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bstract

Several different shut-down procedures were carried out to reduce the degradation of membrane electrode assembly (MEA) in a proton exchange
embrane fuel cell (PEMFC). The effects of close/open state of outlets of a single cell and application of a dummy load during the shut-down

n the degradation of the MEA were investigated. Also, we elucidated the relationship between the thickness of the electrolyte membrane and

he degradation of the MEA for different shut-down procedures. When a thin electrolyte membrane was used, the closer of outlets mitigated the
egradation during on/off operation. For the thicker electrolyte membrane, the dummy load which eliminates residual hydrogen and oxygen in the
lectrodes should be applied to lower the degradation.

2008 Elsevier B.V. All rights reserved.
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. Introduction

Fuel cells have been spotlighted for their high conversion
fficiency and environmental cleanliness. Among several fuel
ells, proton exchange membrane fuel cell (PEMFC) is the most
romising kind, which is considered for transportation usage. It
an be operated at mild temperature (5–120 ◦C) and its start-
p time is relatively short. Also, its performance decay by the
n/off operation is low compared to other types of fuel cell such
s molten carbon fuel cell (MCFC) and solid oxide fuel cell
SOFC). Even though the PEMFC has several advantages, it
till has some problems, which have to be overcome for the

ommercialization. Especially, its long-term durability has to
e improved to 5000 h (including thermal and realistic cycle
peration) for the power generation system for fuel cell vehi-
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les [1]. To improve the durability of PEMFC, the degradation
henomena of PEMFC components have to be examined thor-
ughly. There are lots of publications, which are related to the
egradation of PEMFC components. Mostly, the degradation
f an electrolyte membrane (Nafion-type perfluorosulfonated
olymers) and electrodes (anode and cathode) in a membrane
lectrode assembly (MEA) has been investigated.

In case of the Nafion membrane, the formation of H2O2 at the
node side, which is followed by its decomposition to •OH or
OOH radicals could be the main reason for the degradation of
he electrolyte membrane [2,3]. The radicals attack the Nafion’s
nd group and initiate the polymer decomposition [3]. Kinumoto
t al. reported that the presence of Fe2+ or Cu2+ enhances the
ecomposition rate of Nafion [4]. They found that main and
ide chains of the Nafion are decomposed by peroxide radical

ttack. They analyzed the decomposition using FT-IR and 19F
MR. Recently, Mittal et al. measured fluoride emission rate

FER) from the fuel cell effluent water to quantify the membrane
egradation [5]. According to their results, low relative humidity

mailto:thlim@kist.re.kr
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stage of step 3. When outlets of anode and cathode were open for
the shut-down (process 1; Fig. 1(a)), the OCP decreased to 0 V
in 40 min. If the dummy load was applied (process 2; Fig. 1(b)),
the OCP decreased to 0 V in 10 s. The processes 3 and 4 also

Table 1
Experimental details for step 3 for shut-down process

Anode outlet Cathode outlet Application of dummy load
H.-J. Kim et al. / Journal of P

aused high degradation. Also, they reported that the operation
t low current region produced high FER.

The long-term durability of electrode is also an important
actor for the commercialization of PEMFC. The PEMFC oper-
tion under constant potential loses catalytic active surface area
y the catalyst particle growth [6,7]. The potential cycling could
ccelerate the rate of surface area loss [8,9]. Yasuda et al. and
i et al. studied the Pt dissolution and deposition between elec-

rode and membrane or in the membrane with H2/air or H2/N2
otential cycles. Also, Liu et al. studied the degradation of
he MEA by cyclic current loading conditions, which simulate
eal driving conditions for automotives, with different analyt-
cal methods such as cell polarization, impedance spectra and
ydrogen crossover rate [10]. They reported that the degrada-
ion of the MEA under the cyclic current loading conditions
as different from that of the MEA under constant current
ode. From the results, new model was established to incor-

orate the aging observations and describe the cell performance
long with time. Another severe degradation is carbon corro-
ion in the electrodes. If the hydrogen is not supplied properly
o the fuel cell, the carbon support at the anode side starts to
eact with water to generate proton [11], resulting in severe
egradation.

As we mentioned above, there are several factors for the
egradation of PEMFC. However, some of them do not really
appen during the real PEMFC operation for fuel cell vehicles
uch as the operation under long OCV state and H2/air poten-
ial cycles. If more realistic situation has to be considered, the
egradation of the MEA during PEMFC on/off operation should
e investigated. It was reported that start-up/shut-down process
aused the oxidation of carbon support [12,13]. Hydrogen and
ir boundary developed at the anode after fuel cell shut-down or
uring its start-up caused the severe cathode carbon corrosion.
n the case, thickness and catalytic active surface area of the
athode were reduced significantly.

In this study, we investigated several different kinds of situa-
ions, which could arise during real shut-down of PEMFC. For
he shut-down process of PEMFC, we changed the conditions
uch as the open/close state of outlets and the application of
ummy load [13] to remove residual hydrogen and oxygen in
he electrodes. We report the best procedure for the shut-down
rocess which lowers the degradation of MEA in the PEMFC.

. Experimental

.1. Materials

On/off operation cycles were carried out with commercially
vailable membrane electrode assembly (commercial MEA).
lso, in order to investigate the effect of the electrolyte mem-
rane on the degradation by on/off operation, MEAs (25 cm2)
ere prepared with Nafion 115 and Nafion 112 (Nafion 115-
ased MEA and Nafion 112-based MEA). They were fabricated

y decal method [14]. Catalyst ink was prepared by mixing
5.5 wt.% Pt/C (Tanaka) with isopropyl alcohol (Baker Ana-
yzed HPLC Reagent) and Nafion solution (EW1100, 5 wt.%,
uPont Inc.). The catalyst ink was sonicated for 0.5 h and

P
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pplied to inert substrate (keptone film). Then, the catalyst layer
as transferred to Nafion membrane by hot pressing (140 ◦C,
min, 100 kgf cm−2). The Pt loading was 0.3 mg cm−2 and
.4 mg cm−2 for anode and cathode, respectively.

.2. PEMFC operation

The single cell was fabricated with MEA, gas diffusion
edia, Teflon gaskets and graphite blocks. To activate the cell,

he gases (H2 and O2) were passed through bubble humidifiers
gas flow rate: 400 mL min−1 under ambient pressure) before
ntry via the fuel cell inlets.

I–V characteristics were evaluated using an electric load
Daegil Electronics, EL500P) at 70 ◦C under 100% relative
umidity. H2 and air were passed through humidifiers before
hey were allowed to enter the fuel cell inlets under ambient
ressure.

.3. On/off operation of PEMFC

On/off repetition (200 cycles) of PEMFC was carried out with
hree consecutive steps. In step 1, 100% humidified hydrogen
nd air were fed to anode and cathode for 10 s. In step 2, dry
ydrogen and air were supplied to the fuel cell for 10 s. The
utlets of anode and cathode were open in steps 1 and 2. Then, in
tep 3, inlets of anode and cathode were closed and several on/off
echniques (processes 1–4) were carried out such as open/close
tate of outlets and the application of dummy load to remove
esidual hydrogen and oxygen in anode and cathode (Table 1).
rom step 2 to step 3, the OCP (open-circuit potential) was
ecreased to 0 V and from step 3 to step 1, voltage increased to
CP.
X-ray diffraction (XRD) and transmission electron

icroscopy (TEM) were used to characterize changes in the
afion 115- and Nafion 112-based MEAs after on/off repetition

est.

. Results and discussion

.1. On/off operation of PEMFC

On/off repetition (200 cycles) of PEMFC using commercial
EA was carried out with different shut-down processes (pro-

esses 1–4). Fig. 1 shows the voltage response of the MEAs at the
rocess 1 Open Open No
rocess 2 Open Open Yes
rocess 3 Close Close No
rocess 4 Close Close Yes
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Fig. 1. Voltage responses during step 3 with shut-down p
howed same voltage responses as processes 1 and 2 (Fig. 1(c)
nd (d)), respectively.

After 200 on/off cycles of shut-down processes 1–4, I–V char-
cteristic of the cell was analyzed. The results are presented in

F
t
c
l

Fig. 2. Polarization curves after 200 cycles of shut-down proce
ses 1 (a), 2 (b), 3 (c) and 4 (d) using commercial MEA.
ig. 2. When the outlets were open at the stage of step 3 for
he cycles of shut-down process (process 1), the degradation of
ell performance was severe (Fig. 2(a)). However, when dummy
oad was applied during step 3, the degradation of cell perfor-

sses 1 (a), 2 (b), 3 (c) and 4 (d) using commercial MEA.
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Fig. 3. Effects of the cycle on impedance of proces

ance was reduced remarkably (process 2, Fig. 2(b)). When the
utlets were closed at the stage of step 3 for 200 on/off cycles
f shut-down process (process 3), the degradation of cell perfor-
ance was not observed (Fig. 2(c)). Also, the degradation was

ery little when we applied dummy load to shut-down (process
, Fig. 2(d)).

Fig. 3 shows the impedance analyses after 200 on/off cycles
ith shut-down processes 1–4. When the outlets were open dur-

ng step 3 for on/off cycles (processes 1 and 2), charge transfer
esistance increased dramatically. Also, it was observed that
hmic resistance increased without the application of the dummy

oad. Unlike processes 1 and 2, processes 3 and 4 showed rela-
ively small increase of charge transfer resistance.

From four sets of on/off operation, we can obtain an idea for
deal shut-down process to reduce the degradation of PEMFC.

f
f
o
t

Fig. 4. Voltage responses during step 3 with shut-down process 3 usin
(a), 2 (b), 3 (c) and 4 (d) using commercial MEA.

he outlets of anode and cathode should be closed for the
hut-down to improve the long-term durability. As reported pre-
iously [12,13], hydrogen and air boundary developed at the
node during shut-down caused the severe degradation of the
athode. Therefore, the outlets should be closed not to make
ydrogen and air boundary.

As shown in Fig. 1(c), the OCP decreased to 0 V in 25 min
uring step 3 for the shut-down process 3. It could happen by
he crossover of hydrogen and oxygen. Presumably, hydrogen,
hich comes from the anode, and oxygen are consumed in the

athode by catalytic activity. Also, oxygen, which is migrated

rom the cathode, and hydrogen are reacted in the anode. There-
ore, after the OCP decreased to 0 V, there might be the mixture
f small quantity of hydrogen and nitrogen in the electrode of
he fuel cell. If the MEA is kept under the condition, hydrogen

g Nafion 112-based MEA (a) and Nafion 115-based MEA (b).
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afion 115-based MEA (b) after 200 cycles of shut-down process 3.
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Fig. 5. Polarization curves of Nafion 112-based MEA (a) and N

nd air boundary is not formed during start-up, resulting in the
itigation of fuel cell degradation.

.2. Effect of the membrane thickness on on/off operation of
EMFC

On/off repetition (200 cycles) of PEMFC was performed
sing Nafion 112- and 115-based MEAs with shut-down pro-
ess 3. Fig. 4 shows the voltage response of the MEAs during
tep 3. Nafion 112- and 115-based MEAs needed longer time for
oltage reduction (0.5 h and 1.5 h, respectively) than commercial
EA (Fig. 1(c)). The thickness of the electrolyte membrane of

he commercial MEA is about 20–30 �m. Therefore, when the
utlets of a single cell were closed during step 3, the crossover
f hydrogen and air is relatively fast. However, electrolyte mem-
ranes of Nafion 112- and 115-based MEAs are much thicker
han that of the commercial MEA. So, the crossover of hydrogen
nd air is slower, resulting in longer voltage reduction time from
CP to 0 V.
As reported previously [5,15], long duration of a PEMFC at

igh voltage accelerates the degradation of MEA. According to
ig. 4(b), Nafion 115-based MEA stayed for 45 min above 0.8 V
uring step 3 with shut-down process 3. It caused severe degra-

ation by on/off repetition, resulting in low cell performance
Fig. 5(b)). Unlike Nafion 115-based MEA, Nafion 112-based

EA showed little performance degradation (Fig. 5(a)). It
tayed for 10 min above 0.8 V during step 3 (Fig. 4(a)). This

t
t
h
m

ig. 7. X-ray diffraction patterns for anode and cathode of the MEAs using Nafion
ethod.
ig. 6. Polarization curves of Nafion 115-based MEA after 200 cycles of shut-
own process 4.

ould relatively lead to low degradation with shut-down process
.

Instead of process 3, process 4 was used for the Nafion 115-
ased MEA for shut-down to mitigate the degradation. The result
s presented in Fig. 6. Unlike on/off operation with process 3,

he degradation of the cell was not observed. We believe that
he dummy load to remove hydrogen and oxygen in step 3 is
ighly required for the MEA using a thick polymer electrolyte
embrane such as Nafion 115.

112 and 115 before and after 200 on/off repetition with different shut-down



H.-J. Kim et al. / Journal of Power Sources 180 (2008) 814–820 819

Table 2
The size of Pt particles from the X-ray patterns for anode and cathode of the MEAs using Nafion 112 and 115 before and after 200 on/off repetition

MEAs Anode (nm) Pt (1 1 1)/Pt (220)a Cathode (nm) Pt (1 1 1)/Pt (2 2 0)a

Nafion 112-based MEA (initial) 2.9/2.3 3.1/2.0
Nafion 115-based MEA (initial) 2.5/2.3 3.4/3.2
Nafion 112-based MEA (After 200 cycles with process 3) 3.4/3.9 3.7/3.8
Nafion 115-based MEA (After 200 cycles with process 3) 4.7/4.8 5.9/6.3
Nafion 115-based MEA (After 200 cycles with process 4) 3.3/2.8 3.3/2.7

a The particle size was calculated by the peak Pt (1 1 1) and Pt (2 2 0), respectively.
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ig. 8. TEM image for cathode of the MEAs using Nafion 112 and 115 before
b) N115 (initial), (c) N112 (after 200 cycles with process 3), (d) N115 (after 20

The MEAs using Nafion 112- and 115-based electrolyte
embrane were analyzed by XRD. Fig. 7 shows XRD of fresh
EAs and MEAs after 200 on/off repetition. Table 2 summa-

izes the results using the method, which was reported previously
16]. Pt particle size of the fresh MEAs was 2–3 nm. After 200
n/off cycles with process 3, Pt particle size of the MEA using
afion 112 and 115 increased. Especially, in case of MEA using
afion 115, Pt particle size increased dramatically. However,
hen the process 4 was used for the shut-down, the growth of the
t particle was relatively mitigated. Fig. 8 shows TEM images
f the MEAs before and after 200 on/off repetition. Fig. 8(a)
nd (b) presents fresh MEAs using Nafion 112 and 115. Also,
ig. 8(c)–(e) shows MEAs after 200 on/off cycles with differ-
nt shut-down process. In case of the MEA using Nafion 115,

evere Pt agglomeration was observed when on/off repetition
as carried out with shut-down process 3, which agrees with the

esults by XRD analysis. The particle growth could arise by long
uration at high voltage [17], resulting in low cell performance.

k
c
M
b

fter 200 on/off repetition with different shut-down methods: (a) N112 (initial),
les with process 3), and (e) N115 (after 200 cycles with process 4).

. Conclusions

Four different procedures were performed to find a proper
ethod for the shut-down of PEMFC. When a thin electrolyte
embrane (≤50 �m) was used for MEA, the closer of the out-

ets was very essential to mitigate the degradation of the MEA
namely, process 3). However, when the MEA with a thicker
embrane (e.g. Nafion 115) was used, the closer of the outlets
as not enough to reduce the degradation. Another approach
as to be introduced to the shut-down process. Voltage response
nalysis during shut-down procedure using process 3 revealed
hat the MEA with a thicker electrolyte membrane stayed longer
eriod above 0.8 V than that with a thinner electrolyte mem-
rane. Especially, the MEA with Nafion 115 membrane was

ept for 45 min above 0.8 V per one on/off cycle. This could
ause severe degradation of Nafion 115-based MEA. For the
EA with a thick electrolyte membrane, a dummy load has to

e applied to get rid of residual hydrogen and oxygen in the



8 ower

e
w

A

R
a
a
p
P

R

[
[

[

[
[
[15] E. Endoh, S. Terazono, H. Widjaja, Y. Takimoto, Elecrochem. Solid-State
20 H.-J. Kim et al. / Journal of P

lectrodes (process 4). In the case, the degradation of the MEA
as reduced dramatically.

cknowledgements

This work was supported by New and Renewable Energy
&D Program and National R&D Organization for Hydrogen
nd Fuel Cell under the Korea Ministry of Commerce, Industry
nd Energy as a part of the development of 80 kW class PEMFC
ower source system for automotive applications (2004-N-F12-
-01).

eferences

[1] D.P. Wilkinson, J. St-Pierre, Handbook of Fuel Cells—Fundamentals,
Technology, Applications, John Wiley and Sons, New York, 2003 (Chapter

47).

[2] A. Pozio, R.F. Silva, M. De Francesco, L. Giorgi, Electrochim. Acta 48
(2003) 1543–1549.

[3] D.E. Curtin, R.D. Lousenberg, T.J. Henry, P.C. Tangeman, M.E. Tisack, J.
Power Sources 131 (2004) 41–48.

[

[

Sources 180 (2008) 814–820

[4] T. Kinumoto, M. Inaba, Y. Nakayama, K. Ogata, R. Umebayashi, A. Tasaka,
Y. Iriyama, T. Abe, Z. Ogumi, J. Power Sources 158 (2006) 1222–1228.

[5] V.O. Mittal, H.R. Kunz, J. Fenton, J. Electrochem. Soc. 153 (2006)
A1755–A1759.

[6] M.S. Wilson, F.H. Garzon, K.E. Sickafus, S. Gattesfeld, J. Electrochem.
Soc. 140 (1993) 2872–2877.

[7] P. Ascarelli, V. Contini, R. Giorgi, J. Appl. Phys. 91 (2002) 4556–4561.
[8] K. Yasuda, A. Taniguchi, T. Akita, T. Ioroi, Z. Siroma, Phys. Chem. Chem.

Phys. 8 (2006) 746–752.
[9] W. Bi, G.E. Gray, T.F. Fuller, Electrochem. Solid-State Lett. 10 (2007)

B101–B104.
10] D. Liu, S. Case, J. Power Sources 162 (2006) 521–531.
11] S.D. Knights, K.M. Colbow, J. St-Pierre, D.P. Wilkinson, J. Power Sources

127 (2004) 127–134.
12] H. Tang, Z. Qi, M. Ramani, J.F. Elter, J. Power Sources 158 (2006)

1306–1312.
13] M.L. Perry, T.W. Patterson, P. Reiser, ECS Trans. 3 (2006) 783–795.
14] M. Wilson, S. Gottesfeld, J. Electrochem. Soc. 139 (1992) L28.
Lett. 7 (2007) A209–A211.
16] R.L. Borup, J.R. Davey, F.H. Garzon, D.L. Wood, M.A. Inbody, J. Power

Sources 163 (2006) 76–81.
17] Y. Shao, G. Yin, Y. Gao, J. Power Sources 171 (2007) 558–566.


	Development of shut-down process for a proton exchange membrane fuel cell
	Introduction
	Experimental
	Materials
	PEMFC operation
	On/off operation of PEMFC

	Results and discussion
	On/off operation of PEMFC
	Effect of the membrane thickness on on/off operation of PEMFC

	Conclusions
	Acknowledgements
	References


