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Abstract: High temperature proton exchange membrane fuel cells (HT-PEMFCs) , can be directly fed with re-
formed gas therefore simplify the hydro-thermal management, due to their strong CO resistance, which can ef-
fectively solve the problem of hydrogen source and help achieve the carbon peaking and carbon neutrality goals.
As the core component of HT-PEMFCs, high temperature proton exchange membrane (HT-PEM) has attracted
much attention in recent years, especially for the most promising phosphoric acid-doped polybenzimidazole (PA-
PBD) electrolyte membrane. PA-PBI has many advantages, such as high mechannical/thermal/chemical stability
and anhydrous proton conductivity. However, these advantages are not outstanding enough and there are still
many shortcomings of traditional PA-PBI: In terms of membrane performance and operating life time, the con-
tradiction between high proton conductivity and high mechanical properties, easily damaged by thermal stress
during operating and excessive phosphoric acid loss of PA-PBI, ezc. restrict the the full-scale application of tra-
ditional PA-PBI in HT-PEMFCs. Other defects like poor film-forming properties would influence the fabrication
of PA-PBI membrane. This review article is aimed to summarize some research progresses on PA-PBI, inclu-
ding the synthesis of PBI molecular, preparation process of PA-PBI membrane, proton transport mechanism and
the the methods for improving the performance and operating life time of PA-PBI membranes such as molecular
structure modification, grafting, cross-linking, and organic-inorganic composite doping are mainly discussed and
prospect the future development of PA-PBI electrolyte membrane. Although the commercial application of PA-
PBI in HT-PEMEFCs is still a long way off, scientists are gradually narrowing this distance, especially in terms

of balancing proton conductivity, mechanical properties and operating lifetime of PA-PBI for the best application
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point. At the same time, the research on how to increase the operating temperature of PA-PBI to further en-

hance the performance of HT-PEMFCs has gradually attracted attention. It is believed that the full-scale appli-
cation of PA-PBI in HT-PEMFCs will become a reality in the near future.

Keywords: Polybenzimidazole; High temperature proton exchange membrane fuel cell; High temperature proton

exchange membrane polymer; Molecular modification
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Figure 2 Molecular structures of polybenzimidazoles
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Figure 10 Schematic diagram of the distribution of phosphoric acid in OPBI and grafted OPBI and the formation of

hydrogen bond network (Reprinted with permission from Ref. [59]; Copyright 2021 Elsevier B. V. Inc. )
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Figure 11 Schematic diagram of proton conduction path in ABPBI/S-Sep membrane (Reprinted with permission

from Ref. [60]; Copyright 2019 Elsevier B. V. Inc. )
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right 2020 Elsevier B. V. Inc.)




4 3 KR SR - TR 45 A 3R A I WK 2 o 1R 1 28 48 IO 7 i .+ 441 -

IEBERR G . Ni AFY SE Aok R SRR A 1,3,
5-= (A-FRIEFE A I 2K (B3) A i oA 8 4k
BEEBLEEAN B PBI-B3-2, 2 fCE B3 i, 50 T3¢
B R IE 5 22, PBI B 7 2% 4l 328 7] v s fie
T & B, HAA L PBI-B3 B HA bt
AALRE S FE IR M 60 h 2R R 5 L 5 a5 2R A
6.9%. 1M p-PBI 5 OPBI 4 % #i 2% 11.9% 5
14.7% . Wang %' #£ % k. PBI 4 F S Al I, il
i BEWEEBOT TSI A F6-PBI 85 B, &l B A
fb..p-PBI 5 F6-PBI 454 1y Be 2 Wy, &l 13
BTN o 3 gk A AR ok BE T X 7 b S TR I &5 A
PBI #F17 %F b & B, 32 Ak 47 25 8% F6-PBI A [l iy
BrF6-PBI-b-p-PBI HA B i 1 A A 1, i S Ak AL
H g p-PBI A1) Brp-PBI-6-F6-PBI | B4 T
JEF SR, O 7S Gk A S A
ek IR AT 2R 5 W e v = %8 8, i el T A%
T e,
3.3 AR EM T EARRHERE
HT-PEMFCs Ji {5 5 [ @k iz 17 2 % H, PO, /
PBI R 3 BUHLAR AR A7, 3 J2 BT H Tt i 32 Rk A2 b

ol e AL A A TR R R A V8 4 L B i
A RE AL 0 3 R 28 A 39 O e 4 UM P Y 2R

(@) Mean Flber Diameter: 574+55 nm

M AERpgeis ATt f v, B MEA PSR
JE PR 3 4 F SO RS AR Ak, 77 A B R N T L (2R
B W4y - B TR AL AR B AR A ) B 2 A A2 B
EFNHL MM AE T Y . PA-PBI B HL B i 2
HT-PEMFCs 2, 3 % i A, anfe] $2 55 PA-PBI i
e T PR AR MU RS MR AT R
1999 4F , Kerres 257 $& H WR 1 4% & B & Wy Ak
A A B I Y R A PBI i B G Ak
sPEEK B0 4> g MR 5 PBI £ 8% b s 3L B pl R
TFALTRIE T R A& W, 7T 5 3 R AR AE 1Y) 3 K 1 AR
I 42 R HLBRIR B . Yang S50 R FH MR B 45 & 8 T
AW & A B 15 T 6 6 5 55 Bk B (SPAEK)
VE R 38 2550 7 Ph-PBI H 5| A 1 3 25 7K 3% R 75 i
ﬁt%ﬁ w5 T A e B 3R AR 9 oK BURL (SPOSS) 5 i
% PBI/SPOSS & & M6 16 8 W2 J5 $ir i o B2 35 3|
17. 6~25. 4 MPa, H B R aE .
WA 14 FF /R, Jahangiri %55 38 13 § L 25 22
Jr Uil & th B 2 R 9K £F 4k 22 1 PBI RS, 40k
LR B A R A] R A% 1] M0 PBI S Bk
2 ViR L T N AR B8N T T A S A A ] A A
BEMR 1B 44 J5 PLAP SR B 1L ) 15 MPa, HAE « 53R M
B\ N R (A NI Y S c5: L

() Mean Fiber Diameter: 915+74 nm

B 14 #HYi2 PBIE SEM [E (2017 John Wiley &- Sons, Ltd. HﬁﬂﬁT)
Figure 14 SEM images of PBI prepared by electrospinning (Reprinted with permission from Ref. [69];

Copyright 2017 John Wiley & Sons, Ltd.)

4 ll..\—-I:I Iﬁgtﬂ

HT-PEMFCs B 28 i 5t 1 58 4 R 08k i 1t
WHyE L, H AT R 2R T B IR B 4 A PBI K R
TR T L 5 3 HUPE BE | o R 1R E DT B IR U 2K
PR R fie L DAL B A A 45 D7 TR R R S R R

R o 7 3L /8 1 Sk HE B A L/ TR AL R
ZA T HEM BT T B AT s v g .

BEXt PA-PBI A RL B 5 A ML 58 )3 2
6] 27 & B 5 H AT 2 2200 WLBCR (B 7E HT-PEM-
FCs 1 52 By i ] o o AR5 K 19 58 47 73 iy 38 R
ZLLARSE PA-PBI M BHE B0 BR BT 12 47 19 i A



o 442 . e

2 R 1 ¢

2023 4

PE. fEARRBPEIE b il i — 20 42 7+ PA-PBI 1K
F PR E M IER E M b AR R LB TR R
P e 0B i R R 5 FAN . TR A 9 S T R A
e R SR B AS T B, TR IR B AE 200~250 C
) HT-PEMFCs # >k 8 32 21| 3¢ 1 , B an o] i — 25
TR R TARIREE W sy T — W5 i A

BARHATA T PA-PBI A ootk 4 K&
FT H e E— L A F PA-PBI i i R 76 B % h
SRR N TN DT TR O S S S S5
AR Y B AT, B R AE MEA T 4y
AT DL R B B R MEA B PERE 5 5 A, 0 o P
PA-PBI R AA 2 (1 BF 52 78 AS B AN A A5 B AE B AR AiE
() J5T - LA 2 W TR R B8 B 0 A5 T, T I IR 5
FOX T A A TR B R 09 40 A - A% 5 L AR B
1% ) SR 45 A ] 52 )

PA-PBI £ s A HIF 5 14 8 Wi T 28 #6 B A4
BE, T Bk B 220 kS R B, B 5
B TEAE PR kR, O 5T SR B S W A TR 7R R AR
¥ HT-PEMFCs — & 23 52 3L KR R H .

SE K
[1] Oetjen, H. F.; Schmidt, V. M. ; Stimming, U. ;
Trila, F. Performance data of a proton exchange
membrane fuel cell using H,/CO as fuel gas. J.
Electrochem. Soc. , 1996, 143(12), 3838-3842.

Xiao, G.; Li, Q. F.; Hjuler, H. A.; Bjerrum,
N. J.

trodes for phosphoric-acid fuel-cells in the presence

(2]

Hydrogen oxidation on gas diffusion elec-

of carbon-monoxide and oxygen. J. Electrochem.
Soc. » 1995, 142(9), 2890-2893.

[3] Yu, K. M. K.; W. Y.; West, A.;
Cheung, KSoc.; Li, T., Smith, G,; Guo, Y.

L.; Tsang, S. C. E. Non-syngas direct steam re-

Tong,

forming of methanol to hydrogen and carbon diox-
ide at low temperature. Nat. Commun. . 2012, 3
(1), 1230.

Sa, S; Silva, H.; Brandao, L.; Sousa, J. M.;

Mendes, A. Catalysts for methanol steam refor-

(4]

ming-a review. Appl. Catal. B-Environ. 2010,
99(1-2), 43-57.
[ 5] Zhang, H. W; Shen, P. K. Advances in the high
performance polymer electrolyte membranes for fu-
el cells. Chem. Soc. Rev., 2012, 41(6), 2382-
2394.
Sun, X W; Simonsen, S C; Norby, T; Chatzi-

takis, A. Composite membranes for high tempera-

L6]

ture PEM fuel cells and electrolysers: a critical re-

L9]

[10]

(11]

[12]

[13]

[14]

[15]

[16]

view. Membranes, 2019, 9(7), 83.

Zhou, Z. P.; Zholobko, O.; Wu, X. F.; Aulich,
T.; Thakare, J.; Hurley, J. Polybenzimidazole-
based polymer electrolyte membranes for high-tem-
perature fuel cells: current status and prospects.
Energies, 2020, 14(1), 135.

Quartarone, E.; Angioni, S.; Mustarelli, P. Poly-
mer and composite membranes for proton-conduc-
ting, high-temperature fuel cells: a critical review.
Materials , 2017, 10(7), 687.

Haider, R. ; Wen, Y. C. ; Ma, Z. F.; Wilkinson,
D. P.; Zhang, L.; Yuan, X. X.; Song, S. Q.;
Zhang, J. J. High temperature proton exchange
membrane fuel cells: progress in advanced materi-
als and key technologies. Chem. Soc. Rev. . 2021,
50(2), 1138-1187.

Haque, M. A.; Sulong, A. B.; Loh, K. S.; Ma-
jlan, E. H.; Husaini, T.; Rosli, R. E. Acid
doped polybenzimidazoles based membrane elec-
trode assembly for high temperature proton ex-
change membrane fuel cell: a review. Int. J.
Hydrog. Energy, 2017, 42(14), 9156-9179.
Asensio, J. A.; Borros. S.; Gomez-Romero, P.
Polymer electrolyte fuel cells based on phosphoric
acid-impregnated poly (2, 5-benzimidazole) mem-
branes. J. Electrochem. Soc., 2004, 151 (2),
A304-A310.

Xu, H. J.; Chen, K. C.; Guo, X. X.; Fang, ]J.
H.; Yin, J. Synthesis of novel sulfonated polyben-
zimidazole and preparation of cross-linked mem-
branes for fuel cell application. Polymer, 2007, 48
(19), 5556-5564.

Glipa, X.; El Jones, D. J.;

Roziere, J. Synthesis and characterisation of sul-

Haddad. M. ;

fonated polybenzimidazole: a highly conducting pro-
ton exchange polymer. Solid State Ion., 1997, 97
(1-4), 323-331.

Kim, T. H.; Lim, T. W.; Lee, J. C. High-tem-
perature fuel cell membranes based on mechanically
stable Para-ordered polybenzimidazole prepared by
direct casting. J. Power Sources, 2007, 172(1).
172-179.

Jayakody, J. R. P.; Chung, S. H.; Durantino,
L.; Zhang, H.; Xiao. L.; Benicewicz, B. C.;
Greenbaum, S. G. NMR studies of mass transport
in high-acid-content fuel cell membranes based on
phosphoric acid and polybenzimidazole. J. Electro-
chem. Soc., 2007, 154(2), B242.

Quartarone, E.; Magistris, A.; Maustarelli, P.;



4 3

KR SR - TR 45 A 3R A I WK 2 o 1R 1 28 48 IO 7 i

e 443 -

[17]

(18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

Grandi, S.; Carollo, A.; Zukowska, G. Z.; Gar-
barczyk, J. E.; Nowinski, J. L.; Gerbaldi, C.;
Bodoardo, S. Pyridine-based PBI composite mem-
branes for PEMFCs. Fuel Cells, 2009, 9(4), 349-
355.

ZEAE. T A 4 R AR H v OC B A R SR A
W A T A R, 2021,90-91.

Mader, J.; Xiao, L. X.; Schmidt, T. ]J.; Be-
nicewicz, B. C. Polybenzimidazole/acid complexes
as high-temperature membranes. Fuel Cells II.
Berlin, Heidelberg:
2008, 63-124.
Xiao, L. X.; Zhang, H. F.; Scanlon, E.; Ra-
S.; Choe, E. W.; Rogers, D.;
Apple. T.; Benicewicz, B. C. High-temperature

Springer Berlin Heidelberg,

manathan, L.

polybenzimidazole fuel cell membranes via a sol-gel
process. Chem. Mater., 2005, 17 (21), 5328-
5333.

Pu, H. T.; Meyer, W. H.; Wegner, G. Proton
transport in polybenzimidazole blended with H, PO,
or H,SO,. J. Polym. Sci. B Polym. Phys. .
2002, 40(7), 663-669.

Suarez, S.; Kodiweera, N. K. A. C.; Stall-
Yu, S.; S. G.; Be-

Multinuclear NMR study of the

worth, P.; Greenbaum,
nicewicz, B. C.
effect of acid concentration on ion transport in phos-
phoric acid doped poly(benzimidazole) membranes.
J. Phys. Chem. B, 2012, 116 (41), 12545-
12551.

Kim, S. K.; Choi, S. W.; Jeon, W. S.; Park,
J. O.; Ko, T.; Chang, H.; Lee, J. C. Cross-
linked benzoxazine-benzimidazole copolymer elec-
trolyte membranes for fuel cells at elevated temper-
ature. Macromolecules, 2012, 45(3), 1438-1446.

Luo, H. C.; Pu, H. T.; Chang, Z. H.; Wan,
D. C.; Pan., H. Y. Crosslinked polybenzimidazole
via a Diels-Alder reaction for proton conducting
membranes. J. Mater. Chem., 2012, 22 (38),
20696-20705.

Yang, J. S.; Xu, Y. X.; Liu, P. P.; Gao, L.
P.; Che, Q. T.; He, R. H. Epoxides cross-
linked  hexafluoropropylidene

membranes for application as high temperature pro-

polybenzimidazole
ton exchange membranes. FElectrochimica Acta,
2015, 160, 281-287.

Ozdemir, Y. ; Ozkan, N. ; Devrim, Y. Fabrication
and characterization of cross-linked polybenzimid-
azole based membranes for high temperature PEM

fuel cells. Electrochimica Acta , 2017, 245, 1-13.

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

Yue, Z. Y.; Cai, Y. B.; Xu, S. A. Phosphoric
acid-doped organic-inorganic cross-linked sulfonated
for high
proton exchange membrane fuel cells. Int. J.
Hydrog. Energy, 2016, 41(24), 10421-10429.

Wang, S.; Zhao, C. J.; Ma, W. J.; Zhang, N.;
Zhang, Y. R.; Zhang, G.; Liu. Z. G.; Na, H.

Silane-cross-linked  polybenzimidazole

poly(imide-benzimidazole ) temperature

with  im-
proved conductivity for high temperature proton ex-
change membrane fuel cells. J. Mater. Chem. A,
2013, 1(3), 621-629.

Kerres, J. ; Atanasov, V. Cross-linked PBI-based
high-temperature membranes: stability, conductivi-
ty and fuel cell performance. Int. J. Hydrog.
Energy, 2015, 40(42), 14723-14735.

Li, Q. F.; Jensen, J. O.; Savinell, R. F.; Bjer-
N. J.
membranes based on polybenzimidazoles for fuel
cells. Prog. Polym. Sci., 2009, 34(5), 449-477,
Hu, M. S.; Ni. J. P.; Zhang. B. P.; Neelakan-
dan., S.; Wang, L. Crosslinked polybenzimidazoles

rums, High temperature proton exchange

containing branching structure as membrane mate-
rials with excellent cell performance and durability
for fuel cell applications. J. Power Sources, 2018,
389, 222-229.

Ghosh, S.; Sannigrahi, A.; Maity, S.; Jana, T.
Role of clays structures on the polybenzimidazole
nanocomposites: potential membranes for the use in
polymer electrolyte membrane fuel cell. J. Phys.
Chem. C, 2011, 115(23), 11474-11483.

Uregen, N.; Pehlivanoglu, K.; Ozdemir, Y. ;
Devrim, Y. Development of polybenzimidazole/
graphene oxide composite membranes for high tem-
perature PEM fuel cells.
2017, 42(4), 2636-2647.

Wang, Y. ; Shi, Z. X.; Fang, J. H.; Xu, H. J.;

Yin, J. Graphene oxide/polybenzimidazole compos-

Int. J. Hydrog. Energy.

ites fabricated by a solvent-exchange method. Car-
bon, 2011, 49(4), 1199-1207.

Wang. Y. ; Shi. Z. X.; Fang, J. H.; Xu, H. J.;
Ma, X. D.; Yin, J. Direct exfoliation of graphene
in methanesulfonic acid and facile synthesis of gra-
phene/polybenzimidazole nanocomposites. J. Ma-
ter. Chem. , 2011, 21(2), 505-512.

Chuang, S. W.; Hsu, S. L. C.; Liu, Y. H.
Synthesis and properties of fluorine-containing poly-
benzimidazole/silica nanocomposite membranes for
proton exchange membrane fuel cells. J. Membr.

Sci. s 2007, 305(1-2), 353-363.



o 444 . e

2 R 1 ¢

2023 4

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

Ozdemir, Y. ; Uregen, N. ; Devrim, Y. Polybenz-
imidazole based nanocomposite membranes with en-
hanced proton conductivity for high temperature
PEM fuel cells. Int. J. Hydrog. Energy, 2017,
42(4), 2648-2657.

Narducci, R. ;

Escorihuela, J.; Compan, V.;

Costantino, F. Proton conductivity of composite

polyelectrolyte membranes with metal-organic
frameworks for fuel cell applications. Adv. Mater.
Inter faces, 2018,6(2), 1801146.

Ramaswamy, P.; Wong. N. E.; Gelfand., B. S.;
Shimizu, G. K. H. A water stable magnesium
MOF that conducts protons over 10 Sem ', J.
Am. Chem. Soc., 2015, 137(24), 7640-7643.
Inukai. M. ; Horike, S.; Itakura, T.; Shinozaki.,
R. ; Ogiwara, N.; Umeyama, D.; Nagarkar, S.
S.; Nishiyama, Y.; Malon, M.; Hayashi, A.;
Ohhara, T.; Kiyanagi, R.; Kitagawa, S. Encap-
sulating mobile proton carriers into structural de-
fects in coordination polymer crystals: high anhy-
drous proton conduction and fuel cell application.
J. Am. Chem. Soc., 2016, 138(27), 8505-8511.
Escorihuela, J. ; Sahuquillo, ()).; Garcia-Bernabé,
A.; Giménez, E.; Compan, V. Phosphoric acid
doped polybenzimidazole (PBI)/zeolitic imidazolate
framework composite membranes with significantly
enhanced proton conductivity under low humidity
conditions. Nanomaterials, 2018, 8(10), 775.
Aili, D. ; Zhang, J. ; Dalsgaard Jakobsen, M. T. ;
Zhu, H. ]J.; Yang, T. Y.; Liu, J.; Forsyth,
M. ; Pan, C.; Jensen, J. O.; Cleemann, L. N.;
Jiang, S. P.; Li, Q. F. Exceptional durability en-
hancement of PA/PBI based polymer electrolyte
membrane fuel cells for high temperature operation
at 200 ‘C. J. Mater. Chem. A, 2016, 4(11),
4019-4024.

Zhang, J.; Aili, D.; Bradley, J.; Kuang, H.
H.; Pan, C.; de Marco, R.; Li, Q. F.; Jiang,
S. P. In situ formed phosphoric acid/phosphosili-
cate nanoclusters in the exceptional enhancement of
durability of polybenzimidazole membrane fuel cells
at elevated high temperatures. J. FElectrochem.
Soc. » 2017, 164(14), F1615-F1625.

Cheng, Y.; Zhang, J.; Lu, S. F.; Kuang. H.
H. ; Bradley, J. ; de Marco., R. ; Aili, D.; Li, Q.
F.; Cui, C.; Jiang, S. High CO tolerance of new
Si0, doped phosphoric acid/polybenzimidazole poly-
mer electrolyte membrane fuel cells at high temper-

atures of 200~250 °C. Int. J. Hydrog. Energy,

[44]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

(53]

2018, 43(49), 22487-22499.

Quartarone, E.; Mustarelli, P. Polymerfuel cells
based on polybenzimidazole/ H,;PO,. Energy Envi-
ron. Sci., 2012, 5(4), 6436-6444.

Oh, Y. S.; Lee, H. J.; Yoo, M. ; Kim, H. ].;
Han, J.; Kim, T. H. Synthesis of novel
crosslinked sulfonated poly Cether sulfone) s using
bisazide and their properties for fuel cell applica-
tion. J. Membr. Sci., 2008, 323(2), 309-315.
Yang, J. S.; Li, Q. F.; Cleemann, L. N.; Xu,
C. X.; Jensen, J. O.; Pan, C. ; Bjerrum., N. ].;
He, R. H. Synthesis and properties of poly (aryl
sulfone benzimidazole) and its copolymers for high
temperature membrane electrolytes for fuel cells.
J. Mater. Chem., 2012, 22(22), 11185-11195.
Zhang, Q. ; Liu, B. J.; Hu, W.; Xu, W.; Jiang,
Z. H.; Xing, W.; Guiver, M. D. Poly(arylene
ether) electrolyte membranes bearing aliphatic-
chain-linked sulfophenyl pendant groups. J. Mem-
br. Sci., 2013, 428, 629-638.

Li, X. P.; Liu, C. ; Zhang. S. H.; Zong. L. S.;
Jian, X. G. Functionalized 4-phenyl phthalazinone-
based polybenzimidazoles for high-temperature
PEMFC. J. Membr. Sci., 2013, 442, 160-167.
Li, X. B.; Ma, H. W.; Shen, Y. C.; Hu, W.;
Jiang, Z. H.; Liu, B. J.; Guiver, M. D. Dimen-
sionally-stable phosphoric acid-doped polybenzimid-
azoles for high-temperature proton exchange mem-
brane fuel cells. J. Power Sources, 2016, 336,
391-400.

Li, X. B.; Wang, P.; Liu, Z. C.; Peng, J. W.;
Shi, C. Y.; Hu, W.; Jiang, Z. H.; Liu, B. ].
Arylether-type polybenzimidazoles bearing benzimi-
dazolyl pendants for high-temperature proton ex-
change membrane fuel cells. J. Power Sources,
2018, 393, 99-107.

Harilal, Nayak, R.; Ghosh, P. C.; Jana, T.
Cross-linked polybenzimidazole membrane for PEM
ACS Appl. Polym. Mater., 2020, 2
(8), 3161-3170.

Sana, B.; Jana, T. Polymer electrolyte membrane

fuel cells.

from polybenzimidazoles: influence of tetraamine

monomer structure. Polymer, 2018, 137, 312-
323.

Maity, S.; Jana, T. Polycondensation of structur-
ally divergent tetraamine monomers with dicarbox-
ylic acids to synthesize polybenzimidazole copoly-
mers for polymer electrolyte membranes. Polym.

Int., 2015, 64(4), 530-540.



4 F TS5 - BETR 5 2 IR 2 I R W SIS 150 R BT 22 e BT 5 < 445 .
[54] Maity, S.; Jana, T. Soluble polybenzimidazoles J. Polym. Sci. A Polym. Chem., 2006, 44
for PEM: synthesized from efficient, inexpensive, (15), 4508-4513.
readily accessible alternative tetraamine monomer. [63] Li, X.; Qian, G.; Chen, X.; Benicewicz, B. C.
Macromolecules, 2013, 46(17), 6814-6823. Synthesis and characterization of a new fluorine-
[55] Harilal, S. A.; Ghosh, P. C.; Jana, T. Pyridine- containing polybenzimidazole (PBD) for proton-con-

[56]

[57]

[58]

[59]

[60]

[61]

[62]

bridged polybenzimidazole for use in high-tempera-
ture PEM fuel cells. ACS Appl. Energy Mater. ,
2021, 4(2), 1644-1656.

Schmidt, T. J. Durability and degradation in high-
temperature polymer electrolyte fuel cells. ECS
Trans. , 2006, 1(8), 19-31.

Kim, H. J.; An, S. J.; Kim, J. Y.; Moon, J.
K.; Cho, S. Y.; Eun, Y. C.; Yoon, H. K.;
Park, Y.; Kweon, H. J.; Shin, E. M. Polybenz-
imidazoles for high temperature fuel cell applica-
tions. Macromol. Rapid Commun., 2004, 25
(15), 1410-1413.

Rosli, R. E.; Sulong, A. B.; Daud, W. R. W.;
Zulkifley, M. A.; Husaini, T.; Rosli, M. L ;
Majlan., E. H.; Haque. M. A. A review of high-
temperature proton exchange membrane fuel cell
(HT-PEMFC) system. Int. J. Hydrog. Energy.,
2017, 42(14), 9293-9314.

Xiao, Y. M.; Wang, S. H.; Tian, G. Y.;
Xiang, J. ; Zhang, L. ; Cheng, P. G.; Zhang, ]J.
P.; Tang. N. Preparation and molecular simula-
tion of grafted polybenzimidazoles containing benz-
imidazole type side pendant as high-temperature
proton exchange membranes. J. Membr. Sci.
2021, 620, 118858.

Zhang, X. X.; Liu, Q. T.; Xia, L. ; Huang, D.
Y.; Fu, X. D.; Hu, S. F.; Zhao, F.; Li, X.;
Bao., X. Poly(2, 5-benzimidazole)/sulfonated sepi-
olite composite membranes with low phosphoric
acid doping levels for PEMFC applications in a wide
temperature range. J. Membr. Sci., 2018, 574,
282-298.

Liao, J. H.; Li, Q. F.; Rudbeck, H. C.; Jens-
en, J. O.; Chromik, A.;

Kerres, J. ; Xing, W. Oxidative degradation of po-

Bjerrum, N. J].;

lybenzimidazole membranes as electrolytes for high
temperature proton exchange membrane fuel cells.
Fuel Cells, 2011, 11(6), 745-755.

Chuang, S. W.; Hsu, S. L. C. Synthesis and
properties of a new fluorine-containing polybenzimi-

dazole for high-temperature fuel-cell applications.

[64]

[65]

[66]

[67]

[68]

[69]

[70]

ducting membranes in fuel cells. Fuel Cells, 2013,
13(5), 832-842.

Ni, J. P.; Hu, M. S.; Liu, D.; Xie, H. X.;
Xiang, X. Z.; Wang, L. Synthesis and properties
of highly branched polybenzimidazoles as proton ex-
change membranes for high-temperature fuel cells.
J. Mater. Chem. C, 2016, 4(21), 4814-4821.
Wang, L.; Wu, Y. N.; Fang, M. L.; Chen, J.
L.; Liu, X. T.; Yin, B. B.; Wang, L. Synthesis
and preparation of branched block polybenzimid-
azole membranes with high proton conductivity and
single-cell performance for use in high temperature
proton exchange membrane fuel cells. J. Membr.
Sci. s 2020, 602,117981.

Zhai, Y. F.; Zhang, H. M.; Liu, G.; Hu, J.
W.; Yi, B. L.
H, PO, /PBI high-temperature PEMFC life test. J.
Electrochem. Soc. , 2007, 154(1), B72.

Kerres, J. ; Ullrich, A.; Meier, F.; Héring, T.

Synthesis and characterization of novel acid-base

Degradation study on MEA in

polymer blends for application in membrane fuel
Solid State Ion. , 1999, 125(1-4), 243-249.
Yang, J. Y.; Li, X. B.; Shi, C. Y.; Liu, B.
R.; Cao, K. Y.; Shan, C. L.; Hu, W.; Liu, B.
J. Fabrication of PBI/SPOSS hybrid high-tempera-
ture proton exchange membranes using SPAEK as

Membr. Sci., 2021, 620,

cells.

compatibilizer. J.

118855.

Jahangiri, S. ; Aravi, I. ; Iskel Sanli, L. ; Mencelo
glus Y. Z.; Ozden-Yenigiin, E. Fabrication and
optimization of proton conductive polybenzimidazole
electrospun nanofiber membranes. Polym. Adwv.
Technol. , 2018, 29(1), 594-602.

Chen, J. N.; Bailey, J. J.; Britnell, L.; Perez-
Page, M.; Sahoo, M.; Zhang, Z.; Strudwick,
A.; Hack, J.; Guo, Z. M.; Ji, Z. Q.; Martin,
P.; Brett, D. J. L.; Shearing, P. R.; Holmes,
S. M. The performance and durability of high-tem-
perature proton exchange membrane fuel cells en-

hanced by single-layer graphene.
2022, 93, 106829.

Nano Energy





