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. �

�ª¶ *�î �ò*æ¢ ¶ÿNÏ ÿKöb� ÒÏ~º ãÖ ÎÞÆ Ú* � �ò*æ Úö �Ò~º b� Ö�~�
�ò*æ~ WËj &~�Ò > ®
. b~ Ö�� �ò*æ~ WËö �~º 'Ëj �Ò~V *� �ò*æ~ Nê¢
Ú*Nê� 80oCöB b� Ö�~Vö Ïª� Nê� -10oCræ �B~~�B *~-*{ �Fj G;®
. �B~�
>�Nö V¢ b~ çæzf �ö V� ¦bæz� �� �ò*æ~ WË� 6²®
. b~ Ö�� �ò*æ~ WËj
&~�Êº ö�j �«~V *� BET ªC" B~*~*{», ªbzÊ ªCj �Ï� �B~� *�~ ��f ª�
&�ö �~º 'Ëj �Ò®
.

Abstract: Freezing of water in a polymer electrolyte membrane fuel cell (PEMFC) may cause severe problems in
driving a fuel cell vehicle during the winter time. Characteristics of PEMFC which suffered low temperatures below
zero degree was examined with the thermal cycles from 80 to -10oC. With the thermal cycles, the cell performance
was degraded due to the phase transformation and volume changes of water. Effects of freezing of water in PEMFC
on the electrode structure and polarization resistance were examined by BET analysis, cyclic voltammetry, and AC
impedance spectroscopy. 

Key words : Fuel cell, PEMFC (polymer electrolyte membrane fuel cell), Freezing of water, Electric vehicle (EV) 

1. B  �

�ª¶ *�î �ò*æ (polymer electrolyte fuel cell;
PEMFC)º >²�N v~ ßWj <º �ª¶ ïj *�î�
�Ï~º �ò*æ�, 
� �ò*æö j� ·ÿ Nê& Ô�
(~80oC) *~&êf ÂK&ê& ¸b� �ÿ�*� 
f ÿ�
ö ¦~æzö V� w�� �� ßWj &^, Z�� ¶ÿN~
ÿKö�¾ *æJ~; B*, Ö"FÏ *ö, �ÿÏ *ö, �Ò

Ï *ö � 
·� ª¢ö wÏF > ®
. �ª¶*�î �ò
*æº ï-*� 7�Ú (Membrane-Electrode assembly; MEA)
¢ �Ï~� B·~�, �ò*æ~ WËf MEA ~ ßWö ~
� Ö;B
1,2). MEA º >²�N *�Ú� *�î ï, �ò&
Ê~ Öz>wj *� Öz*�, ÖzB~ ~ö>wj *� ~
ö*�b� �WB
. ß® �ª¶ ï~ �N *êWf �ò*
æ~ WËj Ö;~º 
Ö 7º� º²�, �ª¶ ï~ �N
*êWj Ëç�ÊV *�Bº *�î ï� Ïª� ·~ >ª
j �F~� ®Ú¢ �
. *�î ïj >z�ÊV *� >w&
Ê¢ &Û~� �ò*æö �/�
. 6� �ò*æ¢ Ú*~�
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~ö*�öB *Vz�>wö ~� b� �W>Ú ¢¦º F�
¢ Û� �¦� VÂ>� ¢¦º *�î ïj &Û~º � Ò
ÏB
. V¢B MEA Úöº �ç &ÛB >w&Ê¢ Û� �
/B b" �þ *Vz�>wö ~� �WB b� �Ò�
3,4).
�ª¶ *�î �ò*æ¢ ¶ÿNÏ ÿKöb� ÒÏ~V *
�Bº �æO�¾ ÎÞÆöê �ò*æ~ WË� Fæ>¢ �

. ¯, �ò*æ¢ Ú*~º 7öº ¶Ú B�ïö ~� Ê�
~ Nê& 0oC �~� ÚJ&æ pæò, Ú*j ;æ� ê Ô
f �¦Nê� �� Ê�~ Nê& 0oC �~� Ôjæz¢ê
ÒÚ*� WË� Fæ>¢ �
. �r ^B& >º ©� MEA
Úö �Ò~º b� âÚ ¦b& cc~�B MEA ~ WËj
&�~º ©�
. 0oCöB~ bf &ê& 0.9998 g/cm3�� â
r~ &êº 0.9168 g/cm3b�, b� ârb� æ~�B £
9%~ ¦bÃ&¢ ¾æÞ
5). �¦ Nê& 0oC �~� Ôj r
�ò*æ~ Ú*j ;æ~� �ò*æ~ Nê& ;~~�B �
ò*æ Ú¦ö �Ò~º bf âÚ ârb� æ~² >�, 
�
�ò*æ¢ Ú*~� �ò*æ~ Nê& R¢&�B âr� �
j b� æ~² B
. �ò*æ Úö �Ò~º b~ çæzº
�ò*æ Ú~ F�¢ ¶ç�Ê� ï-*� 7�Ú~ ��¢ æ
;�B WËj 6²�Ò ©b� .ç>º�, �ò*æ ¶ÿN~
çÏz¢ *�Bº � ^B& ��>Ú¢ �
. 
�" Ballard Power System" Los Alamos national

LaboratoryöBº ��~ ~ãöB �¦ �ö~ FZö V¢ �
ª¶ *�î �ò*æ~ Ú*j �·� ê �' Ú* Nêö
ê�~º �*j �²z �Êº ��& ê¯>� ®
6,7). ��
¾ jçræ �ò*æ Ú¦öB �WB âr� �ò*æ~ W
Ëö �~º 'Ëö &� ��º �j� 
;�
. � ��öB
º "æ Nê& 0oC �~� ��öB �ª¶ *�î �ò*æ
¢ Ú*� ê ;æ~� �ò*æ~ Nê& 0oC �~� ÎÚî
r �ò*æ Ú¦ö Îj®º b~ Ö�� �ò*æ~ ßWö
ÚÆ� 'Ëj �~º&¢ �Ò~V *� �ò*æ Ú¦ö b
j �F� j Ú*Nê� 80oCöB -10oCræ �ò*æ~ N
ê¢ >�'b� �.~�B WË~ æz¢ G;~� ªb~Ê
f B~*~*{ ªC 5 V��V ªCj Û� ï-*� 7�
Ú~ ßWæz¢ ªC~&
.

2. 
  þ

/
�º ê² «¶ (Vulcan XC-72R)ö W.� 20% ªÖB
Pt/C(E-TEK)j ÒÏ~&�, /
 ææÚ�º B>Wj "V *
� PTFE¢ 20% �F� ê² «�(TGPH-060)¢ ÒÏ~&
.
*� B�Ï ¯�º Pt/Cf Nafion Ï�j IPA(isopropanol)
ö ªÖ�B B�~&b� �ªÖj *� .r2 ¾Ò¢ ~&

. B�� /
 ¯�¢ öÚ 2�� �j �Ï~� ê² «�
*ö z+j ~&�, � *ö IPA� �C�Î �J�^¢ º&
� ê�~� Öz�" ~ö�~ /
[j ;W�V
. /
~
Pt loadingïf Öz�" ~ö� Îv 0.4 mg/cm2� ~&
.
MEA º *¾ÒB *�î ïj Öz�" ~ö� *� Ò�ö
v� &� {O(hot pressing)~� B�~&
. &� {O� N
êº 140oC, {Kf 200 kg/cm2, 7��*f 90.� ~&
. *
� �'f 25 cm2&
. 

MEAf r2� BÊÝj �Ï~� �WB �**æ¢ &N
FæË~ nö J~~� �ò*æ~ Nê¢ -10oCöB¦V 80
oCræ �.~&
. >w&Êº ª:� &ÛV¢ Û� &Û>
î
. Fïf *Vz�' ·�j� stoichiometry� >² 1.5,

Ö² 3b� ~&� ç{öB Ú*~&
. �ò*æ~ WËj ï
&~V *� electronic loader (Deagil electronics, EL 500P)
¢ �Ï~� �B~j >�~� �ò*æ~ *{" *~¢ G
;~&
. �ò*æ~ Ú* Nê� 80oCöB WËj G;� ê
Nê¢ -10oC� ÔÖ 1�* ÿn Fæ� ê 
� Nê¢ 80oC
� RJ G;j >�~&
.
�B~� *�~ ��ö �~º 'Ëj �Ò~V *� -10oC
öB¦V 80oCræ �B~j >�~�B *�~ �^V� ª�
f *Vz�' �W�'j G;~&
. 10 nm �~~ /
[ �
^V� ª�º î² �O» (ASAP 2010)b� G;� ê
Brunauer-Emmet-Teller (BET) O;�j ÒÏ~� ªC~&
.
*Vz�' �W ��'j G;~V *~� �**æ~ Ú*N
ê 5 Fïf WËG;� ��" ÿ¢~² Fæ~�B
Potentiostat (EG&G, M273)b� B~*~*{»j �Ï, ~ö
�~ >² îO *~¢ G;~&
. G;� **~ "Ò ³êº
50 mV/s� ~&
.
�B~ö V� MEA~ ª�&�" *�î ï~ �N *êê
~ æz¢ G;~V *� ªb~Ê¢ G;®
. MEA~ ª�&
�f IM6(ZAHNER)¢ ÒÏ~� 1 mHz¦V 50 kHz~ AC *
{j &~�B ªb~Ê¢ G;~&
. V&*��¶ ç&*�
b� >²*�j ÒÏ~&�, v~*{~ ê�f 5 mV� ~&

. *�î ï~ �N*êê G;j *� fj B·®
. *�
î ïj &Ú� v� ·ãö �' 1 cm2, vþ 1 mm� W.
*�j W. f�Ú� �Ö� ê, *�î ï" v W. *�j
10 mm vþ~ r2�" PE ¾Ò¢ �Ï~� ¢; {Kb� Ú
Ö~� *êê G; fj B·~&
8). IM6 (ZAHNER)�
10 Hz¦V 80 MHz~ "2> º*öB 10 mV~ v~*{ ê
�j "Ú ªb~Ê¢ G;� ê *�î~ vþf *�~ �'
j �J~� *�î ï~ �N *êê¢ êÖ~&
.

3. Ö" 5 �V

3.1. �**æ~ WË
�ò*æ Úö �Ò~º b~ Ö�� �ò*æ~ WËö �
~º 'Ëj �Ò~V *� �**æ¢ 80oCöB Ú*~� *
~-*{ ßWj G;� ê, Ú*j ;æ~� �ò*æ Úö b
j �&� �F� ç�öB �ò*æ~ Nê¢ -10oCræ ÔÖ
1�*ÿn Fæ� ê 
� 80oC� RJ �ò*æ~ WËj G

Fig. 1. Effects of thermal cycles from 80 to -10oC on current-voltage
curves measured at a cell temperature of 80oC.
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;~º �B~j 4² >�~&
. �B~ *" 4² >�ê G
;� *~-*{ �Fj Fig. 1ö ¾æî
. �B~ö ~� �â
²� **(open circuit voltage, OCV)º �~ æz& ìæò
*~&êº Ôjrrj r > ®
. Fig. 2º �B~j >��
ö V¢ 0.6 VöB G;� *~&êf OCV~ æz¢ ��&

. �B~ * 0.6 VöB G;� *~&êº 880 mA/cm2j ¾æ
î� 1² �B~ � ê 860 mA/cm2� Ôjrb� �B~� ê
¯Nö V¢ F;'b� WË� 6²~� 4² �B~ 
� ê
780 mA/cm2 ¢ ¾æÚÚ .V�
 *~&ê& 11.2% 6²®
.
>� OCVº �B~ö &êì� 1.0 V� �~ ¢;� 8j ¾
æî
. �º b~ Ö�� Ú¦*~ö ~� ª�öº 'Ëj �
~æ p� �Wz ª� 6º ohmic ª�j Ã&�Úb�� �
ò*æ~ WËj &~�Új ��&
. (
þö 'ÏB Ú*�
�öB 900 mA/cm2~ *~&êöB ³êª�f Z�� > ®

9).) 

3.2. *� ��
Fig. 2~ Ö"º �B~j >��ö V¢ �Wz ª� 6º

ohmic ª�� Ã&~� �ò*æ~ WË� &~Nj ��"î

. �Wz ª�" ohmic ª�f *�~ ��ö ~� Ö;B
.
�B~� *�~ ��ö �~º 'Ëj �Ò~V *� V��
Vª�f *Vz�' �W�'j G;~&
. 
*�~ V� ��~ æz¢ �Ò~V *� 80oCöB î²�
O»b� V��Vª�¢ G;� ê 80oCöB¦V -10oCræ
10² �B~j >�� ê 
� ÿ¢� O»b� V��Vª�
¢ G;~� � Ö"¢ Fig. 3ö ¾æî
. �B~ö ~� 25 nm
�~~ ·f V�
~ ª�& ç&'b� 6²~� 25 nm �ç
~ V�
f z ôjrrj r > ®
. *�~ ï� V� �
Vº �B~ �*� 9.51 nm, 10² �B~ êöº 15.8 nm�
Ã&®b�, �* Z²� ï� ��'f 26.792 m2/göB
19.954 m2/gb� *Ú
î
. 
�ò*æ Ú*� &Ûj Û� �/B b" *Vz�' >w
b� �� B�B bf *�î ï öò jî¢ /
[ Úö �
Ò�
. /
[~ V�Úö �Ò~º bf Ö�� r ¦b& c
c~� �j r 
� >»~� �B~ö V¢ 9%~ ¦bæz
& >�>º�, �ö V¢ *�Ú~ V�~ �V& Ã&~� /

-/
, /
-*�î ï, ¾bN �J�^-¾bN �J�^ *

~ JÞò� ��¢ £z�B �ò*æ~ WËj 6²�Î ©
b� ÒòB
.
�ª¶ *�î �ò*æö ®ÚB W. /
~ *Vz�' �
W�'f �ò*æ~ WËj Ö;~º 7º� º² 7 ~¾�

. *Vz�' �W�'~ Ã&º *� >wj ¢bÒ > ®º
>w Ë²& Ã&>Ú �ò*æ~ WËj Ã&�Êº�, *�~
*Vz�' �W�'f B~*~*{»(cyclic voltammogram;
CV)j Û� áÚê �¾*~ >²Öz b� �V¢ �Ï~�
jv� > ®
. 

Fig. 4f �öBf ÿ¢� O»b� �B~j >�~�B
80oCöB CV¢ G;� Ö"�
. �B~� ê¯Nö V¢
100 mV ;êöB &V>º >²Özb�~ �V& ·jöj �
�&
. � 
þö ÒÏB 20% Pt/C(E-TEK)~ Pt «¶ ï�ç
ã� 2 nm��, W.~ bÒ' ��'f 140 m2/g, W.��ö
B >²ö¶ monolayer~ �O/îO *~& 210µC/cm2�æ�,
��¦V roughness factor¢ êÖ~� Table 1ö ¾æî
.
Roughness factor& ¸j>� *Vz�' �W�'� 9� Pt
�ÏN� ¸
� � > ®
. �B~j 4² >��ö V¢

Fig. 2. Effects of thermal cycles from 80 to -10oC on the OCV and
current density measured at a cell voltage of 0.6 V and at a cell
temperature of 80oC.

Fig. 3. Effects of thermal cycles from 80 to -10oC on the pore size
distribution measured by the nitrogen adsorption and BET analysis.

Fig. 4. Effects of thermal cycles from 80 to -10oC on cyclic
voltammograms obtained at 80oC. Scan rate was 50 mV/s.
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roughness factor& 36.55öB 27.62� Ôj^ Pt �ÏN�
£ 24.4% 6²>î
. ��� Ö"º �ò*æÚ~ b~ Ö�
� V�~ �V¢ Ã&�Ò ö jî¢ *Vz�' �W�'f
Pt �ÏNj 6²�B �Wz ª�j Ã&�Úb�� �ò*æ
~ WËj &~�Új ��&
. 

3.3. ª� &�
�ò*æ Ú~ b~ Ö�b� �� �ò*æ~ WË &~º
�Wz ª�" ohmic ª�~ Ã& r^�
. �Wz ª�"
ohmic ª�j Ö;~º "º� º²� *~*�&�" *�î
~ �N *êêº AC ªb~Ê¢ �Ï~� G;� > ®
.
Fig. 5º �**æ¢ 80oCöB Ú*~� ªb~Ê¢ G;� ê,
�ò*æÚö bj �F� j 80oCöB¦V -10oCræ �B~
j 4² >�~�B 80oCöB ªb~Ê¢ G;~� Nyquist
plotb� ¾æÞ ©�
. Nyquist plot� Fig. 5öBf ?�
>ö Î·� ãÖ, x-»" ò¾º ¢ã v6� ohmic &���
>ö~ æª� *~*�&��
10). Fig. 5º �B~� ê¯N
ö V¢ >ö~ �V& Ã&~�B J�ãb� �ÿ®rj �
�"º�, �º ohmic &�" *~*�&�� Ã&~&rj ~
��
. Table 2º �&²�¢ �Ï~� ohmic &�" *~*
�&�j �� Ö"�
. 0.7 VöB ohmic &� 8f .V 8
0.26Ωcm2öB 4² �B~ ê 0.65Ωcm2� Ã&~&�,
0.8 VöBê 0.26Ωcm2öB 0.90Ωcm2� �² Ã&~&
. *
~*�&� 8f 0.7 VöB .Vöº 0.16Ωcm2�îº�, 4²
�B~ ê 0.28Ωcm2� Ã&~&
. 0.8 VöBê .V *~*
�&� 8� 0.6Ωcm2öB 4² �B~ ê 0.91Ωcm2� Ã&
~&
. ªb~Ê Ö"º �B~ö ~� b~ Ö�� ohmic &
�" *~*�&�j Ã&�Úb�� �ò*æ~ WËj &~
�Vrj ��&
. 
�B~ö V� *~*�&�~ Ã&º Fig. 3" 4öB ¾æ
Â :f ?� b~ Ö�� V�~ �V¢ Ã&�Ê� *Vz�
' �W�'" Pt �ÏNj 6²�B �Wz ª�j Ã&�V
V r^�¢� ÒòB
.

Ohmic &�f *�î ï~ �N *� &�, *�" *�î
ï~ 7/ &�, �¦²�~ &�j C*�B ¾æÚº &� 8
�
. Fig. 5öB &VB ohmic &�~ Ã& ö�j �Ò~V
*� *�î ïj �B~� ê �N*êê¢ G;~&
. >z
B ç�f ��B ç�� -10oCö �ÂB Nafion 115 ï~
*êê¢ G;~&
. b& bö Ïª® >zB ç�� -10oCö
�ÂB *�î ï~ *êê¢ G;~V *� *�î ïj W.
fö ËO� ê 30oC~ .B> ³öB �N*êê¢ G;~�
f~ Nê¢ -10oC� ÔÖ 1�* ÿn Fæ� ê, 
� Nê¢
30oC� RJ *êê¢ G;~&
. �Þ ��B ç�� -10oCö
�ÂB *�î ï~ *êê¢ G;~V *� Ïª® >zB *
�î ïj W. fö ËO� ê 30oC~ .B> ³öB *êê

¢ G;~� W. fj �Ú~� *�î ïj jV ¾�¢�
b~ �ï� 3% �~& >² ���Î ê Nê¢ -10oC� Ô
Ö 1�* ÿn Fæ~�, 
� fö ËO~� 30oC~ .B>
³öB *êê¢ G;~&
. Fig. 6f �B~j >�~�B G
;� *�î ï~ �N*êê¢ ��&
. >zB ç�� -10oCö

Table 1. Effects of the thermal cycles on peak area and roughness
factor for the electrodes calculated from the cyclic voltammograms
given in Figure 4.

Number of 
thermal cycle

Peak area
(mA/cm2

ÜmV)
Roughness 

factor
0 1919 36.55
1 1828 34.82
2 1664 31.70
3 1649 31.41
4 1450 27.62

Fig. 5. Effects of the thermal cycles from 80 to -10oC on Nyquist
plots measured at the applied potentials of (a) 0.7 and (b) 0.8 V at a
cell temperature of 80oC. For AC impedance measurement, applied
frequency was varied from 1 mHz to 50 kHz with an excitation
voltage of 5 mV (peak-to-peak).

Table 2. Effects of the thermal cycles on ohmic resistance and
charge transfer resistance of the single cell calculated from the data
given in Figure 5.

Applied 
potential (V)

Number of 
thermal cycle

Ohmic resistance
(Ωcm2)

Charge transfer 
resistance (Ωcm2)

0.7

0 0.26 0.16

1 0.34 0.17
2 0.48 0.24

3 0.56 0.27
4 0.65 0.28

0.8

0 0.26 0.60
1 0.33 0.62

2 0.52 0.87
3 0.66 0.90

4 0.90 0.91
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�ÂB *�î ï~ �N*êêº .Vö 0.0325 S/cm, 4² �
B~ ê 0.0329 S/cm� �~ æz& ìî
. ��ç�öB
-10oCö �ÂB *�î ïê .V �N*êê 8� 0.0323 S/cm,
4² �B~ ê 0.0327 S/cm� �� �B~ö &êì� �~ ¢
;� 8j ¾æÚî
. ¯, *�î ï~ >z�¦ö ç&ì� b
~ Ö�� *�î ï~ �N*êêö ®Ú ÚÆ� 'Ëê "æ
p~
. �º �B~ö ~� �**æ~ ohmic &�~ Ã&&
*�î ï~ �N*êê 6²ö ~� ©� jî¢ *�î ï"
*�Ò�~ 7/ &�~ Ã&ö ~� ©ªj ~�~�, b~ Ö
�� *�~ V� �V¢ Ã&�B /
-/
, /
-*�î ï
~ 7/&�j Ã&�Î
º Fig. 3ö ¾æÞ BET ªC Ö"
fê ¢~�
.

4. Ö  �

ÎÞÆ�¾ �æOöB �ª¶ *�î �ò*æ¢ ¶ÿNÏ
ÿKöb� ÒÏ~º ãÖ B�� > ®º �ò*æ Ú~ b~
Ö�� �ò*æ~ ßWö �~º 'Ëj �Ò®
. �ò*æ
Úö �Ò~º b� Ö�" Ï�¢ >��ö V¢ b~ ¦b
æz& >�>� �ö V¢ �Wz ª�" ohmic ª�� Ã&
~� �ò*æ~ WË� 6²®
. /
[ö �Ò~º b~ ¦
b æzº /
[~ V�~ �V¢ Ã&�Ê�, �ö V¢ /

~ ��'" �Wz�', Pt �ÏNj 6²�Úb�� �Wz
ª�j Ã&�V
. *� ��~ æ;f �Wz ª� öò jî
¢ ohmic ª�ê Ã&�V
. ªb~Ê Ö"º b~ Ö�� *
�î ï~ �N*êêöº 'Ëj �~æ pb�B *¶*�&
�" ohmic &�j Ã&�Vrj ��"î
. �º ohmic &�
~ Ã&& *� ��~ æ;ö ~� /
[" *�î ï~ 7
/&�~ Ã&ö V��j ~��
.
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Fig. 6. Effects of thermal cycles from 30 to -10oC on proton
conductivity of Nafion 115 kept at 10oC in a wet and a dry state. AC
impedance was measured with the applied frequency ranging from
10 Hz to 800 MHz and an excitation voltage of 10 mV.


