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Abstract: To address the issue of limited durability of limited durability of proton exchange
membrane fuel cells (PEMFC) under variable operating conditions, the gas distribution, voltage
recovery, and voltage decay rate patterns during the aging process of hydrogen fuel cell stacks, as
well as the relationship between variations in membrane electrode assembly (MEA) parameters
among individual cells and cell aging was investigated. A durability testing procedure based on
the new European driving cycle standard working conditions was established and an accelerated
aging test for 80 hours was conducted on a self-designed 8-cell PEMFC stack. The results show
that the average baseline voltage decay rate of the stack is 1. 4 mV/h, decreasing to 0. 55 mV/h
considering the voltage increase caused by the recovery of water-thermal state due to restart. The

change in the electrochemical reaction area of various membrane electrode assemblies before and
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after aging ranged between 7% and 12%, but significant differences were observed in other MEA

indicators, indicating large variations in the water-thermal state.

In terms of air distribution

characteristics, the air flow rate distribution and voltage decay rate on the air side of individual

cells exhibited a bimodal pattern.

As the flow rate increases, the difference in peak values

becomes more pronounced. The highest voltage decay rates corresponded to the highest flow

rates, suggesting a positive correlation between aging rate and air flow. The cells near the end

plates showed higher aging levels than the average, but their voltage decay rates were not the

highest, indicating primarily reversible aging, which was further confirmed by higher voltage

recovery rates. The aging rates of the middle cells were around 0. 6 mV/h.

Keywords: proton exchang membrane fuel cell; duration; accelerated stress test; membrane

electrode assembly degradation
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Fig. 1 NEDC fuel cell test conditions in this paper
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Table 1 Operating conditions corresponding to each condition in the NEDC driving cycle

AR B2 /(L s min ') BHRIFE L BT

MXFT IR/ % /A EABKRA H, /(L min 1)
0 15 10. 00
15 20 10. 00
30 42 10. 00
35 50 10. 00
50 74 10. 00
70 111 10. 20
83 140 12. 86
100 183 17. 36

20. 00 3.0 3.5
20. 00 3.0 3.5
21.47 2.0 3.5
25.56 1.5 3.5
37. 84 1.5 3.5
48. 65 1.5 3.0
51.13 1.5 2.5
69.02 1.5 2.0
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Table 2 Complete urban driving phase conditions and complete suburban driving phase conditions
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cell stack over time

SCHRLLT 98 A 5 38 8 R FH 58 [ fE I 3R A B
R, Y TS A R 00 3ot 2 UL 3 e R R RO 2
T2, 4 AR R 45 11 i A M BB SR80, B0 B
Pk BE B — i A B K AT L S0 R 0 U IR T A )
WURL 2 T AL SRS Y ECSA TR,

PEMFC #) &4k 73 Jy 0] 335 FAS R] 305 45 7l i £k
7 PtRURL A A S A B R T PO B R ELR T
AlEAL . R SRR AT TR 1Y L HE AR A B
I A TR R B A AT 0 o, I A5 3 dL Al
PO B 3 HE AR MEA 7K i i b 22 fife AL 570 )2 8
W SRR AL [0 52 4 HL K O P B R R Ry
0.42 mV/h, B E/NTF —1. 42 mV/h 1157 5 9f
AR X U] HME AT 0 K A B R B BORLE




6 W% o oW k¥ % it 59 %
B4 JPEM AL 15 % AR 1T 35 HL 31 751 1 1k ok Bt |
WA, o
W 4 91 M B R B g =
NEDC 1/ ¥ L5328 17, B HE P30 Ak 27 20 55 Rk #4058 RS
BT Ak 4% AT 390k R A T A R S AL 1 O ) B
By, v A o H TR AR ZE LA 1. 20 mV/h (Y 5F- 2 ik
TRBEV L A HIET 40 h AFIE
B 7 3 LI 4L NEDC {8 FRJ5 oL HE 19 22 s |
S LT 2 5% 6, R 4 3 3 e PR Al 2 S L HL T U —
S VB A R AR 0 T O B IR R /N TE AR O . B4 4 Ca) L Sl 2 g B 32 0 U P A X 37
12 % NEDC 5 1 LR 1 WARSF , iy 15.74 & o " Soumon
189 A #4514 U 50 - 34 £, 75 414 0 5 v ke 2 A D N
Pl 2Ch) 7 o P, M - 349 03 ol 1 725 Al ol £ P ) ‘
28 % L 1 7 24 B8 A K 0. 25 mV /b T ;6
324 3y 314 3y L Y Y 4 5 80 R S 5 =
0.41 mV/h 1 0. 86 mV/h. 75 fk i £k B 7% T 3 v I
M 1 2 7 R 3 L 4> o o o, F 262 2 Dy 56 oy [ , ,
B . KU S b e H T 59 4 0 MK A e S
HA, 3t 7 48P i B B2 ) DR T /N L B B M E (b) 4% HL 31 925 25 4 i 1 0
3.2 BRHEERTRSH 3 R HE 4 A A EE A 0 A
B 3 BT &N B AE A A T F 40 e 2 1 Fig. 3 Stack structure and position of cells and air distribution

Ui 0 45 R BAL Rt i v R TR A A0 B 1 R A (.
WA 4C) R, HHERHRP i 155 2 51
S g R R B E/NT 3 52 8 S M A i R
R, HAT 2 S 6 R 5 Tt i H R o R
A% A 4T R — K

B 4(h) (A Ce) IR T 45 B rE it 1) ik v v T AR
Tl i £k 35 52 B IR) S 249 35 o o TR AR 1k il 2k — By 3
W E > R, ML 7 Sl k.1 SR
HL Tt 1 L i e 4 AR AE P28 L 7E 64 h BFIE IR R
POH SR AR 5 2 5 e Y ) FL R 2R AE 40~64 h 1Y
PRI B B 350 2, RS2 B B W TR 3l W & /D T
J5 6 Z 2k s 3~8 5 FHL It 1Y H s ity 2R O0F AR B A A
[l ¥ Ak 3 5 A5 20 5 7 B0 A o L TR A e
0~80 h By~ 24 £ s 3 3 K & iy Bt 40~ 64 h #YF
PIAE HOR B 4D w1 5 B i S H R O
P 0l R /N, A 7R A T R — AKF T B A 2
L2 58 SN BT SRk, WK 3(h)
HLh A 25 S A PR AR HER R, 3 M T SR R
ORI DS 2y NI S 1B s G B P L 7 )
R RS S DT 5 380 &0 2 S 1T T o, ™ A 7™ Al S ol
1 5 iy &SRS S HG T B A T 3 B A bR S J SO
FEWAS I

zkxb. xjtu. edu. cn

among the individual cells

.13
7251 2%
B A3
. Vo4
o
v o
>7m- LAY oy
= . " ]
{ Iv : LRl B . -
Sé%- AL ¢ e .
A4 L]
E) A .'.o.- ® o0
£ﬁ> N v v
§650 AL Vv, v A
Be: A M A
g A, AAA A % T
o A A
625 4
600 1 1 1 1 1 1 1 1 1 1
-10 0 10 20 30 40 50 60 70 80 90
RIS /h
(a)1~4 5 P et b o vl s Hs B ) [R] 199 72 1k
7251 o5
6
P 7
700F -8
. o
=)
] °
E 675
=2 .y
bl .
=650 . e 4 e
Lo g’ T P b
B e W ® o ®
625
600

AT /h

-10 0 10 20 30 40 50 60 70 80 90

(b)5~8 5 B H b A v W TS I o [7) £ 22 Ak

Jidnando



%5 M GRS 5 3 17 5 O T S ARk b T 0 2 140 9 0 B 55 7
s BRI o - S/ T B B 50 T B 12 b SR 32 7 B i) 8
N m o A . PEMEFC (% Hh L e 78 22 A6 AT 01 B8 I 8] 28 1
2 n M FEW S o2 AL R 1% B K A
Zars| A5 U 4 6 T P R 0 — A O 18 R IR
s JF7 B B 3t 16 b P R S 34 5 0k T B B Ot
2 40 b fy HLJE 3 SR R, b B AT L8 AL
s W37 T SR AR RIS VLAY A T A 1 S 2
. W 1 B4 37 T 3 A S8 T 90 7K B e s
R A TG 3 o S 4 D 7 L
(oo 84 7 M WP B9 B A 0 24 £ B BB R EA B B R R,
i e
0 1 2 3 4 5 6 7 8 0 1
E 0.2 E
oS E 08
gOé - - . o E — L
o L L & 16F | L
08t o 2ol
(cb) 4550 FiL 300 3 2 A1) 5 0k (0~ 80 h) (£50~40 h
[ 4 2% SR H o F R A AR AR T 08
Fig. 4 Variations in the reference voltage of each individual _ -
cell : 0.6 k—
it S MIEL 3 (b 9 4 BOAF PSR 7 o 2 W
SN 3 43 A 52 T LU 43 A 0 A B R =
By 586K 0 T 2 30— 2 B K AL A 9 4 =
W 2 T 5 44 08 010 L (80 2K AR FR A 5% 224 4 1) -
25 H 0 LG AR R 1596 Zc A7 . B L R 19 9 .
o LU e T 0 0 K [ 6 37 k85 4700 1 RN AR
M LT A E L TR S0 b AT .
B 80475 S 100 % k245 5 ) L i 45 g 45 A Al — P
TR B VB 22 0 1 4008 9 A 3 4.5 %% f L2 3 45 s 7 8
B 2% 5 ¥ 19 AR AR 31 12, 79.% -
P 5 (b i 1 B0 8 B A M A 6 T Zoap
WAL R IR FU A 6 B o PR R Ak z
AR KB 4D FE 5Ce) 5 X H AT I, 4% §M1~
B F 1) 4 L B R T 40~ 64 b HL R PR PN L
ESTPE S S RN OIS E S SN 2 =
S Lt L o P P R R &ler
PRI B 0~40 h J 64~80 h {124 2 J ik 25l

FANE 5Ca) F 5Ce) R » £ Fr B vl 3 o i e ) o
P ORI R T 2RI . 1 5 5 it 5
BOR/N,3~7 SHBEMZHER AR AT — 5
VI B FR 4% B B e Y R o L TR A S 247 5 D R

zkxb. xjtu. edu. cn

(c)64~80 h
[§1 5 % BRHE 25 B B A 25 o P 3 Ol TR
Fig. 5 Rate of reference voltage decay for each individual cell

in each stage




8 (LA - S Y NI S SO 4 559 4%
3.3 HEMEBRSHSN Ly s ‘“'@;M*"”"S"J" o s
HLMEE AT H) 20,40.60 & 80 h B4 1) I — 7k o 0
W H AR S50, B 84 7 MEA 93 S %5 E ik =l
T3 P T AR A DR RS B SRR J2 L 2 L R &
KB+ 55 1 45 - MEA 4 2 50 248 5 1) 2 0
TREAH EE AR fb, an s 3 PR . 5 0.03
A3 BEw AP A AL & BN
Table 3 Changes in MEA property parameters ‘;3 0.041 - E— — T
*=
PN 2 o0st - EH
FEoo, o R R o (o) 46 JAE i M A A 30 5% 4 1 AL 080/  o
TP TR RS i H B
1 7.63 —11.41 —11.40 —3.41 —32.83 —2.52 LS S S SN T — -
2 5.66 —9.26 —9.26 —2.46 —33.21 —3.26 —ool u
3 7.43 —11.54 —11.52 1.34 —9.49 —1.14 R
gum
4 439 —9.35 —9.34 1.24 —10.29 —1.20 5
# 0.6}
5 2,04 —7.48 —7.48 2.15 —21.01 —1.52 = L
6 3.18 —9.60 —9.60 5.57 3.99 0.49 = 008
FE;Z
7 4.99 —8.03 —8.03 3.63 —0.89 —3.36 ERR —
8§ 5.51 —9.37 —9.36 5.62 7.60 —2.66 i
SEHE 5.09  —9.50 —9.50 1.71 —12.09 —1.87 (o) 4% i v A R AR FEL e
. B 6 4% B H i 45 [y B H b 2 2 500 A b i R
% 3 P& B . ECSA F1 RF #4725 1k #4 4 0n - .
ig. 6 Rate of change of electrochemical parameters for each

L, AN MEA 125 £b AL F 7] — %50k 2% 5080 vl f
JERE . BT S BRI R R A A A R M BE L B — D
AR R AR RE R AR A . AN BEHLR Co F R, A2
RAER A5 MR R AR R E T AR RS
B A H AR TS5, Coy FAE ACL FI CCL i
PR UKL 2% 1HBUHL 2 R A O R 48 8 MEA
AL, R, AT MEA K BOIR A SRR
A DR 2R e B OG22 SR 0 R E S e L U Bl JR
FU, HE UL, Ve B SCIA RS LR B R E B A
HL UL 5 B A TR 305 1 TR ECSA IR 48 H B, 3
FNZAPEG BT 6 Fis .

35

h™)

3.0

25

2.0

BEALI KR /(LA » em” .
.

i

6 7 8

1 2 3 4 5
T 5

Ca) [l B 98 S0 R L 80 B Il ¢

zkxb. xjtu. edu. cn

individual cell in each stage

MEA ¥ 37 b 2% J& 1ol sl AL AR 452 473 . PEM H 3108
BT L B G RALERIE S AR K E R XY
F CCL, B & HL it % B2 B 2 38 K, 5 8 iy 21 3
S B TR R TR A I T AR A AR Y
. B 6 iR 8 MEA 1.5 5 MEA Y iy 48
fef /Iy, e B 500 UR (B AH F AN K 2. 290, -3 3
K#ERER N 056 5 MEA B i,y [FIEEH K 2218 ,F
Py AL AIAR 7 51 8 5 MEA 4 1/3;1 5 A1 3
5 MEA B i KRR BHYS 3 5 R KM
H, P e Rl R A )

MEA £ L3z 17, 4 5l o 1100 0% 45 1, B3 IR 2,
b BRI RS A I L Pt JURL b 25 A1 5 % i 2 A ok
EZACHLEE S B M T8 A R B0RL, 51 2 Pt Ok
SIS NI 3 1T A N R A B0 R T 2 el 4 N
W BT B8 e Ui B S B AR SR B, SR T P fi b
FVRE 2% T & AR AW B, A ) ECSA i fi%.
Kl 6(b) Fin 8 i MEA H1,5 %5 MEA ) ECSA I
INER BN, 1 S35 MEA By ECSA W /) 3 R
K 18 ST B K R A G A 6 (a) 1Y
FAR—F, XK 6Ca).6(b) A W, X F A [




o505

BEBETN L 55 1B AT S RO T AR IBEAROE v T 3 5 A Y 5 ) S 46 F 9

MEA, i ECSA Wi/h# R 4L T 7] — /K. 2% /h T
i SER R . KU M IS AT, — 2P ) A
& PEM fil CL &4k, HoAth X R HAE M T 88— 34,
H PEM &AL Z/EH X AR MEA A5,

Hit b MEA 411 & A 85 W U4 v ik 51 i
14 3 J22 U B 2 T 18 37 65 i i Be g, 1 25 AR L T
E 25 T VAR R] % B o 36 B Ak BEL B B T, PRI UL R
KRR LT, SR, B 6(c) B, NEDC 1/ 25
BT 80 h ], 8 F- MEA Y Ry X758 fk i R 1 oy
i, A 65 MEA M2 Ro HLWI{E & . -85 1k
BRI T, BRILZAM.3.4.5.8 5 MEA ) Ry [%
TRE NS B R AH 2210 /N 2 5 MEA [ Rq B IR
B, R 4 5 MEA IPIf5 .

M L3R Ro ANKER T RCH 4 i £ 7 i
ZHFEFH. — . MEA F2THEBERY KL
D3 WL 47 -5 AT A, RUR Al 3% TP e AL 7R 2 A SR K

I Ab ¥ S A R DR b A AH A T A 4 A BEL BT 1 T
HH 4 Z .80 h N R T E B THE Ra BIKFE; 5
—J7 1, PEM R I Al 8 Bifi % Ak ™= 25 50 % 07 6, 51
R BT R, B8 R, [ W 5 ek A 1 4% Al BHL 4 49 T
W AR R 1T RE T B4 s U4, 2 i T80 F . MEA
R R AR AL 23 X6 R 1 0 i 25 51 7= A 52 ), MEA
TN R B A 1 R B8/

M B Y ip A ECSA b BR, 1 5
MEA 1§ PEM #l CL #£fL#RTE 8 i* MEA |8
e R AFIZ A BAC e it 4 A5 RN 43 B BE A 35 o Hl O B
TR R /N, B MEA 2 80 3 i L R 4% B 3R AF
MR, EEE, 0 FHREREHR 35
MEA [F#E A % K PEM Fl CL 24k F, HE
[7) B A7 5 K 1 P, P 3 i R 8, 7 28 S B R AIE 1Y & Ak
HEE—E, X1 SR 3 5 MEA fISH50. & 3 A
U (AN e ZAE FE A K ) a3k 4 BT

k4 15435 MEA &4 3t
Table 4 Comparison of parameters for MEA No. 1 and MEA No. 3

BFE B/ e/ (mA e em ) NIRRT e Cot . R/ , Rl
(m* g ") mFeem ?)  (Q«cm®) (mQ + cm?®)

1 20 3. 80 28.67 114.69 31.71 637. 34 199. 26

3 20 3.77 28.68 114.71 31. 40 616. 67 209. 82

1 80 4.09 25.40 101. 61 30.63 428.11 194. 24

3 80 4.05 25.37 101. 49 31.82 558. 14 207.42

HHE 26 4 JEAR T DUHEDN L 1 5 B et A7 F A M
AWty SIS AAR SR A VR AR A I R R 0, &
R/ R, R LS e sy . B iz R
L 1 T R AL TR KT, — s R AR
T MEA ZAb5] i 55 v He 5 ek, {6 8 0K o i
BEAR Y BE o L R R R . 34, 1 S B G A
40~ 64 5 = 14 3 1 H K A2 o e th 25 P AR 4 P Hl
B R G R

4 7t B

(LPEMFC 2 1k 7] 386 F1AS 7] 386 7 25 [N &% 5]
. R S IE AT R AR PSR AL L B R
YrsipE L A4S \MEA 7K #8552 51 1 HL R B B 5 08
HLA AP B 50 47— B )5 o 3 F R T DL 2%
YK 17 J i P L b JSE b R 2 380 1) T 36 488 2 AH L v
Vi) ) A PR b LA 255 o ) R [T A R . AR SR
R T X AT T, ¥ N LK DL 5 L/ min 3l A
70°C X B FOKIATRAMBA, HETHEE
10 min DL, ¥ B 7K bR 2 J2 R 135 75 15 5 19 It & F i

zkxb. xjtu. edu. cn

13k 88 PR AR O R8O R T R Y. R R At 4 o L
A B A 00, A S e i i ) S5 30 0L B2 oy X B SR 1
A RIS B T AL T ) S D R AR

(2D HE T I L 73 1 3 v Yl 58 v AR A7 7 R
F18 A AV A [ AT, 2 B0y 9 110 IR ) R B R T
Ja R LR A B BOR A 22 53 o D G AR B 1) 2 AL AR
XF I SN, A AN SO I 2 B A R ER R L N
PR Ve AR R I G AL .

(OTEARHL A DL T o TR S 0ol 8 R B/, B
FEL S 010 R P T S el R R — 2P R L A T
MIRCR BB Z 9 — 20 PR B Ok . PR, 7 52 B 3k
L AT U e 7 IR I ] S A 7 v L AR R D SR

CAOBE X S o o M2 00 £ 7 BE S VR L
(18 XL 3 A1 A O T S, 8 AR O s v 2 B A B O B
P4 48 R T 3 R AR 5 S 34 (LAY BE (B — PR 5 7
SO0 Ze A FLU R g s A X 7 R R il o R A R Y
Fr R AR o ph AT LR AS S 56 R A S A IR R
A H) S P T R R s R o AR e B IR AR OG L




10 [ T I N 4 %559 &
2B AR B B TSR BUAE 2 A AR R, membrane fuel cells for vehicle [J]. Applied Energy,
EAHE R 2018, 224 289-299.

[12] DONG Enci, CAO Sida, ZHANG Ruiyuan, et al. A
5% THE. one-dimensional numerical model of carbon corrosion in
[1] ZHANG Guobin, QU Zhiguo. TAO Wenquan, et al. catalyst layers of proton exchange membrane fuel cells [J].
Advancing next-generation proton-exchange membrane Electrochimica Acta, 2024, 483; 144030.
fuel cell development in multi-physics transfer [J7. [13] DONG Enci» ZHAO Hancheng, ZHANG Ruiyuan, et
Joules 2024, 8(1); 45-63. al. Effects of gradient structures of cathode catalyst
(2] HUO Wenming. FAN Linhao, XU Yunfei, et al. Dig- layers on performance and durability of proton ex-
itally-assisted structure design of a large-size proton change membrane fuel cells [J]. Electrochimica Acta,
exchange membrane fuel cell [J/OL]. Energy & En- 2024, 477, 143772
[14] WU Jinfeng, YUAN Xiaozi, MARTIN J J, et al. A

(3]

(4]

(5]

L6]

7]

(8]

[9]

(10]

(11]

vironmental Science. (2024-11-22) [2024-09-12. http://
dx. doi. org/10. 1039/D4EE04713C.

HE Pu, CHEN Junhong, ZHANG Chenzi, et al. Op-
timization of modeling and temperature control of air-
cooled PEMFC based on TLBO-DE [J]. Energy and
Al, 2024, 18: 100430.

CHEN Junhong, HE Pu, HE Zehong, et al. Multi-
objective decoupling control of thermal management
system for PEM fuel cell [J]. Energy and Al. 2024,
18: 100447.

CHEN Junhong, HE Pu, CAI Saijie, et al. Modeling
and temperature control of a water-cooled PEMFC sys-
tem using intelligent algorithms [J]. Applied Energy,
2024, 372. 123790.

ZHAO Jian. LI Xianguo. A review of polymer electrolyte
membrane fuel cell durability for vehicular applications:
degradation modes and experimental techniques []].
Energy Conversion and Management, 2019, 199. 112022,
WANG Yun, PANG Yiheng, XU Hui, et al. PEM
Fuel cell and electrolysis cell technologies and hydro-
gen infrastructure development :a review [J]. Energy
& Environmental Science, 2022, 15(6): 2288-2328.
REN Peng, PEI Pucheng, LI Yuehua, et al. Degrada-
tion mechanisms of proton exchange membrane fuel
cell under typical automotive operating conditions [J].
Progress in Energy and Combustion Science, 2020,
80: 100859.

SHARMA P, CHENG Lei, AARON D, et al. Un-
veiling local aging patterns following accelerated stress
testing of high-performance polymer electrolyte fuel
cells [J]. Small, 2024, 20(16): 2306433.

NIU Meixuan, GAO Yuan, PAN Qiwen, et al. Re-
view on factors of voltage consistency and inconsistent
degradation in proton exchange membrane fuel cells []J].
Ionics, 2024, 30(5): 2433-2458.

CHEN Huicui, SONG Zhen, ZHAO Xin, et al. A re-

view of durability test protocols of the proton exchange

[15]

[16]

[17]

[18]

(19]

[20]

[21]

zkxb. xjtu. edu. cn

review of PEM fuel cell durability: degradation mecha-
nisms and mitigation strategies [J]. Journal of Power
Sources, 2008, 184(1) . 104-119.

NANDJOU F,  POIROT-CROUVEZIER ]
CHANDESRIS M, et al.

P,
Impact of heat and water
management on proton exchange membrane fuel cells
degradation in automotive application [J]. Journal of
Power Sources, 2016, 326: 182-192.

YANG Yunjie, BAI Minli, ZHOU Zhifu, et al. Com-
parison of lifetime performance of PEMFC stacks with
two cooling strategies under different humidity [J].
International Journal of Heat and Mass Transfer,
2024, 231: 125870.

LIU D, CASE S. Durability study of proton exchange
membrane fuel cells under dynamic testing conditions
with cyclic current profile [J]. Journal of Power
Sources, 2006, 162(1): 521-531.

WAHDAME B, CANDUSSO D, FRANCOIS X, et
al. Comparison between two PEM fuel cell durability
tests performed at constant current and under solicita-
tions linked to transport mission profile [J]. Interna-
tional Journal of Hydrogen Energy, 2007, 32 (17):
4523-4536.

LIN R, LI B, HOU Y P, et al. Investigation of dy-
namic driving cycle effect on performance degradation
and micro-structure change of PEM fuel cell [J]. In-
ternational Journal of Hydrogen Energy, 2009, 34(5) .
2369-2376.

PANHA K. FOWLER M., YUAN Xiaozi, et al. Ac-
celerated durability testing via reactants relative hu-
midity cycling on PEM fuel cells [J]. Applied Energy,
2012, 93: 90-97.

FOWLER M, AMPHLETT J C., MANN R F, et al.
Issues associated with Voltage Degradation in a PEM-
FC [J]. Journal of New Materials for Electrochemical
Systems, 2002, 5(4): 255-262.




%5 BEBETN L 55 1B AT S RO T AR IBEAROE v T 3 5 A Y 5 ) S 46 F 11

[22] HEWHEBEEALR, EXREAERE RS &
FHBE T 32 e HR AR ek e il 3 8 T 5 i 00 3 9 A 7 8
GB/T 389142020 [S]. dbnt. Pz ih pit . 2020

[23] HE Pu, MU Yutong, PARK J W, et al. Modeling of
the effects of cathode catalyst layer design parameters
on performance of polymer electrolyte membrane fuel
cell [J]. Applied Energy, 2020, 277: 115555.

[24] SINGH Y, ORFINO F P, DUTTA M, et al. 3D
failure analysis of pure mechanical and pure chemical

degradation infuel cell membranes [J]. Journal of the

[25]

zkxb. xjtu. edu. cn

Electrochemical Society, 2017, 164 (13): F1331-
F1341.
BRI, BV, BN, S SURORH R L o A A
SRR AL A [T, IR AR, 2023, 47(5):
551-557.
WANG Jiajun, GENG Jiangtao, SHAO Zhigang, et
al. Influence factors and mechanisms of lifetime in hy-
drogen fuel cell stack [J]. Chinese Journal of Power
Sourcess 2023, 47(5): 551-557.

(G AFO






