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Abstract

With an aim to study the possibility of operating the proton exchange membrane fuel cells (PEMFC) withairgt B reactants, a thin
double-layer composite membrane consisting of one layer of Pt/C catalyst dispersed recast Nafion and another layer of plain recast Nafio
has been investigated in PEMFC. The Pt/C particles dispersed Nafion layer and the plain Nafion layer were, respectively, on the anode ar
cathode sides of the membrane-electrode assembly (MEA). The Pt/C catalyst particles present in the membrane provide the sites for tt
catalytic recombination of Hand GQ permeating through the membrane from the anode and cathode to produce water. The water generated
directly humidifies the membrane and allows the operation of PEMFC with dry reactants. The electrochemical performances of the composite
membranes with dry and humidified reactants are compared with those of the native Nafion membrane to identify the optimum operating
conditions with self-humidifying membranes.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction the PEMFC without external humidification can reduce the
overall weight while offering significant cost saving. Also,
Proton exchange membrane fuel cells (PEMFC) have the operation of PEMFC without the humidification subsys-
drawn much attention as an alternative power source for trans-tem can simplify the water and thermal management in the
portation and stationary applicatiofis2]. The state-of-the-  cell.
art PEMFCs operate at around 8D with H, and Q/air as To suppress the dehydration of the membrane during oper-
the reactants. Perfluorosulfonic acid membranes such as thation with dry reactants, Watanabe ef{&+9] proposed self-
Nafion membranes are currently used as the electrolyte duehumidifying membranes with highly dispersed nanometer
to their favorable chemical and mechanical stabilities along size Pt and/or metal oxides. The Pt particles in the membrane
with their high proton conductivity in the hydrated st{3é were conceived to act as water generation sites by catalytic
However, these membranes need to be wet to provide satistecombination of hydrogen and oxygen reactantgases perme-
factory proton conductivity because of the hydrophilic nature ating through the membrane from the anode and the cathode.
of the sulfonic acid groups attached to the polymer backbone The generated water can directly humidify the membrane.
and the necessity to hydrate the ionic clus{d;§]. There- However, the presence of Pt particles through the whole mem-
fore, for the fuel cell to function properly, the reactants are brane increases the risk of short circuit and/or fire due to hot
usually humidified through an external humidification sub- spots within the fuel cell. In addition, it is difficult to control
system prior to entry into the cell. However, operation of the amount of Pt in the membrane using Watanabe’s method.
Recently, Liu et al[10] reported a self-humidifying compos-
* Corresponding author. Tel.: +1 512 471 1791; fax: +1 512 471 7681. It€ membrane prepared by casting a mixture of Nafion so-
E-mail addressrmanth@mail.utexas.edu (A. Manthiram). lution and Pt/C catalyst onto a porous PTFE film. Although
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Fig. 1. Various water transport processes that could occur in a typical proton exchange membrane fuel cell.

gravity may lead to a gradient distribution of Pt/C through an aim to identify the optimum dry operating conditions for
the membrane, the possibility of short circuit due to the elec- the composite membrane.
tronically conducting Pt/C patrticles is still a concern.
On the operation aspect, the water balance in a PEMFC
involves the following mechanismEig. 1): (1) water supply 2. Experimental
from the reactants if an external humidification subsystem is
applied, (2) water electro-osmotic drag from the anode tothe  The Nafion/Pt—C composite membranes were prepared by
cathode with proton conduction, (3) water produced at the a recasting method. A 1:2 mixture of commercial 5wt.%
cathode due to the cell reaction, and (4) water back-diffusion Nafion solution (DuPont Fluoroproducts) and isopropyl alco-
from the cathode to the anode due to the water concentrationhol was ultrasonically mixed for half an hour with an appro-
gradient. Numerical simulation of water management mod- priate amount of commercial 20 wt.% Pt on Vulcan XC-72R
els indicates that water production associated with a current(E-TEK) catalyst, poured into a flat-bottom glass dish, and
density of 1000 mA cm? is sufficient to completely hydrate  dried at 90°C for about 12 h. The loading of Pt metal in the
adry 50um thick Nafion 112 membrane in roughly 1[14]. ~30um thick membrane thus prepared was 0.02 mg€m
Thus, theoretically, itis possible to operate the PEMFC with- Another layer of recast plain Nafion membrane of around
out external humidification by carefully controlling the op- 30wm was also prepared by a similar process, but without
erating conditions. Pt/C. These two membranes were then hot-pressed into an
Buchi and Srinivasari12] operated PEMFC without integral film at 150 C for 5 min with a force of 3ton. For a
external humidification using Nafion 115 as the electrolyte comparison, a control Nafion membrane with two layers of
and found that the back-diffusion of product water from plain recast Nafion membranes was also prepared in a simi-
the cathode to the anode is the dominant process for waterar way with the same thickness. The double-layer composite
management in the cell over a wide range of operating and plain Nafion membranes thus prepared are designated
conditions. However, the cell performance obtained without hereafter, respectively, as N-NPtC and N-N. Both the sets of
humidification was much lower than that obtained with membranes were treated by boiling for over 1 h each with 5%
external humidification. This is probably due to the limited H»O, 1 M H>SOy, and deionized water. The thus-prepared
water back-diffusion through the thick Nafion 115 mem- membranes in acid form were stored in deionized water be-
branes (12fwm in dry state), which are how commonly fore use.
replaced by Nafion 112 (50m in dry state) in PEMFCs. Commercial 20% Pt/Vulcan (E-TEK) was used as both
We present here a thin double-layer composite membranethe anode and cathode catalysts. The electrodes for single
consisting of one layer of plain Nafion and another layer of cell testing consisted of gas-diffusion and catalyst laj&3%
Pt/C catalyst dispersed recast Nafion. While the layer contain- The gas diffusion layer was prepared by spraying a mixture of
ing Pt/C was used on the anode side, the plain Nafion layerthe Vulcan XC-72R carbon black, solvent (mixture of water
was used on the cathode side. This structure not only satisfiesand isopropyl alcohol in a volume ratio of 1:2), and 40 wt.%
the requirement of self-humidifying the membrane close to PTFE onto a teflonized carbon cloth and sintering at“80
the anode side, but also inhibits a short circuit through the for 2 h. The catalyst layer was prepared by spraying a mix-
membrane. The performances of the composite membraneture of the required amount of the carbon-supported catalyst,
and plain Nafion membrane in PEMFC are compared with solvent (mixture of water and isopropyl alcohol in a volume
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ratio of 1:2), and commercial 5wt.% Nafion solution (with __ 40

33wt.% dry Nafion in the catalyst layer) onto the gas diffu- E NP

sion layer and drying in a vacuum oven at@for 1 h. All the @ .

electrodes had a constant Pt metal loading of 0.4 ncfem 2 361 8
The membrane-electrode assembly (MEA) was then fab- § i :

ricated by uniaxially hot-pressing the anode and cathode onto © 344 ne

the membrane at 13@ for 2 min. For preparing the MEA e . g f e

with the double-layer composite membrane, the anode was o s2{ E ! gEe

pressed onto the side containing Pt/C powders and the cath- © 30 . , .

ode was pressed onto the plain Nafion side. The MEAs were 0 500 1000 1500

evaluated with a commercial fuel cell test system (Compucell Current density (mA/cm?)

GT, Electrochem) and a single cell test rig with 5%cattive

geometrical area. The pressures of the anode and cathodé&ig. 3. Variations of the cell resistance with the current density of the MEAs

gases were both kept at 1atm throughout this study. Roomfabricate_d with the_ plain N-N and composite N-NPtC membranes and op-

temperature dry bland G were fed at 1.5 and 3 times of ~ rated with humidified Hand G at 60°C.

their stoichiometric requirements for a current density of

1000 mA cnT?, respectively, into the anode and cathode. compared to that with the N-N membrane. Especially at low

When humidification was applied, the humidifier tempera- currentdensities, where the water back-diffusion effectis lim-

ture was kept the same as the cell temperature. ited, the difference in cell resistance is large between the two
cells, indicating the self-humidifying effect in the N-NPtC
membrane. The large resistance fluctuations shoviagin2

3. Results and discussion at low current densities in both the cases indicate a poor wa-
ter management in the cells when the water back-transport is
To operate the single cell with dryhnd Q, the cell was limited.

usually kept at open circuit at the operating temperature for ~ Fig. 3 compares the variation of the cell resistance with
about half an hour; then the current density was increasedthe current density of the cells fabricated with N-NPtC and
slowly from a low value to a high value. The cell was oper- N-N membranes and operated with humidifiegl &hd G
ated at each current density for about 20 min, and 10 cell re-at 60°C. The results are different from those obtained with
sistance values were recorded in the last 5 min. A comparisondry reactants. At low current densities, both electro-osmotic
of the variations of the cell resistance with the current density drag and back-diffusion effects are limited and the cell re-
of the MEAs fabricated with N-NPtC and N—N membranes sistance is relatively low due to the external humidification.
and operated with dry Hand G is shown inFig. 2 It can With an increase in the current density, more water is pro-
be seen that the cell resistances are very high at low currentduced at the cathode side and the water back-diffusion effect
densities due to the lack of the product water back-diffusion prevails over the electro-osmotic effect, leading to a slight
from the cathode to the anode. On slowly increasing the cur- decrease in the cell resistance. However, when the current
rent density, more water is produced at the cathode and thedensity is increased further, the insufficient compensation of
increased water concentration gradient between the cathodéhe electro-osmotic drag by the back-diffusion of water to the
and the anode enhances the water back-diffusion, hydratinganode leads to a drying out of the membrane at the anode side
the anode side and decreasing the cell resistance dramaticallyand an increase in the cell resistance. FFigs. 2 and 3we
FromFig. 2 it can also be observed that the cell with N-NPtC also can observe that the cell resistances obtained with the dry
membrane has lower cell resistance at each current densityeactants at high current densities such as 1500 m&are
very close to those obtained with humidified reactants, in-
100 dicating that water produced at the cathode is sufficient to

T 1 : mptc hydrate the thin film under proper operating conditions.

§ 81 s i Fig. 4 compares the variations of the cell voltages with

£ 604 ] | time for both the cells operated with dryptdnd Q at a con-

8 | stant current density of 1000 mA cr. It can be seen that

ﬁ 40 N the cell with the N-NPtC membrane has a higher cell voltage

8 201 output than that with the N—N membrane, indicating a smaller

= cell resistanceHig. 2). It may also suggest a suppressed H

© 9 . , : and Q crossover in the former since the N-NPtC membrane
0 500 1000 1500

could provide the sites for the catalytic recombination gf H
and @ permeating through the membrane from the anode
Fig. 2. Variations of the cell resistance with the current density of the MEAs a_md cathode, reSpeCtNe'y’_ thus aIIeV|at|ng the mixed poten-
fabricated with the plain N—N and composite N-NPtC membranes and op- tial problem associated with the crossover of the reactants.
erated with dry H and G at 60°C. In this regard, open circuit voltage (OCV) values are good

Current density (mAIcmz)
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Fig. 4. Variations of the cell voltage output with time of the MEAs fabricated ~ Fig- 5. Scheme of water transport in the cell and the corresponding perfor-
with the plain N-N and composite N-NPtC membranes and operated with mance of a PEMFC operated at a constant high current density of TAcm
dry Hy and G at a constant current density of 1 Acf with dry Hz and Q.

ts of the fuel d oxidant of humidification. The high current being delivered by the
measurements of the fuel §Hand oxidant (Q) crossover cell is accompanied by a large electro-osmotic drag trans-

through the membranes. The electrodes used in both the Ce"?)orting of water from the anode to the cathode. The initial

\t/vet:e E)r:epared 'ql_im'c?"y a':r? the“ a(;ttrl]vlltles fcanl bedaSSL.‘(;T]e?small water concentration gradient through the MEA leads
0 be the same. Therelore, he cell with less Tuel and oxidant, 5, |imited water back-diffusion from the cathode to the an-

crtasspveuvqgld Iei[adb}o aotgl\%herl ocv \éalu%. WIZ hdad diffi- ode. The combination of the two effects leads to an increased
cuttyin obtaining stable values when dry nd G . water concentration gradient through the MEA, resulting in

f tants th hth b inthe drv stat % dramatic dehydration of the anode side. This dehydration
crossover ofreactants through the membrane in the dry stal€;q ., yifasted as an increase in the overpotential at the anode,

However, we did record the OCV values of the two cells with which leads to a decreased cell performance and lower cell

humidified H and G, and the results are given able 1 voltage output. With the diminishing of the cell voltage out-

E. |sh0b(\;|gl</s thlat thet ceII_ W'trl the N_tNPtC fmemSt:)r?&;Shas put level, the water concentration gradient from the cathode
\gher values at various lemperatures from ’ to the anode side is increased further because the hydration

indicating that the incorporation of Pt/C catalyst powders into state at the cathode is kept due to the constant current deliv-
the Nafion membrane suppresses the crossoves ahpl < ered by the cell; this facilitates the water back-diffusion from
gases, most probably dge to the effect of the catqutlc reCOM-the cathode to the anode. Consequently, the rehydration of
pmgﬂon of the permeating3tind G at the Pt particle sites the anode side leads to a decrease in the resistance and anode
inside the_memk_)rane. overpotential, and the cell performance improves, which is
From Fig. 4, it can also be seen that when_dr;_@ Eind reflected by the increase in the cell voltage output at the same
O are used, the cell voltage output shows periodic fluctua- current. Thus, the whole water transport cycle begins again,

tions. The quc_tuat|o_ns are beheveq to be related to the WaterIeading to a periodic fluctuation of the cell voltage output as
management issue in the MEA during the cell operation. Al- observed irFig. 4

though the incorporation of P/C powders C.OUId_ enhance the To verify the proposed water transport cycle indicated in
hydration of the membrane, water-back difusion becomes Fig. 5, the change in the cell voltage output was investigated

dorrtnnar:';]at hll?h cn:rrent dens;“nes, thgls havtlngta Iargertlm— by varying the operating condition, and the results are shown
pact on the cell performance. A possible water transport cy-;,, Fig. 6. At the initial state, the cell was operated with dry

cle in the MEA and the corresponding cell performance are Hz and G, and the cell voltage output fluctuation is obvious

given in Fig. 5 The cycle starts With. a cell operating _at 4 as shown in the beginning part of region (i)Eif. 6. Then
cqnstant high ‘?“_rfe”t (5A) and a high cell volt_age with a the anode Hwas humidified while the cathodex@as kept
fairly hydrated initial state t_hrough the MEA. With dry,H dry. It can be seen that after some time of operation, the
and @, no external water is available due to the absence cell voltage fluctuation disappears and pretty stable output
is obtained, indicating that the anode side is well hydrated
Table 1 due to the external humidification and confirming the water
Comparison of the open circuit voltages of cells fabricated with the plain balance cycle given ilh_-ig 5. When the H is Changed to
N-N and the composite N-NPtC membranes at different temperatures wi'[hb d in. the fluct t ) fth Il volt tart to b
humidified F and G e dry again, the fluctuations of the cell voltage start to be
observed again as shown in region (ii)FEif. 6. When Q

Memb Open-circuit voltage (¥ ) i L :
embrane pen-circuit voltage (V) instead of H is humidified, the cell voltage fluctuation can
50°C 60°C 75°C still be observed as shown in region (iii) Bfg. 6, and the
N-N 0.878 0.879 0.883 voltage value is slightly lower than those obtained in regions
N-NPtC 0.953 0.945 0.942

(i) and (ii). This is possibly due to the flooding problem at
the cathode side. Product water from the cell reaction and

@ The temperature values refer to the cell temperature.
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Fig. 6. Variations of the cell voltage output of the MEAs fabricated with the E
composite N-NPtC membrane on changing the humidification state of the s %
reactants. The cell was operated af60and 1 Acnt2. e 1400 £
H g
the extra water due to the external humidification may fill the S ‘f' — 200 g
pores of the cathode, making the transport of the oxidant O § ) NANPIC memorane *&%;\0 g
. e | o 50" N
to the catalyst sites difficult. 0 —o—60°C S
Figs. 7 and 8compare the polarization characteristics 0.0 , v 5C , . 0
of the double-layer composite (N-NPtC) and plain Nafion 0 300 600 900 1200 1500 1800
. . . . 2,
(N-N) membranes in PEMFC with and without external hu- ~ ® Current density (mA/cm’)

midification at various temperatures. Th&sé curves were _ o o _ _ _

recorded after the cells had been operated at 1000 mZ&cm Fig. 8. Polarization characterlsnc_s of the MEAs fabricated with the (a) plaln
. . N-N membrane and (b) composite N-NPtC membrane and operated with

for at least half an hour and equilibrated states similar to that dry Hp and @ at different temperatures.

shown inFig. 4 were obtained. It can be seen that the com-

posite membrane shows better performance in both the casegne cell operating temperature due to the improved kinetics of

of with and without external humidification. Frofig. 7, the cell reaction and proton transport. However, when the dry

it can also be observed that when the fuel cell is operated eactants are used, the best performance is obtained &t 60

with humidified H and G, the performance improves with o poth the native membrane and the composite membrane

(Fig. 8). This is because water loss due to vaporization be-

1.0 600 _ comes more serious at higher temperatures Cjsleading
J— £ to a dehydration of the MEA and a decrease in cell perfor-
0.8 e 2
= BN B mance.
2 ~— Ty \\ {400 E . .
g 061 ¥ N = The relative currents generated at different cell voltages
] IYN 'é with dry H, and G as compared to those obtained with hu-
2 04 \Kx% 1200 3 midified reactants are compared Table 2for the MEAs
3 o2l NAimemerane N3N, §’ fabricated with the plain N—N and composite N-NPtC mem-
one & branes. For both the membranes, the fractions of current den-
0.0 - - - - 0 sity decrease with increasing temperature due to the more
0 500 1000 1500 2000 2500 . o X
2 serious water vaporization problem at higher temperatures
(a) Current density (mA/cm”)
1.0 v— 600 Table 2
' :_0 \"'\\ N’g Comparison of the fraction of current density delivered by a PEMFC fabri-
i ,/Ei"f;‘_;, NG o cated with the plain N-N and the composite N-NPtC membranes on oper-
0.8 TaAt—a s o
N ey ,5@ A \o v laoo E ating with dry H/O,
g 0.6 1{;1* * > Membrane  Cell temperature  Fraction of current density at
% 0.4] KCSSQ 'g designation  (°C) the voltage of (%)
z NN {200 B 0.8V 07V 0.6V 05V 04V
° N-NPtC membrane ‘\‘\0 o
O 0.2 —4—50°C H N-N 50 90 85 8 8 85
e a N-N 60 79 81 8 8 87
0.0 ; : : 0 N-N 75 48 49 56 62 67
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(b) Current density (mAIcmz) N-NPtC 50 97 93 94 95 96
N-NPtC 60 8 8 89 92 93
Fig. 7. Polarization characteristics of the MEAs fabricated with the (a) plain N-NPIC s i 58 62 67 1

N-N membrane and (b) composite N-NPtC membrane and operated with @ The fraction of current density was calculated in comparison to that
humidified H and G at different temperatures. obtained on operating with humidifiecbtnd G,
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although the maximum power density is obtained &t®@ presented here is more suitable for stationary applications

both the cases when dry reactants are ubégl §). At each where frequent starting and switch off of the system are not

temperature, the fractions of current density delivered by the necessary.

PEMFC with the N-NPtC membrane are higher than those

delivered by the PEMFC with the N-N membrane. For exam-

ple, the cell with the N—-N membrane on operating at60

with dry reactants generate 79-87% of the current generated  Tjs work was supported by the Welch Foundation Grant

with humidified reactants at the cell voltages 0f 0.8-0.4 V. On g_1254.

the other hand, the cell with the N-NPtC membrane generates

85-93% of the current under similar conditions. These results

indicate the pronounced effect of the incorporated Pt/C pow-

derin self-huml_dlfylng the membrane and improving the cell [1] K. Kordesch, G. Simader, Fuel Cells and their Applications, Wiley-

performance with dry reactants. VCH, Weinheim, 1996.

[2] S. Srinivasan, R. Mosdale, P. Stevens, C. Yang, Annu. Energy Env-
iron. 24 (1999) 281.

[3] A. Eisnberg, H.L. Yeager, Perfluorinated lonomer Membranes, ACS
Symposium Series 180, American Chemical Society, Washington,

_ _ DC, 1982.
The performances of thin double-layer composite mem- (4] TA. zawodzinski, C. Derouin, S. Radzinski, R.J. Sherman, V.T.

branes consisting of one layer of Pt/C catalyst dispersed  Smith, T.E. Springer, S. Gottesfeld, J. Electrochem. Soc. 140 (1993)
Nafion and another layer of recast Nafion have been com- 1041

pared with those of plain Nafion membrane in PEMFEC with [5] Y. Sone, P. Ekdunge, D. Simonsson, J. Electrochem. Soc. 143 (1996)
1254.

dry and humidified H and G reactants. Although both the [6] M. Watanabe, H. Uchida, Y. Seki, M. Emori, P. Stonehart, J. Elec-
membranes could be operated with drydhd & due to the trochem. Soc. 143 (1996) 3847.
back-diffusion of the water produced at the cathode, the com- [7] M. Watanabe, H. Uchida, M. Emori, J. Electrochem. Soc. 145 (1998)
posite membranes show better performance than the plain 1137 _ _
Nafion membrane under both dry and humidified conditions. [8] M. Watanabe, H. Uchida, M. Emori, J. Phys. Chem. B 102 (1998)
With dry H, and , the composite membrane shows about 3129

y F2 ! p S g s [9] H. Uchida, Y. Ueno, H. Hagihara, M. Watanabe, J. Electrochem.
90% of the performance obtained with the humidified re- Soc. 150 (2003) A57.
actants while the plain Nafion membrane shows about 80%][10] F.Q. Liu, B.L. Yi, D.M. Xing, J.R. Yu, Z.J. Hou, Y.Z. Fu, J. Power
under similar conditions. The better performance with higher Sources 124 (2003) 81.

OCV values of the MEAs with the composite membrane is [11] P. Berg, K. Promislow, J. St. Pierre, J. Stumper, B. Wetton, J. Elec-
trochem. Soc. 151 (2004) A341.

attributed to the catalytic recombination opldnd G per- [12] F.N. Buchi, S. Srinivasan, J. Electrochem. Soc. 144 (1997) 2767.
meating through the membrane from the anode and cathodgi3] B. vang, A. Manthiram, Electrochem. Solid-State Lett. 6 (2003)
to produce water. The self-humidification fuel cell system A229.
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