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Abstract: The decline of electrochemical active area caused by platinum particle degradation is the dominant factor
leading to performance degradation of proton exchange membrane fuel cells (PEMFCs). A multi—physics coupling
model for PEMFCs is established, which incorporates particle size distribution, carbon corrosion, platinum
oxidation, platinum particle dissolution/deposition, detachment/agglomeration mechanisms, and ionomer
degradation. Combined with the main characteristic parameters of membrane electrode assemblies (MEAs)
throughout the whole life measured experimentally for nearly 6500 hours in previous studies, the model enables
efficient simulation of platinum particle degradation characteristics at specific time points under different operating
conditions. The results show that at 6000 h, the residual platinum particle surface area density and number density

decrease from 8.17x10° 1/m and 2.07x10%* 1/m’ under 0.8 V operating condition to 4.08xX10° 1/m and 2.22x10*" 1/
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m’ at 0.6 V, while the average particle radius increases from 5.53 nm to 12.77 nm. That is, the aging of platinum
particles is more severe at lower operating voltages. However, the degradation rate of platinum particles at 6000 h is
mainly affected by the number and size of remaining particles, so the aging rate is faster at high voltages at this
moment. Higher temperature and relative humidity, lower back pressure and excess coefficient, as well as lower
ionomer content ratio and Pt loading, all intensify the agglomeration, growth and quantity attenuation of platinum
particles. The surface of small-sized platinum particles is more prone to oxidation, and is also more likely to
dissolve and detach to form large particles.In addition, the degradation of platinum particles in the plane of the
MEA is also extremely uneven, and the evolution of platinum particles near the inlet area and below the flow

channel is weaker. The conclusions provide a critical parameter window for catalyst durability design and offer a

reference optimization direction for the selection of operating conditions and materials.
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Fig.1 Schematic of the PEMFC model
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Table 1 Structural parameters
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BRI S 0.8
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BA/BAME GDL JE 3 0.16
BA/BAME MPL JE 5 0.03
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Fig.2  Corresponding radii of Pt particles with different class
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Table 2 Configuration scheme of calculation conditions
St CL CL  MPLILE® MPLEfm HRE
o e MAEN SEBR¥E  NEE BERY
B mEV EBET/ . LR Efism % £ . Pi(mg/
Pout/kPa Stoi RH A i )
B cle clo mple mpl6 cm’)
A 0.6 75 250 2.0 70% 0.5 120 0.6 140 0.25 0.4
v7 0.7 75 250 2.0 70% 0.5 120 0.6 140 0.25 0.4
V8 0.8 75 250 2.0 70% 0.5 120 0.6 140 0.25 04
T1 0.6 60 250 2.0 70% 0.5 120 0.6 140 0.25 0.4
T2 0.6 90 250 2.0 70% 0.5 120 0.6 140 0.25 0.4
T3 0.7 60 250 2.0 70% 0.5 120 0.6 140 0.25 0.4
T4 0.7 90 250 2.0 T70% 0.5 120 0.6 140 0.25 0.4
TS5 0.8 60 250 2.0 T70% 0.5 120 0.6 140 0.25 0.4
T6 0.8 90 250 2.0 70% 0.5 120 0.6 140 0.25 0.4
P1 0.6 75 200 2.0 70% 0.5 120 0.6 140 0.25 0.4
P2 0.6 75 300 2.0 70% 0.5 120 0.6 140 0.25 0.4
P3 0.7 75 200 2.0 70% 0.5 120 0.6 140 0.25 0.4
P4 0.7 75 300 2.0 70% 0.5 120 0.6 140 0.25 0.4
P5 0.8 75 200 2.0 70% 0.5 120 0.6 140 0.25 0.4
P6 0.8 75 300 2.0 70% 0.5 120 0.6 140 0.25 0.4
S1 0.6 75 250 1.5 70% 0.5 120 0.6 140 0.25 0.4
S2 0.6 75 250 3.0 70% 0.5 120 0.6 140 0.25 0.4
S3 0.7 75 250 1.5 70% 0.5 120 0.6 140 0.25 0.4
S4 0.7 75 250 3.0 70% 0.5 120 0.6 140 0.25 04
S5 0.8 75 250 1.5 70% 0.5 120 0.6 140 0.25 04
S6 0.8 75 250 3.0 70% 0.5 120 0.6 140 0.25 04
R1 0.6 75 250 2.0 10% 0.5 120 0.6 140 0.25 0.4
R2 0.6 75 250 2.0 100% 0.5 120 0.6 140 0.25 0.4
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CL CL MPLHL MPL
%{; wEy g OURROHERECOMRE g e pwm g ) fﬁ ARBIE ﬁ,ﬁ
- Pout/kPa Stoi RH ol 16 mple mpl6 T G om?)
R3 0.7 75 250 2.0 10% 0.5 120 0.6 140 0.25 0.4
R4 0.7 75 250 2.0 100% 0.5 120 0.6 140 0.25 0.4
R5 0.8 75 250 2.0 10% 0.5 120 0.6 140 0.25 0.4
R6 0.8 75 250 2.0 100% 0.5 120 0.6 140 0.25 0.4
cP1 0.6 75 250 2.0 70% 0.4 120 0.6 140 0.25 0.4
CP2 0.6 75 250 2.0 70% 0.6 120 0.6 140 0.25 0.4
CP3 0.7 75 250 2.0 70% 0.4 120 0.6 140 0.25 0.4
CP4 0.7 75 250 2.0 70% 0.6 120 0.6 140 0.25 0.4
CP5 0.8 75 250 2.0 70% 0.4 120 0.6 140 0.25 0.4
CP6 0.8 75 250 2.0 70% 0.6 120 0.6 140 0.25 0.4
ccl 0.6 75 250 2.0 70% 0.5 90 0.6 140 0.25 0.4
cc2 0.6 75 250 2.0 70% 0.5 150 0.6 140 0.25 0.4
CC3 0.7 75 250 2.0 70% 0.5 90 0.6 140 0.25 0.4
cc4 0.7 75 250 2.0 70% 0.5 150 0.6 140 0.25 0.4
CCs 0.8 75 250 2.0 70% 0.5 90 0.6 140 0.25 0.4
CC6 0.8 75 250 2.0 70% 0.5 150 0.6 140 0.25 0.4
MP1 0.6 75 250 2.0 70% 0.5 120 0.5 140 0.25 0.4
MP2 0.6 75 250 2.0 70% 0.5 120 0.7 140 0.25 0.4
MP3 0.7 75 250 2.0 70% 0.5 120 0.5 140 0.25 0.4
MP4 0.7 75 250 2.0 70% 0.5 120 0.7 140 0.25 0.4
MP5 0.8 75 250 2.0 70% 0.5 120 0.5 140 0.25 0.4
MP6 0.8 75 250 2.0 70% 0.5 120 0.7 140 0.25 0.4
MC1 0.6 75 250 2.0 70% 0.5 120 0.6 110 0.25 0.4
MC2 0.6 75 250 2.0 70% 0.5 120 0.6 170 0.25 0.4
MC3 0.7 75 250 2.0 70% 0.5 120 0.6 110 0.25 0.4
MC4 0.7 75 250 2.0 70% 0.5 120 0.6 170 0.25 0.4
MC5 0.8 75 250 2.0 70% 0.5 120 0.6 110 0.25 0.4
MC6 0.8 75 250 2.0 70% 0.5 120 0.6 170 0.25 0.4
F1 0.6 75 250 2.0 70% 0.5 120 0.6 140 0.15 0.4
F2 0.6 75 250 2.0 70% 0.5 120 0.6 140 0.40 0.4
F3 0.7 75 250 2.0 70% 0.5 120 0.6 140 0.15 0.4
F4 0.7 75 250 2.0 70% 0.5 120 0.6 140 0.40 0.4
F5 0.8 75 250 2.0 70% 0.5 120 0.6 140 0.15 0.4
F6 0.8 75 250 2.0 70% 0.5 120 0.6 140 0.40 0.4
L1 0.6 75 250 2.0 70% 0.5 120 0.6 140 0.25 0.2
L2 0.6 75 250 2.0 70% 0.5 120 0.6 140 0.25 0.6
L3 0.7 75 250 2.0 70% 0.5 120 0.6 140 0.25 0.2
L4 0.7 75 250 2.0 70% 0.5 120 0.6 140 0.25 0.6
L5 0.8 75 250 2.0 70% 0.5 120 0.6 140 0.25 0.2
L6 0.8 75 250 2.0 70% 0.5 120 0.6 140 0.25 0.6
N 2H A% Ay BRSSO AE OGRS R AR LR
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Table 3 Material properties and electrochemical parameters
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A% AL EE EJk
BB R n,
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AT %v
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2.02
2.84x107
1x10°, 180
0.3,0.7
20000, 8000, 5000, 5000, 1x107'¢
(0.514A - 0.326)“exp[E(1/303-1/T)]
0.2
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2.51/22
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1,1
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Fig.5 Comparison of Pt particle characteristics in the CCL at 6000 h under different conditions
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Table 4 Relevant aging rates of Pt particles at 6000 h

under different voltages
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Fig.6 Comparison of Pt particle aging rates in the CCL at 6000 h under different conditions
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Fig.7 Distribution of Pt particles aging characteristics in the middle cross—section of CCL at 6000 h under different voltages
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Fig.8 Distribution of Pt particles main aging rates in the middle cross—section of CCL at 6000 h under different voltages

0.8V

(7] RS 4 R 288 A i T 2R o A 2 S e 3, L P/
JRUST JSURE B 5 VS fige R0 B 25, DT JB i B R R~ s
5 BARH R R R84k Pe e im DL M R ik e B4k
(A ik 2 1A B 22, 2 A A B vy P S A R 7 382
S 2T 6000 h B IR HL T A0k B AR vh IR
RoFr#adh,

AR AR OV 10 A R 23 57 B R B 9% L
A IF, R IE CCL AR 5 2k R 2ok B T ff ot
i, JH v 3 i 3 Ry 3 i o I RSB B 1 1
fine 1024 6000 h BEAS [ 2544 CCL N A Rl RL A2
YL PR B H R R R, S AT R 9 2
W—H,0.6 V5 EA T 00T R ARG 16 (151U
Bt 5 HOU g 1507 VBRI AR R R AR
CL Bz fih f KBS R W % 2 T 0L 16 00T 7 Hgg
KA HA A TR S H AT 50 50.8 VIR
DRGHERERRER 4~ 720 H I H EEH
oRr R AR Ak b AR, A %00 0.7 VTR ES
R e Ko A IGHL 1 0.6 VI B 5 (43 B A
MR, AR R o i R A CLALBR R S A
MPLALERHR A R Y & T, 4 RS EB0RLE A
] S5, DRSS 9% 16 0 B0k b T K, HLZ T AR
RS By 3 . MIPLL 22 fioh A 0 P R ) R



.14' fe L ¥ #t XX

064 =06V I | :
.07V 1553 987! 1277
——08V : ! :
05 ! . |
l \ H
3 ! ! !
?2 041 | ! !
foi | : |
£ 034 ! : |
& | | !
=02 : | :
B X |
l \ H
0.1 1 | \

]

|

0.0 T T 1 T , ik ' !
0 2 4 6 8 10 12 14 16
42 /Mmm

(a) AFHUET 6000 hibf 2] CCL A R R Pfiok: i o5 1

- I cothode middle
Shan%

2 3 4 L] L T
Particle Diameter / nm

(b) Yan'" Li/A1 Shan'™ 45 A HEW 05 1R RS 53 563005
9 PUBHLELR S B

Fig.9 Pt particle size distribution and verification'

SPACRLEL H G ARG 52 . Ak, T 6000
h B 7 R B AR 2 A R B A X B /)N, R R
540 T KB B, R L BE A R T e, JiTaRAS [R] 2%
AT 1 4 AT A B A T R [ R R A5 4, 1)
0.7 VIS 13 ~ 16 B IEAR—F,0.8 VH 5%
7 ~ 16 EHIHA T,

WA, & 2 E TR /N RS R ORI ik il S TR B
H T 25 S o et 5 o Y G, 2 R — T A%

9,29, 301

PHAS LI, B TR R 3 AL R, 2% AR B2 0
SO 23 W AR /N BB A O 5 2 R )T R 31—
SEFEPE T | 2% 1F X8 FLAR 52 W) A 34T By S 2 O 38 ¥ J
] 1 R o IR AN ) 254 6000 h A [i) RS 4
ke 22 7 S B . AR BF BRI A,
B 2 25 A B T i, /N RUST TIOR8 gk SR B e
RSO 25 i 8 2 2418, H MPL v RO 4128
YR AN



.15 -

www.hgxb.com.cn

5 XX

< < n
< <t e
w w w
N - (32)
IREARN i
v |l ]
w Y]
‘‘‘‘‘‘‘‘‘‘ 14
m e o
T o
- | om”
v A
\»\\NJ\\ﬂlR,rmx,
AR (IS
v |s ]
v ol |
- - - -G - -k H F e
ok
v g
v o |em
RN S |
- = 8 -
T =g
v =N
v ”
By T W ”
v Sl

v =
ve
w
ER TR h s
LA
\ L N\
e . R ,\\\1I%QQ&M4
FEEZE CER AL LR a2
w L4 e ey o m, Ty,
! ! | | A B &y, 52y,
vie | | o (P o m— +§w§q
By m o T e ey 4 w2 m&&oo\
v e e ey o-loom&
L om Y ” e o <o g
T T _ T _ T _ T _ T _ T _ T _ &
© < O oo} © < [a\) o
c oo = = < = S
o o o o o o

(a)0.6 V

< < < <
SSS S
w Ll w w
< ™ o~ -
T | |
. 4 | |
, = , ,
\\\\\ R 4 ! ! :
= o ” : o
” ol ” ” ” o,
" o2 o, < rwe e m—Tcp,
Com : Lo v eraw=T,,
\\\\\ - = = = HE e e e e Rl e ﬁ
LN G AR RS I | s b
: » o , , , E o,y I
LN cllow e e w, Yoo
“““ I (R BN AR RTINS
. < [T Tey Tdime e .T«S,&www
n! w.ﬁ I 2R :,Ibuw\Q .
' S ! ! ! o Y -
u - SR SRS RN S
\\\\\ e T T T Tt e aboe R
lm m_m o«m Amvvomo nTm\m\o t/._l.
LN nm| | % e e w9,
Y ST ree o aTy,
| Rl 770 0 va mewie w05,
| Sl ” ” ” I
L N L1 ey <R e w0,
i v e areed e ol
u L Ye <peq o [Ie\ssg\
m RN _.Ia\ée\gm@w\é
i Lo mermevain, iy,
= ICEEERRIL R . o e
m el 4irme @ -IW.\@%
v I @ adrwed o .Iﬁ@q
. e v e -.I&v@m,
= LW e e m @@wsoq
“““ LI I SRR RN NS
v o 4 rewrd o m&seq
L L el <iree e wd <,
i m ” feo 4o w w2,
T _ T T _ T _ T _ T _ T _ 'N
© < el o n o n o
S S N 8§ 4 9 9o 9
o o o o o o
46 T T

(b)0.7V



16 - fo T % HXX %
T T T T T T T T 8E-14
° ol I Im I I I I I
R . L - o G D . .
_ | o * l N , | | . - 6E-14
t et g ! g, tepetinnn 2t o
AA A aa®a | AR, 044444442424 ,.244 o
-_— ] - ____ A Lo =&~*= ‘" &l %)
%( 0.1 o i a i I e e 4 4E-14
P 2 v I I | I I [ 1 R 1 c
= v
[EIEH 0.04 i i i :v ‘0 8\I/vH [ R_01! ® R04 A! RO7 ¥ R_!lo ¢ R13 !4 R_1e‘ e %
. L] \ I I v I et u %ﬁ*ﬁ?&l%ﬁﬁ u %ﬁ*ﬁiﬁﬁ?iﬁ% . e
;ﬁ 4 I | | | | | I - 5E-15
= 0.03 - ¥---qo B gio ¥ o ¥ o0 010 ¥ ¥ 3T o F ¥, -0, FF o
= oI I I I I I I 1 o
tl%‘é 1° A % I : I I 'S vig —OE+O.1-E$J
A _I1A A 417 A A‘IAAAIAAAIAAAIAAAI‘AAIiAA JRen
002 4, D 1Y S viv 18 Ahi """ r-——--—"-- 1N TR . "
v:IVVy,:vV,vv:I:vv,:vv,vvv,vvv, Yy YV g
IR R RS DO R R AR R R R R RN BRI R ot
I I I I I I I =
001 5 R 17 R P [ [ [ 1T [ R
< I | le I I I I I - -1E-14
b *
vg ::tt:.t':,t:|.t;:!tt::tt:ttt:<:;Htt-
000 44 « " €« « 4" €« $ €14 t4 CaaCCe® g aq 9E-14
IQ'IQ'IQ'I{;I‘;I‘;IQ;I(\II%'IQ'IQ'IQ'I;I%|'IQ'IQ'IQ'I")'IQ:I,\'IQ'IQ'IQ'I(,;IQ;I;I‘\:IJIQ
S S S S e S S S S S S S L S S SIS S
S N NEES S NENES
&&@ﬁﬁ,:?@,@%%'@e‘gg\%@c\';/ayao§§§$$§§§s¢s¢\QQQ
NN T T
S O QO N
L L T < = "
& BAE R SRR
(c)0.8V

EI10  AN[EZAT 6000 h B 2] CCL AN R R AR SR 1) PSR B 5 L S i g R

Fig.10  Particle number fraction and dissolution rate of different size classes in CCL at 6000 h under different conditions

11 R ASTA] L R 6000 h B CCL o ) 4 i AN
i) RUH () PR B H & A A, Hodr & 11(a) L (b) A
()R TR R ST S5 R R 4 10 F1 16, WA F5T
AL I R B R RS BOR B B 2 A AR T ik
I =R RSFEBIR ,0.6 V0.7 VA0S VXTI 45
RECH e 2 RS0 16 10 Fl 4. EAT
B L R RIURE b 2 A7 AR T B R BORL 1 a3
I R RS A SR 1) 43 A7 B RE AR 0T L T 450 1 113
AR, BN, BAR 0.8 V T F 44 4 R~FH4A
Wik BCE T L (B T O IX R R Oy P2
S IRIZN M DX I8 55 2 4 1 JORL TR 22 1 % 8 S AR 9% 10
RE, P AE G 10 ROSH1E0RL 23 A7 RRAE 5 1 6 s
BRI XU E — 2, X S B SS9 4 R

St H M BRI R
3 %%

A SCHET PEMFC JCSEA R 2 AL DL EE 5 61 8} 52
SIS S 2 /N W <V A B R N £ I A4 N -
A5 PEMFC ${E A7, ) 6000 h sk 2 MEA fi% 32 %2
FRIES BN BRI B T % %
A B B A AR AT e S EmA Rt
8 T AR HAE S b BHE PE T CCL N FR R AE

I ZNWRA EACRE  RAS IR £ LS

(1) 245 T 6000 h I} ZI150 FUkr 2% T A3 B 4500
W RORi AR A | DA SRR A R A SR ML B H
i) o P A R IR AR R, AR 1 ,0.8 V.07V,
0.6VZ% T T, 6000 h i T 4% i 4F 1 4 2 1 FH %%
JE B 95 43 9 A 0.8 VI Y 8.17x10° 1/m Fl
2.07x10” 1/m* [ % 0.6V I} 1) 4.08x10° 1/m F1 2.22x
107" 1/m’, UKL F- 272428 )M 5.53 nm 3511 %8 12.77
nm. BV HLEFTHT 6000 h BB, B8 TAERL R T
FRTSURL ) Ak B

(2) A HRHLHJE 6000 h i ZIE1 240 H) BN ZE,
FE ML 55 20 4 &5 5 LR 0.6 .0.7 F10.8V TAE
L A1 38 3 R 43 5 oA -4.56x10" 1/(m® s), —2.88X
10" 1/(m’ $)F1-2.39%x10" 1/(m* s), 8¢ i H, T A1 58 5k
T, X K 6000 h i 2 40 R 2k i R
TR 2R 8 238 A/ 3 2 32 8 A R 25 AR ST 5 )
PR I 2 Ab i 3 5t M 5 D i B B A S ) L R A
FRAE o S AR A B, BRI A 5 e A i R
B, UL KR AR 1 5 R W HORT Pk, 24 in TR
BPTBURT (1% 11 2R K RORN Bt SRk, 5 B30 T R 2% 1Y
TR BE R o Bb A, /N RUSH B R0 2% 1T R 5 464k
W25 ) A A A 7 AT I B R Bk

(3) b ik 4518 5 3 T MEA {& N 2108 , 52 Pk b



XX I www.hgxb.com.cn 17 -

44 Yo HC 4 2

0236

0202

TEER 10 YL 5 B

0103

o088

0074

0.6V

voltages

MEA -1 A4 R 5 1R il HOR I 5 sk 2 4k
ST HE O XRS5 A ORI AR B 5 4]
110.8 V IR 5 % Fre /N5 B RABL 53 )0 5.85%
10°" 1/m* F14.79x10” 1/m’, 2% 8.194% ;0.6 V B 42
/NS RAE S350 7.34 nm F1 14.56 nm, AH2Z 1.98
5 50.8 VI 2% [ % B e /N5 de KAB 53901 R 5.46%
10° 1/m 1 1.11x10" 1/m, M1 22 2.03 5. K ML i%
THOLAL 5 L A7 4 1 SR AL, A0 2% SR R
RS 2

e BT FIUARE SHOU S A 455 A 118 2 — 2 S 565 56 31 A

o

[2]

3]

0.7V 08V
(c)R16

Bl 11 OR[E T 6000 h s 2] CCL A a3 i A [/ R Pk H 5 e/ Am

Fig.11 Distribution of particles number fraction with different Pt sizes in the middle cross—section of CCL at 6000 h under different

LI S 6 A SRR S 2 TAR P kAT

%30k

Okonkwo P C. Proton exchange membrane fuel cell catalyst layer
degradation mechanisms: a succinct review[]]. Catalysts, 2025, 15
(1): 97.

Hegde S, Worner R, Shabani B. Automotive PEM fuel cell catalyst
layer degradation mechanisms and characterisation techniques,
Part I: Carbon corrosion and binder degradation[]J]. International
Journal of Hydrogen Energy, 2025, 118: 268-299.

Chandesris M, Vincent R, Guetaz L, et al. Membrane degradation

in PEM fuel cells: From experimental results to semi—empirical



.18 -

fb T

o
¥

Ejte XX

[10]

[11]

[12]

[14]

degradation laws[J]. International Journal of Hydrogen Energy,
2017, 42(12): 8139-8149.

Rice C A, Urchaga P, Pistono A O, et al. Platinum dissolution in
fuel cell electrodes: enhanced degradation from surface area
assessment in automotive accelerated stress tests[J]. Journal of the
Electrochemical Society, 2015, 162(10): F1175-F1180.

SO, BRESS, MHEUAR, 45 BTSSR HL Tt P PUC M P&
S/CARAL B S B AL AT ST £33 (). A4 8HS 4R, 2017, 31(17):
20-26.

Cai C, Chen Y N, Fu K L, et al. Review on the decay mechanism
of P/C and Pt-alloy catalysts in PEM fuel cells[J]. Materials
Review, 2017, 31(17): 20-26.

Oh J, Ryu H, Hwang J, et al. Experimental study on degradation of
proton exchange membrane fuel cells for eco—friendly heavy
equipment[J]. Journal of Power Sources, 2025, 625: 235677.
Zhang Y L, Chen S G, Wang Y, et al. Study of the degradation
mechanisms of carbon—supported platinum fuel cells catalyst via
different accelerated stress test[J]. Journal of Power Sources,
2015, 273: 62-69.

Hong K, Li S, Zhu K, et al. Effects of relative humidification on
durability of membrane electrode assembly of proton exchange
membrane fuel cells[J]. Journal of the Electrochemical Society,
2021, 168(6): 064507.

Yan W, Li S, Cheng K W, et al. Durability of low-Pt loading
membrane electrode assembly under dynamic driving conditions
[J]. Journal of the Electrochemical Society, 2022, 169(7): 073508.
Yu K, Li C Z, Xie J, et al. Understanding the degradation
mechanisms of Pt electrocatalysts in PEMFCs by combining 2D
and 3D identical location TEM[J]. Nano Letters, 2023, 23(5):
1858-1864.

Han K, Li X L, Zhang R R, et al. New factors driving in—plane
uneven degradation of Pt in proton exchange membrane fuel cells
at high current density[J]. Chemical Engineering Journal, 2025,
510: 161876.

Fink C, Karpenko—Jereb L, Ashton S. Advanced CFD analysis of
an air—cooled PEM fuel cell stack predicting the loss of
performance with time[J]. Fuel Cells, 2016, 16(4): 490-503.

Kneer A, Wagner N. A semi—empirical catalyst degradation model
based on voltage cycling under automotive operating conditions in
PEM fuel cells[J]. Journal of the Electrochemical Society, 2019,
166(2): F120-F127.

Kregar A, Tav¢ar G, Kravos A, et al. Predictive system—level
modeling framework for transient operation and cathode platinum
degradation of high temperature proton exchange membrane fuel
cells|J]. Applied Energy, 2020, 263: 114547.

Moein—Jahromi M, Kermani M J. Three—dimensional multiphase
simulation and multi-objective optimization of PEM fuel cells
degradation under automotive cyclic loads[J]. Energy Conversion
and Management, 2021, 231: 113837.

WOHESC, ZHEEE, AT, AF . TARRURXT PEMFC B LAl iR 52
WABLUBFSEI]. AL T 274, 2024, 75(3): 974-986.

Tan Y W, Jiang P X, Du Q, et al. Numerical study of the effects of

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

(30]

operating voltage on the degradation of membrane electrodes of
PEMFCI[J]. CIESC Journal, 2024, 75(3): 974-986.

Jiang P X, Wu F, Yu W Q, et al. Evolution characteristics of
multi-physical fields distributions during the whole life cycle of
PEMFCI[J]. Chemical Engineering Journal, 2025, 518: 164666.
Zhang G B, Bao Z M, Xie B, et al. Three-=dimensional multi—
phase simulation of PEM fuel cell considering the full morphology
of metal foam flow field[J]. International Journal of Hydrogen
Energy, 2021, 46(3): 2978-2989.

Carton J G, Olabi A G. Three—dimensional proton exchange
membrane fuel cell model: Comparison of double channel and
open pore cellular foam flow plates[J]. Energy, 2017, 136:
185-195.

Pandy A, Yang Z W, Gummalla M, et al. A carbon corrosion
model to evaluate the effect of steady state and transient operation
of a polymer electrolyte membrane fuel cell[J]. Journal of the
Electrochemical Society, 2013, 160(9): F972-F979.

Darling R M, Meyers J P. Mathematical model of platinum
movement in PEM fuel cells[J]. Journal of the Electrochemical
Society, 2005, 152(1): A242.

Wong K H, Kjeang E. Macroscopic in—situ modeling of chemical
membrane degradation in polymer electrolyte fuel cells[J]. Journal
of the Electrochemical Society, 2014, 161(9): F823-F832.

Singh R, Sui P C, Wong K H, et al. Modeling the effect of
chemical membrane degradation on PEMFC performancelJ].
Journal of the Electrochemical Society, 2018, 165(6): F3328-
F3336.

Cullen D A, Neyerlin K C, Ahluwalia R K, et al. New roads and
challenges for fuel cells in heavy—duty transportation[J]. Nature
Energy, 2021, 6(5): 462-474.

Meng H, Wang C Y. Electron transport in PEFCs|J]. Journal of the
Electrochemical Society, 2004, 151(3): A358.

Zhang G B, Jiao K. Three—dimensional multi-phase simulation of
PEMFC at high current density utilizing Eulerian—Eulerian model
and two—fluid model[J]. Energy Conversion and Management,
2018, 176: 409-421.

Zheng 7 F, Yang F, Lin C, et al. Voltage cycling—induced Pt
degradation in proton exchange membrane fuel cells: effect of
cycle profiles[J]. ACS Applied Materials & Interfaces, 2020, 12
(31): 35088-35097.

Wu Q, Li S'Y, Hou Z ], et al. Review of control strategies for
onboard fuel cells: Insights from degradation mechanisms under
variable load conditions[J]. International Journal of Hydrogen
Energy, 2024, 110: 628-645.

Li B, Wan K C, Xie M, et al. Durability degradation mechanism
and consistency analysis for proton exchange membrane fuel cell
stack[J]. Applied Energy, 2022, 314: 119020.

Shan J, Lin R, Xia S X, et al. Local resolved investigation of
PEMFC performance degradation mechanism during dynamic
driving cycle[J]. International Journal of Hydrogen Energy, 2016,
41(7): 4239-4250.



