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Abstract: Proton exchange membrane fuel cells (PEMFCs) are highly efficient, environmentally friendly, lightweight,
and generate minimal noise, making them suitable for portable and transportation energy conversion applications. The
most commonly used proton exchange membranes (PEMs) in PEMFCs are perfluorosulfonic acid (PFSA) membranes,
with the Nafion membrane being a notable example that currently dominates the market. However, Nafion membranes
have limitations, including low conductivity under anhydrous conditions, high manufacturing costs, and performance deg-
radation at high temperatures. To address these limitations, extensive research has been conducted to improve Nafion's
performance through the incorporation of organic and inorganic additives. In this review, we summarize the character-
istics related to mechanical, chemical, and thermal properties, as well as proton conductivity, observed in Nafion-based
composite membranes incorporating various nanoparticle additives.
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Figure 1. Operating principle and structure of fuel cells.
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Figure 2. (a) Scheme of the Grottuss mechanism; (b) schematic
design of the vehicular mechanism as proton conduction in pristine
membranes.

o} o] gt /A2 A MR E Az a8 AlEdS
ol vl 719 F

Proton Conduction Mechanism. A} 37} W8 o4
2} o5 7R IR olF A T, ©olF A
25 27 sto] AEre] FAA 93 v + Aok
2hA, A mehute] ol A WAUSS 0|3
PAF H7EE QI A=A Aot BAIE aH o A4S &
AT HIHE Ndafof gt

AF oA sl A v EY 2 o] A de
< Figure 291 A | dutA o2 F 7k WAYUE, S
“Grottus WS} “Vehicular HIAYE" 22 g} 78
Grottus FIAY SN = AT 7Hriall € o] AlolE
(SO;7, H;O"PlA thE o] AR|ER oggitt. =4
28] Atslel] ofs)] AE PR slol=2E ol A
sP7|Hrthe & Al F-AtEE, o]eld slo|ER g o9
A= g B #AE mokste] o] F sk

T A HAYSE “Vehicular HlAYZ70]t}. o] HAY
Tl ke FIAH0Y7F A7)3kekE zpolef w33}
o g Tl St A7 IE e A%E, 23 ¢F
A A% FIAe e Bl B A @4 dgEn

Nafion®] SO;H 53 &2 Yol g F83 IS
stER, FEvhe Ao 3l JEE fAs] S8l A
A|&=EE B3l rgkEofof $Hh Nafion 22]2He] 735, 5
B ) L] g3 wi=t)h 98% RHoMA 90 T o]2d<]
2o =EE R Arwrt 34 FAga By ¥
v7E Itk ol wEEl9 U] & ko] A= Qg Aot 2
gt ] A e A Fxol uel GekA,
Al FEE I =4 FAEEE F7HQ1 3483 vl8o]
S| wiitel], W 3l AEelME 2 AEEE fA
g e BEHe] AAVL F8sitt

Additive Filler. 22l f7] == 7] YA 7R

==
o
o

ofr
g
[o

9 Lpeit B8 AT 5P 565

=22 71AA kA, slehd KA, At HER, 7 g
75 OSs S48 A Aok oA AFelA =
AbeE Ui Q&K TiO,, Si0s, ZrO,, ALO;, Fe;0,)S
7hste] EEwte] A8 hAdstazat ekt ol g YAt
A7t ] 814 2 sk A st 93-S v
zth. 53], 4=te] S5A4300 wat dAt Eelete] 214 o)
2 Ado] Wslshy, ol IEAF Ber|e] EA) uel &
24 FAF Aol GRS vt g, HUE ket
AL ARE 7Fe] A ARl wEl W], i S B
1A Zred= 43S nxith

CeO, Blended Nafion: AdZ o & da] 2*o]= PFSA &
9, 5 Nafion> 2 HIA A== 55 24 /71414

9 ZE=t) SAIRE B AuigEelA 2 o, At
A=A 9 lAgo] Hojxl= ©@xde] th. PEMFCE W2
il AEe = Ui, 9 Fe] T rky A7
8 gU7lel PEMFC] -5 H[-&-S %= <+ o

Cerium Oxide(CeO,) &2 CeriaZ}l 28l 22L& 244
A Yol Ak A3 trPdollA] 7dleke S4S 7 =
2belEolt), AA| PEMFCE 53 i, gzl 2718}
FolA] A==, Ce0,0] Ce™ 23] CetE 7F A
oh-3kel S-S B3l EHAH o Slo|=F4 gtz
IR B E v AUk AksE HEgollA] Ce' o)
OH" #f|Z3} whgsle] &3} CeE A3t 34l wt
A, Ce*7} H,0, 3-& HOO" 2tz whe-sle] Ce¥'2

o 1 Jo

l-'U‘,
ol

2

o

-

fo oo rlo fo O o b
2 % o

S}, E3, CeO, Yir 97t HHe] sol=2 478 %
getet), ol Bal 9a EHe) S F2 2 ngol £

7 2-g-h. olefd o), gt A5l Nafion 2]
gl CeO,5 EFAA Fejute] -4 e sz
A g AT

Figure 3(a-d)°14] Nafions} CeO,7} 23Hd E2|uhs Le}

[(b) itc)
r

2
‘ 20,
Flectrostatic 80, w.m,”' Lol
Sell-Assemhbly
177k
50,

50,50, ¥ ]

50, 50, go;

Figure 3. High resolution TEM of (a-d) the self-assembled Nafion/
Ce0, with different ceria content of 1, 3,5,10 wt%; (e) conventional
sol-gel method with ceria 5 wt%; (f) schematic diagram of the for-
mation of self-assembled Nafion/CeO, composite. Reproduced with
permission from Ref. 23, Wang, Z. et al., J. Membr. Sci., 2012, 421,
201-210. ©2012, Elsevier.
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Figure 4. Electrochemical impedance spectra of (a) the proton
exchange membranes at 60 C and 100% RH; (b) proton conduc-
tivities of the PEMs as a function of relative humidity at 60 C; (c)
single cell performances of the PEMs at 60 C and 75% RH; (d) flu-
oride evolution from the PEMs as function of test time under Fen-
ton’s degradation test. Reproduced with permission from Ref. 23,
Wang, Z. et al., J. Membr: Sci., 2012, 421, 201-210. ©2012, Elsevier.
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Figure 5. (a) Schematic illustration for the synthesis of CeO,-DS
nanoparticles; (b-e) TEM image; (f) DLS analysis of number size
distribution; (g) XRD patterns of ceria and CeO,-DS nanoparticles.
Reproduced with permission from Ref. 24, Thuc, V. D. ef al., J.
Membr. Sci., 2022, 642, 119990. ©2021, Elsevier.
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(b) a large amount of particles referred to as Composite-3; (c) tensile
curves of the stress-stain response; (d) DSC curves. Reproduced with
permission from Ref. 25, Jin, Y. et al., J. Power Sources, 2008, 185,
664—-669. ©2008, Elsevier.
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Figure 9. (a) Proton conductivity of membranes at different tem-
peratures and humidity. Reproduced with permission from Ref. 25,
Jin, Y. et al., J. Power Sources, 2008, 185, 664—669. ©2008, Elsevier;
(b) proton conductivity of Nafion/SiO, composite membrane con-
taining SiO, particles of a various diameter; (c) polarization curves of
single cells equipped with Nafion/SiO, composite membranes at 60 C
and 100% RH; (d) 110 'C and 59% RH. Reproduced with permission
from Ref. 26, Ke, C.-C. et al., Polym. Adv. Technol., 2012, 23, 92-98.
©2010, Wiley.
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et al., J Membr. Sci., 2012, 421, 318-326. ©2012, Elsevier.
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Figure 11. SEM images of (a) the Nafion/TiO, composite mem-
brane: by drop-casting method; (b) by sol-gel method. Reproduced
with permission from Ref. 32, Amjadi, M. et al., Int. J. Hydrog.
Energy, 2010, 35, 9252-9260. ©2010, Elsevier.

Table 1. Glass Transition Temperature (7,) for Different Types of
Samples.”

Sample code Doping level (wt%) T, (0
PN 91
NT.2 3 105
NT.3 5 109
NT.4 10 116
NT.C 3 107

Reproduced with permission from Ref. 32, Amjadi, M. et al., Int. J.
Hydrog. Energy, 2010, 35, 9252-9260. ©2010, Elsevier.
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