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Review of Degradation and Performance Recovery Methods for Polymer
Electrolyte Membrane Fuel Cells in Hydrogen Mobility Applications

HYEONSEONG JEONG"?, SEONGHYEON HAM', SUNG-DAE YIM"2, MINJIN KIM"?f

Fuel Cell Research Center, Korea Institute of Energy Research, 152 Gajeong-ro, Yuseong-gu, Daejeon 34129, Korea
“Hydrogen Energy Engineering, University of Science and Technology, 217 Gajeong-ro, Yuseong-gu, Daejeon 34113, Korea

Corresponding author :
minjin@kier.re.kr Abstract >> Polymer electrolyte membrane fuel cells (PEMFCs) are a promising

_ clean energy technology for reducing carbon emissions in transportation.
zzszzzd i:gfeu;i;;?zg% Despite recent commercialization progress, long-term performance degradation
Accepted 3 September, 2025 remains a key challenge. Once thought irreversible, degradation has been found

to include a reversible component, as shown by voltage recovery during start-up
and shutdown events. This finding has inspired the development of various re-
covery strategies. This paper reviews major PEMFC degradation mechanisms
and recovery methods, emphasizing those suited to vehicle systems. Each ap-
proach is evaluated for operational feasibility, system compatibility, and under-
lying mechanisms. Future directions for practical, system-level recovery im-
plementation are also discussed.
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Fig. 1. Cell voltage behavior under repeated load operation
and recovery procedures. Each ti period indicates a 12-hour
shutdown-based recovery applied after 144 hours of operation.
Voltage before shutdown and after restart following thermal
stabilization was compared to assess reversible and irrever-
sible degradation

L gtiaon SBn) 94 AolZ I 8% 4
42 Besks A8 WHE B3 Waks] FyEx
oo o]tk

o
il
oft
%
=
>,
fi
o
ot
)
o]
-
S
1o
oy
B
=
N
Y

o
N
1o
oX
N
2 o e
e ol
oo
Bofr pe o 0 1@

e,
T
1o
o
o
i
o
I
i

i
o ol

2 0

o
Y
>
>
o fo
)
(o}
-
(N
1o
>4
©

a4
)
lo
il

28 ja
e,
i
o
k
iy
lo
U
k
>,
™
i)

> oE
oo
o
>

N

o
rlI.
o
2
ro,
toh
S

o o
Wi

(e
o
B
e
r}f 2
.
o,

]

N
—

fE fo oxt

(HORT
N
_>|4_:‘
N

4
o
T

Journal of Hydrogen and New Energy <<



foir

Aoh DHIRIE| TS TR RO 2T Tt 4

= 7 IR0 et 12

b

Z(Gas Diffusion Layer,
oA gEle ElskEy
d Qa9 k= A 57
ol RILY, ofo] 2¢} 7

2 o ™
ol
R

o

-

o
rr
o2

O e

ofr

-

k=l
§iid
D)
Y r]r
%
i)

oS
TTe)
N

N

Jus)

ol =

)
s
=

==

v
o
=N
e
o o

[y

3ol TlAekie] HitEel R oA U

A (Membrane Electrode Assembly, MEA)Z} 3t

o} A ARAR] AAE AL wpAE HIAS

T4 e o) Yus g3s)ol
[e]

AN
olE F3l AE Ao} AHte Hes)

=)

&
[e)

oo
b
Y
)
%I'
i)
re
u
R
RS
[>
glu)
flo
e,
=
2

4
>
2
>
4 F
=
L
1o
ue)
4
)
>
fu
4
o
mn
<
°

=
E I
i1
1o
o,
Ir
R
ol
S
3
)
2
[>
)
1o
M
1%
o,
2 o

>
=2,
Hl
AT
2
r ]
b
o=
o
i3
oZ
ol
o,
g
%
oft
i
lo

2 o 2 H K

o )
Y

al

N ot

ol o2
ofr
fo
E [e]
it
4>
30,
=
£
fl
[rt
2
At
S

L
[o

=
o2
ool
fo
=3
ﬁ
=3
i
i)
o
fru
[>
i)
10
4
ol
¢
A

pacs
i)
R=)
<
i
=
M
D)
R
%
)
== r_&
N
)

O
o > B omn > hu o oz 2 fo o

=
2

o2y
(03
[
Fﬁ%’&>mg
FFN—L—D'HJ
S
5 %
SL'
g 1
o
+ 8
so
=
O oXx
fo
G
©
o

fo T o
fo

ox.
o
o
=X
ol

2
=A%)} W27t A5k slolnel= A
TAE 7, vhelelt Are) any
2 ArAA) Aol Ja} 550

= AT = Qlrk oA T st

e
> H
[ o
ik oo oo
i

:

ol
alu
o
oft
&)
o

o,

Ho

T e

o o
| ok

Y
Mo N 2

o g
il
)
>
1o
-z
ol
o

=2 e
i}
B
BN
Y
o
_] \(
HL
o
rr
o,
N
2
ok
4> 18
¥0,
o

>
S
il
Sl
[- 0
ol
o,
rr
O

N
N

ko] 94 Aol2 F A 45 At G
2 ujAj 20 o1 el Foldiding), 3} WE

(Dynamic load), A]5~"|(start-up/shut-down) A 7}%]|

X3 M5E 2025 102



HEHY - IS AT - UL 461
L]
Table 1. Characteristics and degradation phenomena of major driving modes contributing to PEMFC performance loss
Driving Mode Characteristics Observed Degradation Reversibility

Pt idati
Approx. 1.0 V cell voltage . .ox1da on . o
. ) Pt dissolution/agglomeration X

Low current density(~10 mA/cm®) .

. o .. Sulfonic acid group loss from PFSA membrane X

Idling Low humidity condition L .
. Sulfonic acid group adsorption on catalyst layer O

Hydrogen permeation and .
0> Crossover prone Carbon corrosion X
2 P Localized hot spots X
Pt oxidation O
Pt dissolution/agglomeration X
Dynamic Voltage cycling between 0.6-1.0 V Pt migration X
i Repeated low and high humidity conditions Carbon corrosion X
load oo .
Frequent fluctuation in gas demand Membrane degradation X
Ionomer redistribution (6]
Localized hot spots X
Pt dissolution X
- . Pt detachment X
Air ingress into the anode detac -
Start-up/ . . . Carbon corrosion X
Formation of air/H, interface e

Shut-down Cell potential spike up to~15 V Catalyst layer hydrophilization (6]
P P P ' Membrane degradation X
Ionomer non-uniform distribution X
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Table 2. Characteristics and types of reversible degradation phenomena in PEMFCs

Name S Sulfonic acid grou

T Pt oxidation . group
Characteristics adsorption on catalyst

¢ [ Bo

\ // / \ H

Electrochemical \ P
. 4 ™ Active area
reaction \

=

Tonomer redistribution
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Table 3. Degradation behavior of PEMFC under various driving cycles: mechanisms, voltage loss factors, and degradation-prone
operations
Degradation
- Prone Driving Cycle
Observed . . i
. Mechanism Types of overpotential .| Start-up/
Degradation . Dynamic
Idling Shut
Load
-down
Pt + H0 <> P-OH + H' + ¢ with E’ = 0.7 V (vs. SHE)
Pt-OH < Pt-O + H' + ¢ with E° = 0.8 V (vs. SHE)
— Reduced reaction rate due to ECSA loss from oxide
layer formation L .
S Activation over-potential
Pt oxidation Pt + O, — Pt-O, i i © ©
(Low current density region)
Pt-0; + H + ¢ — Pt-HO,
Pt-HO, + Pt — Pt-OH + Pt-O
— Reduced reaction rate due to ECSA loss from oxide
layer formation
Pt dissolution/ Pt — Pt"+2¢, E° = 1.188 V (vs. SHE) Activation over-potential o A
agglomeration — Reduced reaction rate due to ECSA loss (Low current density region)
Carbon support collapse Activation over-potential
VAN
Pt detachment — Reduced reaction rate due to ECSA loss (Low current density region) X ©
Ifonic aci
Sulfonic acid group _CF,SO:H + sOH — —CF,* + SO; + H;0 Ohmic over-potential
loss from PFSA L .. . . . . © X X
— Reduced ionic conductivity due to sulfonic group loss | (Medium current density region)
membrane
Sulfonic acid group . . . . . - .
adsorption on Active area blocking and triple-phase boundary disruption |  Activation over-potential o A A
P due to sulfonic group adsorption on catalyst (Low current density region)
catalyst layer
C + 2H,0 + 4 — CO, + 4H" with E* = 0.207 V (vs.
SHE) o X ©)
— Decreased electrode conductivity
— Enhanced under fuel starvation (up to 1.5 V) Ohmic over-potential © VAN
+
Carbon corrosion | —* High potential dlfference-(l.443 V) due to H/Oz | concentration over-potential AN ©
coexistence in anode (Medium, High current density
Vacant sites from carbon corrosion filled by region)
lactone/carboxylic groups X o
— Increased mass transport resistance due to
hydrophilization
1 . .
H, + — 0, — H,O + heat Ohmic over-potential
Localized hot spots (Medium current density ©) © X
— Reduced ionic conductivity due to membrane region)
degradation
Swelling/shrinkage by humidity cycling Ohmic over-potential
Membrane . . .
. — Cracks and pinholes (Medium current density X © X
Degradation .. .
— Decreased proton conductivity region)
Structural change by excessive water fluctuation
(swelling/shrinkage)
— Catalyst under-/over-coverage by ionomer X © X
llon(?mq — Decreased catalyst activity & Increased mass transport All over-pontentials
redistribution .
resistance
Carbon corrosion-induced ionomer non-uniformity o X o)
— ECSA loss & mass transport resistance
. Water accumulation in flow field Concentration over-potential
Flooding . . . . X X
— Increased mass transport resistance (High current density region)
D Insufficient sulfonic acid hydration Ohmic over-potential o X
i — Decreased proton conductivity (Medium current density region)
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Fig. 2. Reversible and irreversible characteristics of platinum
oxidation

Pt — P + 2¢, E' = 1.188 V (vs.SHE) (1)

where, E”: Standard electrode potential (referenced to SHE,
at 25°C), SHE: Standard Hydrogen Electrode (reference
electrode at 0 V, pH 0)
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Fig. 3. Degradation mechanism of PFSA membrane by radical
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Fig. 5. Gas boundary and region-specific electro-chemical re-
actions during start-up, showing spatial seperation of HOR,
ORR, OER, and COR in the electrode
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Table 4. Recovery characteristics of PEMFC under different procedures: targets, methods, mechanisms, applied voltage, and
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