Novatech Test station. Adjacent to both the graphite
containing 5wt.% hydrogen peroxide for about 1 h at about blocks, gold coated current collectors are used, which are
70-80°C to remove organic impurities and then the pro- connected to the Won A-Tech (HPCS 1) DC load box with
cess was repeated with high purity water three or four times a suitable software for various cycles of current loading and
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for activating the electrode. Galvanostatic-polarization data 307
were obtained at various temperatures. The geometric arez‘“g 2.5
of the electrode was 5cn = 50
Cyclic voltammetry (CV) technique was used to measure : "
the electrochemical surface area (ESA) of fuel cell elec- = 157
trodes, in order to get the localization of platinum near their £ 1.0+
front surfaces, using the EG&G M270 electrochemical sys- 054
tem. By passing the argon for the test electrode and hy- o
drogen through the counter electrode chamber, the potentia 007 =
was swept between 0 and 1.2V versus RHE at a scan rate 00 05 10 15 20 25 30
of 15mV/s. Because of the negligible overpotential at the H,PtClg (%)
counter electrode for the hydrogen oxidation or evolutionre- . _ o _
action, it served as hydrogen reference electrode. From thetF'g' 1. Variation of platinum concentration in the membrane with respect
. 0 the chloroplatinic acid salt solution concentration.
CV, the charge equivalent to the area under the hydrogen
desorption region was evaluated and electrochemical surfacq_|
area was calculated assuming that the charge required fo
the adsorption/desorption of a monolayer of atomic hydro-
gen on the surfaces is 2i/cn?.

Pt-loading (mg Pt/

2PtCk concentration on the mass of platinum deposited.
The platinum loading on the Nafion membranes were eval-
uated from the concentration of the salt solution, assum-
ing that complete reduction has taken place. The platinum
loading in the membrane vary from 0.38 to 3.8 mgfcim
the concentration region of the platinum salt solution stud-
ied. The concentration of the reducing agent was optimized
for complete reduction of the platinum salt. In order to en-
sure the complete reduction of chloroplatinate ions by the
borohydride ions through the membrane, a qualitative ex-
periment was carried out by taking the remaining droplets
of solution on the membrane, and was allowed to react with
reducing agent in a petridish and found that there was no
black colouration, as in the case of membrane.
SEM measurements were carried out in a Philips XL se-
PtCk?>~ + 46~ — Pt+ 6CI~ (1) ries (XL 30S FEG) unit. The Pt/Nafion samples were cooled
_ _ 3 + to 77 K and cold fractured to examine the crossections of the
BHa"+3H0+ 4e" — BOs™ +2H,+6H @ coating, by the adhesion of platinum coated Nafion mem-
The overall reaction can be written as brane on the carbon tape without any Au/Pt coatkig. 2
9 B 3 B " shows the SEM picture of the crosssection of the membrane
PtCl” +BH4™ +-3H0 — Pt+ BO3™ +6Cl™ +2H,+6H coated with 1% Pt solution and investigation of the mor-
3) phology of the platinum deposit shows a coating thickness
varying from 80 to 150 nm in the concentration region stud-
ied. Membranes loaded with higher concentration solutions,
especially 5% solution, showed some cracks in the surface,
which might have arised during deposition or during cold
fracture, because of the increase in the internal tensile stress
in the deposit.

3. Results and discussion
3.1. Membrane catalysation

In the cycling method, the two components namely,BH
and metal ions, Pt, separated by a membrane react si-
multaneously when they diffuse through the membrane and
form reduced Pt in the membrane surface according to the
following redox reaction$19].

The catalysation of the membrane leaves a thin film of
black coating on the membrane surface, over an area of
2.2cmx 2.2cm for PEMFC studies. During the reaction,
initially there was a thin non uniform black colouration in
the membrane which increases with time. Since the mem-
brane gets converted into sodium form, there was lot of hy-
drogen evolution, which was removed by manual shaking.
This process improves the uniformity of the catalysation 3.2. Electrochemical measuremnts
also, since the pores of the membrane gets simultaneously
filled by the Pt salt and gets reduced in situ by the boro- The current voltage characteristics of PEMFCs fabricated
hydride ion. The thickness of the platinum film depends on by making use of the catalysed membranes are obtained
the concentration of the solution. It was found that the low by activating the electrodes, gradually between open circuit
concentration salt solution of 0.5% gave a thin non uniform potential and increasing the current. The same procedure
coating while 5% solution gave a thick uniform coating. It was followed for all the catalysed membranes, prior to the
was also observed that platinum just forms a thin film on the polarization studies. We observed that this activation cycle
membrane surface, which gets easily washed off. However,was necessary to activate the electrodes for higher perfor-
abrasion of the membrane surface by fine 1200 grade siliconmance.Fig. 3a—eshows the current voltage characteristics
carbide paper increases the flux of the reactant and reduc-of the fuel cell electrodes, with various loadings of platinum
ing agents through the membraféy. 1 shows the effect of  at the membrane surface at various temperatures and pres-
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Fig. 2. SEM photograph of the cross section of the platinum coated membrane.

sures. One can clearly see from the figures that all thesetrically bound to each other. Nafion ionomer plays the role
catalysed membranes gave almost the same performance aif the electrolytic connector. It was observed that an opti-
50°C. However, the membrane catalysed with 1.5% solu- mum amount for the Nafion ionomer in the catalyst layer is
tion gave a very low performance. From the figures one can required for a good bonding to reduce the interfacial resis-
clearly see that all the catalysed membranes gave a currentance. The catalytic site is not fully utilised, if there is not
density of 800 mA/crh at 0.6 V. However, the membrane enough ionomer. On the other hand, triple access require-
catalysed with 0.5% solution, gave a higher current density ment is difficult to meet, if the ionomer amount is high.
of 1000 mA/cn? at 0.6 V. The cell potentia, against cur- When the catalyst coating on the membrane is thick and
rent densityl is represented as follow0]. uniform, without any cracks, there is a less bonding during
ressing the MEA, as the electrolyte flow between the mem-
E=Eo—blog() — R(D) @ Erane tg the electrode was prohi)gited by the uniform cata-
whereE,, b andR are the open circuit potential, tafel slope lyst coating. On the other hand, non uniformity in the cata-
and the ohmic resistance respectively. The experimentallyst coating, and some cracks in the coating lead to a better
curves were fitted to the above polynomial equation and the bonding, which in turn increases the fuel cell performance.
kinetic parameters were evaluated and are summarised in Cyclic voltammograms were recorded after a run time of
Table lalong with polarization data at 8C with 15 psi. minimum 1 h. During this first hour, the electrode has been
From Table 1 it is clear that the open circuit potential cycled in the potential between 50 and 1200 mV at a sweep
of 1.5 and 2.5% catalysed membrane is higher by aboutrate of 50 mV/s, in order to establish the membrane electrode
70-100 mV, compared to other MEAs. However, the fuel cell interface and to gain stable reproducible voltammogram. De-
performance was not higher compared to other concentra-pending on the nature of the catalyst in the active layer, and
tions, and the ohmic resistance was also higher. This couldthe applied pretreatment of gas diffusion electrodes, cyclic
be due to the increased resistance due to interfacial con-voltammetry reveals varying H-adsorption/desorption char-
tact between the membrane and the catalyst. In order thatacteristics and catalyst surface utilisation properties. Gener-
the coated platinum particles form an effective surface for ally, the H" ions are supposed to adsorb at the Pt/Nafion
the electrochemical reactions of the PEMFC, they should be interface and be reduced tg,4i atoms. Also surface con-
electrolytically connected to the Nafion membrane and elec- ductivity plays a role in the catalyst utilisation. In the case of

Table 1

Platinum loading, PEMFC performance and kinetic parameters of various catalysts

Pt salt concentration (%)  E, (V) b (mV/decade) R (Qcmd) Voltage (mV) @ 500 mA/crh Voltage (mV) @ 1000 mA/crh
0.5 0.932 55.4 0.16 705 604

1.0 1.024 90.9 0.22 677 530

15 1.031 106.6 0.21 636 491

2.5 1.024 71.6 0.26 648 474

5.0 0.971 78 0.18 680 535
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Fig. 3. Polarisation curve of the PEMFC at various temperatures and pressures, using the membrane catalysed with: (a) 0.5% concentration of salt
solution; (b) 1.0% concentration of salt solution; (c) 1.5% concentration of salt solution; (d) 2.5% concentration of salt solution; (e) 5%atoncentr
of salt solution; (f) comparison df-V characteristics of all the catalysed membranes &C305 psi.

cells purged with humidified argon, a thin liquid conductive
film is formed along the walls or even to electrolyte filled
channels. This would principally allow the diffusion of'H

active for hydrogen adsorption is unlikely to be active for the
fuel cell reaction because of insufficient reactant gas access
and resistance losses at high current densities. Due to the
ions within the film and/or absorption and reduction of H  extended porous structure of the gas diffusion electrodes, it
ions along the complete catalyst surface. can be assumed that only a part of the platinum with a direct
However, the use of this parameter has a number of lim- contact to the Nafion membrane is electrochemically active.
itations, including the fact that it cannot be measured while  Fig. 4 shows the cyclic voltammogram of all the catal-
the fuel cell is actually operating, and the full Pt area that is ysed membranes which gives a measure of the electro-
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Fig. 4. CV of all the catalysed membranes along with non-catalysed membrane at a scan rate of 15mVi/s.

chemical surface area. Having the high surface area ofand referred to a charge of 2juT/cn?, which is correlated

the active layer of gas diffusion electrodes and a porousto a mono-layer of hydrogen adsorption on the platinum
structure these data indicate that in the case of electrodessurface[23]. Apparently, the MEA without any catalysa-
prepared with as received Pt/C, only a small part of the tion has a smaller integrated area compared to catalysed
overall amount of Pt, most likely the platinum which is membranes.

close to the polymer electrolyte, is electrochemically active.  The real surface area of a catalyst can be orders of mag-
In the case of catalysed membranes, however, Pt withoutnitude greater than the geometric area. Since adsorption
direct contact to the Nafion electrolyte membrane obviously and catalytic reaction rates are based on real surface area,
takes part in the H adsorption/desorption process. By com-it is important to be able to measure this value. It is as-
paring all these figures it is clear that the general shapessumed that each surface platinum atom is associated with
of these curves are similar, except for minor differenecs of one chemisorbed hydrogen atom, allowing the charge cor-
relative height of peaks for the hydrogen desorption cur- responding to the area under the weak and strong hydrogen
rent, which can be ascribed to the different electrochemical absorption peaks. The enhancement of real electrochemical
utilisation. The peaks from 0.0 to 0.4V provide information surface area, in comparison with a smooth surface can be
on the hydrogen adsorption and desorption which occurs ondescribed by a roughness factor

the platinum surface and from 0.4 to 0.5V is regarded as Acc

double layer region. Compared to coated membranes, theRF = A (5)
hydrogen absorption/desorption peaks are not well resolved 9

in normal electrode. The well resolved peaks observed in WhereAgc, electrochemical surface area af\glgeometric
other catalysed membranes are independent of the appliedirea of the electrode. Using this value, the fraction of plat-
sweep rate. One peak observed at 155mV corresponds tanum surface area that is electrochemically can be active,
the desorption of weakly adsorbed hydrogen and the otherwhich are listed inTable 2

peak at 252mV corresponds to desorption of a strongly From Table 2 it is clear that the electrochemical uti-
adsorbed hydrogen. The two desorption peaks are mergedization of platinum is maximum in the case of mem-
into single one peak, in some coated membranes, due tobranes coated with 0.5%, compared to membranes, where
different faceting of the particles present in the catalyst there was a thick uniform coating. These results are in
layer [21,22] The platinum electrochemical surface area comparison with fuel cell performance, in which higher
can be calculated from the current densities of hydrogen electrochemical surface area gives rise to higher fuel cell
absorption and desorption and were integrated separatelyperformance in our case. Sometimes, they do not neces-
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Table 2

Pt salt concentration (%) ESAwClcm?) RF Utilisation (%)
Normal 294.6 58.9 23.56

0.5 1388.1 2776 555

1.0 715.2 1431  28.62

15 883.8 176.7 35.3

25 925.4 185.1 37.6

5.0 968.1 1936 38.72

sarily translate to a higher performance as a result of ki-

netic, ohmic and mass transport losses within the electrode

matrix [8].

4. Conclusion
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