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=5 dslrad dsid 2dake] FHoksk sheby A SRR mE £ HAES FHE] 91k,
gadolinium(Gd)©| =3 % MlF SAF]=(cerium oxide, ceria) Ui YRS 435t ©hslaaA] A3 328} sulfonated
poly(ether ether ketone)(SPEEK)ell =918+ E-31+-8- A3t ). Gd-doped ceria(GDC)= 7129 ceria} Hlalsle] S7}
H A FEE UERH, ol & B3 gieZ oA 71se] U 24dskE . SPEEK/GDC 532 57He bound water
2 I8l A7RE 4 o] & AERTE E o, AAlE F& WFETN S AR 8l vl o] St
=t 5 olu 2}, Fenton’s 37} A} adE 318H4 P84S vEhE AL FRlsisin.

Abstract: We introduce gadolinium (Gd)-doped cerium oxide (GDC) nanoparticles with hydrocarbon-based proton
exchange membrane of sulfonated (ether ether ketone) (SPEEK) for realizing enhanced physical and chemical membrane
stabilities. The oxygen vacancy of GDC increases with doping of Gd into ceria, enhancing the chemical stability from
the radical degradation. The SPEEK/GDC composite membrane exhibits an increased proton conductivity at low relative
humidity conditions due to its higher affinity with water molecules. Moreover, the GDC nanoparticles in the SPEEK
matrix enhance not only the mechanical stability with preventing membrane swelling but also the radical resistive chem-
ical stability of the composite membrane.

Keywords: polymer electrolyte membrane, sulfonated (ether ether ketone), gadolinium, cerium oxide, composite mem-
brane.
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2, sulfonated poly(ether ether ketone)(SPEEK), sulfonated
poly(arylene ether ketone)(SPAEK), sulfonated poly(arylene
ether sulfone)(SPAES) 2 sulfonated polyimide(SPI) 52| &
shraAl 7Igke] s aiat s e B4 e E
TR oA A7} vfs- Buspl A ek 53,
cpst Bsleal Asld R 7hed] SPEEKE §49)
fold H At &8 fEAEE VIRe R 12 IFE 9
S AEE D 959 ks ARee UERln oS 58


https://orcid.org/0000-0002-7565-7360
https://orcid.org/0000-0002-7565-7360
https://orcid.org/0000-0002-7565-7360
https://orcid.org/0000-0002-7565-7360

180 |7l - AT - MRl

ARAAG Aold mEAR L e, S, 47K
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AA 7w aE)a o)zl o3k shsh & 52l 3
Moz Qs g Azl Fgo] oje}e Aot o
g gelra dad wate] dAg S5 95k

sl dsid JiEAke] FEo mE o] AEE B
=24 B B4 M-S s flslixe
< A9 2k vie Yate] Yo F= A-8= o] sitt. Silicon
oxide(silica) nanoparitlces= T3 M54 FHS 7171
= YPAEA opeFet gslea] dald Akt 3= o]
e A7E ol AERE B FE WSl wE YE
2] M-S VERH, A5A] Bt 4] AxEA &
4-5o] S} 1 &0, cerium oxide(ceria) nanoparticles=
oA WA s ezl % dajd Aol g3t
(degradation)s A 3h= 4} ¥ A (radical scavenger)=A]
dz] &gxo] gt 7 Bat ol e}, ceria GA] silica?} F-AF
3HAl 3] hydroxyl groupl 2 QI8 =2 & 2sl==
Qs Aafid it HEe] 4 74 H AV A &
Fe] 235 BAFAUTE AT, ceria W AT A8
o] Ag-, AR 5ol wWE vhe kel €, ceria
Uie 4Ate] F7k= Qlsl] ad 5ol o] 2w g5 (ion
exchange capacity, [EC)O.2 18+ W2 G4 o] HEw Y
i)z oA WS g A EA Y] B8] A 59
NS 7L ek
2 AFexe 71E Atst MAAR SEEAD ceriaS T
31, gadolinium(Gd)°] =3% ceria(Gd-doped ceria, GDC)
SHdste] ®slraA el 22EAF SPEEK] %-8-5ted
A71E K88 H sk W3S 7hssHAl ke B9
NESIATE Gd7t =8 E ceria A3E-S 4kA o] A
Tt ol A 4ksHE AE A (solid oxygen fuel cells,
SOFCs)ell A -8t dalld A= A=A ek 5=
GDC Y= A= 7129 ceria Ve YA} Bl st =&
A FEE AL AL, SR AR FEo R QI Akst
AAANEA O] Aol g Barp WEHATE > o] & T3l
SPEEK/GDC 5§75 @/dste] 3 43t oA 58, =
HZQl sk |dS ERIskiTh. Rt ohel, GDCe
Z199 EHOZ 213l bound water EFe] S5 B8 A7t
F ol AEE 3 B B9 PO 1% FHE F&
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cerium oxide2} 20 at%(atomic percent) Gd doped cerium
oxide(GDC)2] Ce:Gd H]&ol 2t AlILFE Ce(NO;)y(Sigma
Aldrich)?} GAd(NO;);(Sigma AldrichyE =9l =21 ¥ T}2 H]
719 pH7} 100]4¢] 5= NH,OH €& vrEth o2 3,
metal nitrate &0l FRUo} gl g WEH HFH
HRSAIZITE 4191 48 2A17F Bt RSO, Al &
£ 33 v JAE gt £ dEES o] &3l v
ARHE 3-43] Ao, QB Yol Azt AxE =
UAFE grindingS T8 2274 23, alumina crucibledl] 2
3L furnace®lA] 700 °Coll 2A17F SRt EA ] & thA] Zo}
e YRS Aot} vHEoiR v A= Xeray diffraction
(XRD, Rigaku D/Max-2200V, Japan)3Z} scanning electron
microscopy(SEM, TESCAN VEGA-II LSU, Czech Republic)
£ o]&3ato] 48K

SPEEK ZisHE DEXIe| g ¥ &t M=. Poly(ether
ether ketone)(PEEK) 24t-2Fe] 342 7]&9] #3lel] Hare
WS 33713}e] difluorobenzophenone?} hydroquinone®] =
9 Wk-S Bl &kt /9 ¥ PEEK 2 g2 50 °Ce
95% FAF &0l TAA BA ¥ FolEth 6A17F F9F
WRAAE T, 250 3 B2 WolEY AHE AEE
A=tk AEE SHT AlF3sH pHIZ e &, Q.89
Azstt}. Az ¥ SPEEKA| S5 dimethyl sulfoxide(DMSO)
o] 10 wt%®] FE= 70°Ce] GAg] 7oA gallgitt. &
aE Eol vie PAE el A AUtk &, 3AZF 5
Qo] &3 A A7 B 2487 Bt 71AIA wakS F3l
AR ZL & f2] 7]l castingdhe] 60 °Cell A=A A
SPEEK % E-3tut 2jute- Alzsiaict.

el 24 It daldure] 49 S5-8(water uptake)
3} &8 WHE(swelling ratioys =9317] 9lsled, 2S AFe
o 24r7F 7123 5 o] A (W )2k 201 (Lay), T (Tay)
£ S 2 5, dlld S 2ol AR 2edlA 34
¥, 50°ColA 3A17E, 70°CollA 3AIZE, 90 °CollA 3A17E E1F
AN &, Ao SA] FH| =9 AAS H, ZvkE 9
o] FAW,)t AOl(Lye), FA(T)E S HEAA
water uptake®} swelling ratio= ©}2]e] 202 Aiksict,

Water uptake(%) = (WeWiry)/ Wary <100 (1
Swelling ratio(%) = (Lye—Lary)/Lary <100 2

7] AL Bhel [BC 242 s Ashau
2 70°Ce] 1 M HCI 5=8-<lel] 3470 59+ ©AA1A H' o]
9 Al EoFE F 2 M NaCl Fgjo] 2447 &<t
HAAA Na* o] 202 28 5, 0.01 M NaOH 84S
olgs) kel H ol &2 F3lsim] At o W), s=
e 9] (phenolphthalein) A|A| kS ARE-5lo] 2GS gl
sigon, dsldete] [ECE olgsl 2e 4oz Ase

At
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o] wl, yo} M 747} AA7HA] F7HE NaOH &9
T3¢} Frolt),

Aafjdate] Ho) $-H(tensile strength) 2 It 218
(elongation at break) 5 71414 7J%2] 7= universal testing
machine(UTM, AG-X Shimadzu, Japan)E 5 mm/mine] 4
d 0= A2, 50% e 2700 AAIEAT

0|2 MEE &FH. Hdafjde] 4 o2 AEEE four-
probe system©. =2 AC impedance spectroscopy method(Bio-
Logics, SP-150, France)& ©|-&-std S35t thefsh =71
o] A AT 1x4 cm*Z FH|3F FH | 4719 W (platinum)
A= Atolell $1XIAIA potentiostat 1 7138}8} 4] X 2 5E
A 7k ARE SAsT Cell 2% 70°CE #
Z)8FF2H, 30, 50, 80, 100%2] 5= (relative humidity,
RHpPIA ofgfje} 2 7218 53l o] AEEE At

o=LIRxS) @)

ol W, L& 7 7He] 278 A= Afele] Alolw, RS Nyquist
impedance diagramel|x] Aojx|= A S VERATE S& s
Aulo] Gz 0 2 AXkAT

g1 3 EE

Figure 1914 ceria ¥ GDC W= JAke] 44 #8&
ERNSZ QITh Ce(NO;);2F GA(NO;)S 2t Bl =21 5 pH
7} 100180 E= NH,0H &9 metal nitrate 240l 3+ e
A ARE] ol REGAIZIAL 41 84S 2417 F9F RESA]
713, 94 BEE S Yie YAE st E2E YR
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E EF oehEE Aojda el 7Axg & I=2A Zo}
700 °CollA 2A17F &F DAE] - thA] Zhof Hojulf ARE-3)
ot 9 E 2] ve YAE SEMS Fall 719 Yol
UL 0151910 | energy dispersive X-ray spectroscopy
(EDS) 418 F3te] Gd7t gdstA =€ GDC Y= o
Zke] Aa 4 AxE 81d 4= tk(Figure S1). B3,
A% GDC Y= YA XRD £4] A, cubic fluorite 73
£ 71 ceria?t GDC7F =S I 5 UTth(Figure
1(d)). XRD®IA ceria®t GDC7} 722+ XRD patterng H.o|H,
extra peak®] §lo2 FRISIFHOERE  GDC/} secondary phase
7} glol & FAEASS ERIT 5 k. Scherrer 721 ©|
835 F7H4<1 XRD 4 A3, ceria®l -9 Ui YA
crystalline grain size”} 21.3+3.81 nm, GDC2] 73-%- 16.9+2.73
nm= FRIE Q) o]= SEMS &3l S4E e YA 7]
oF v]s=gt AR, ceria®t GDC W= YAFEo| F2 w44
PR FAEHUTS SR F AUt

ekel=4A| sl 724 SPEEKE Figure S22} 720] 4.4-
difluorobenzophene} hydroginone®] &3 374 3 A o€
sulfonation®gS 713 2.09 meq g'e] IECE zZH= SPEEKZ
351 th SPEEK ZEAS DMSO 7]Hke] golo 2 7z
s, o] &He ceria?t GDC W= YAE H7tste,
MR 259 A AL AR 4t 84S Az
Figure 2(a)2] BA=5 B3, #43HA 4ke SPEEK/ceria
51 SPEEK/GDC £4F8] @32 c&slle 5 em, ol 3L
A 29 899 casting B AxAHES F3 F 50 pm?
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Figure 1. (a) Synthesis scheme; SEM images of (b) ceria; (c) GDC nanoparticles; (d) XRD patterns of synthesized ceria and GDC nanopar-

ticles.
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Figure 2. (a) Schematic illustration; (b) IEC of SPEEK, SPEEK/
ceria and SPEEK/GDC with various nanoparticle contents. OM
images represent the dispersion condition of the composite mem-
branes. All scale bars represent 100 pm.

F 59t 89S Qe 250 2] 2 89 &5 AL F
A slslg o, #9493 SPEEK/GDC &-gtuh-e 7)) % &ttt
(Figure S3). ¥5F ofle}, Halld H3tete] vhie Yr} el
HAHsl= fsked 22t 05, 1, 3, 5 wi%] g% H]E-S 714
£ SPEEK/ceria & SPEEK/GDC A& d Eatuls 7| %319]
o} zhzke] F7) e 42k A7t vlgel wet IECE S48
Ao, e P27t gl wEk 2.09914 1.53 meqg! 7t
A AA} sk Aad E3hEre] [EC #S gIskith
(Figure 2(b)). 53], OMo|R|A| | A] HAR]= Az} 2ol 3
wt% ©173¢] ceria ¥ GDC7} e E¢He] 735, IEC7}H
g sA0 F71 e dAe] a2EA; wielAle] kg
o] mj-g- okslE]o] M)A Ejtete] BdAel T ATH
wEbA], 77] Uhe JAke] Hrtel| mE [EC s 7t
SIEAE A et A|lze] S-S 3| sted, SPEEK A4} o
H 1 wt% S5 77] Ve At & HAs 210E 5
dg 5 ATk o] W, 1 wt%?] ceria ¥ GDCE E3Hste
&53ute] 79, SPEEK =3 Hlwste] oF 20% 7Hast
717} 1.69, 1.76 meq g'9] TECE VERATH

Figure 3°lA] ¢} 7+o], SPEEK <9} % SPEEK/ceria,
SPEEK/GDC &3}k £rslr] 58 218 2= nl$- o
At FA FES 7IX] dslraA] dajdute g A|lxrt
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Figure 3. Photographic and SEM image of (a, d) SPEEK; (b, e)
SPEEK/ceria; (c, f) SPEEK/GDC composite membranes.
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Figure 4. (a) Water uptake; (b) volumetric expansion with water
swelling; (c) the state of water of SPEEK, SPEEK/ceria and
SPEEK/GDC membranes.
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Ceria®} GDCZ 7}z ¥33K= SPEEK E3tuiol] thale] o
B4R dadet 245 U7 Figure 4(a)0llA Heole
uke} 7bo] Egtulo] water uptakeS =74 3131T}h SPEEK &=
Fure] Ag, ool 7HE £ 502 QIS R &
o] = s, 2= wet F43H F7Fst= water
uptake SIS &1 = Ut} 1 wt% ceria ¥ GDC7} 223
¥ SPEEK/ceria, SPEEK/GDC 35t 72§, Aol A
90 °C7HA| &%=7} 571 wel vl A2 water uptake”}
S7Fske A3E B0, SPEEK 5722 73} v|asle
BE 2% 7ol 7HAE water uptakeS LFERNSIT) Bt
ole}, 7HAE water uptake®] Ao} FAFSH ol < gt
e dute] B3E A5 YR Ath(Figure 4(b)). -0l
A 36.6%2] & ¥FES B9 SPEEKS} H|wsle] SPEEK/
ceria, SPEEK/GDC Egt2e] 73-¢- 27} 32, 19.5%°] #he=
ZAE et o= gl tial SFYARI 7IAIA A4S 7
= F7] Y= 94AF SPEEK A&l & 252} matrix U] ol A
el ofgh dafd Ege] WS AAs7] wEelt.
3], 257} el wEt §438] S7Fsk= SPEEK®] %
E3 vlarste] vl FEARI 1A 445 e Al
2 53t o] 8 e 84 548 £ S,
differential scanning calorimeter(DSC)E ©|-8-3}] A 3|24}
9] free waters 733t el dute)] xshe 4459 A4
$-, SPEEK Z&2#}2] &3E2F 53 ceria @ GDC Wie
2F W] S| =8 Fd FAATS olFH sl 4
3t=lo] J= bound watere} IEAF 2 e YA} Exjo} o
$- okl A= ] = free water2 TS = Ut} 53],
free waterd] 73 B Ezle} 7 EA = e Qxlele] ok
gk Ao =2 2ls), DSC 54 A3 Fote] &/ =&
A W 0°CM & EAFe] 5ol o3 EIFE2 peak
2 5 A dgy] HslsiAH )] HEEC S99 dY
¥ WslEgs & ko] &8 dgT wslEre] 7334 7 g
o2 AXks sk ZF dalldute] free waters 1 AT
SPEEK/ceria ¥ SPEEK/GDC2] 7H4~% water uptake Z23}9}
9], 7 dalld Eeue] A7k 2eA o 3 2 R
Al 943FS v X]+= bound water?] %o] SPEEK <=9t}
Hlwate] w9 F7FE AL ER1 = Ath(Figure 4(c)). ©]
+ Aaid HF W ceria B GDC Y= 4=+ £H 9] st
o|lEEA IFo R A% & Akt 218wt Stk

O AlgsHT Bk o), G| = o E Rl v
AR} o] Aka o] S7FE GDC Wie 4Ake] 79, ceria
o} H]3}o] water uptake 2 bound water®] o] F7MES
gle = AUt

el He] AsdA A8 H7HE 918, SPEEKS}
SPEEK/GDC, SPEEK/ceria®] 4 o] A=EE =43}
hHFigure 5). Aall&d A Yol A 4 o] o] o]
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Figure 5. Proton conductivity of SPEEK, SPEEK/ceria and SPEEK/
GDC membranes.

HAl= Aalde Wof] 234 & kel 23] slol==2
F olH;0Me FelE A=l 4% ©]E(vehicle mechanism)
ol ol FE VIFAEI7T B2 27 i o] 8 A
she T8 WHOE AAZY, F ¥A A WS HeE
AR &EA 25 AlololA &3 (hopping)yS 3l ol
3R= Grothuss mechanisme|H, 257 ol5shk= & ExP}
FE3 A7s 200M T2 ApiF g A8E e ¢
7ol H7tel whet ZhaE s e [ECE <lste], 100%
RHZA9] o]& Aww7} SPEEKS] 209.71 mS cm 4] ceria
2 GDC H3te] 73.37, 90.23 mS em'2 AAES eI}
ATk AT, 50% RHS] A7y 2749] 7%, 748 [ECO]
)3} SPEEK/ceria @ SPEEK/GDCE-§H1te] o] 2 A xw7}
Z¥Z} 0.74, 1.99 mS ecm'E YEPA 2™ o]= 0.23 mS cm’!
©] SPEEK =9 Bt} =2 A4S Yelliith o#3gh A
7Ws 2716141¢] SPEEK/GDC H§teke] o] HEk F7he
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Figure 6. Membrane stability of SPEEK, SPEEK/ceria and SPEEK/
GDC membranes by Fenton’s test.
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T AR Fom, o] 9] free water/} T

9 AAEE A7k 2004 Aslid A Yol Z3ek 4
o2 FAEE bound waterol] 28 4~ o] Hdo] =
7HES B3l s 4 UTh® 53], ceria?}t ¥|wste] GDC
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= 7}X]7] ujZo|H, o] & 7fAstr] Q18] Akst SJAAI
ceria ¥ Ce iong A @ el Hrlsl= A7 Jl=o] ¢
E]—.Z(’” Figure 69141 UEh}= Ble} 7+o], SPEEK <=44te
735, Fenton’s test 7HA] 1A17F Fhol] A3 aritx}e] £ 7}
doitom, 15417k o= Blo] 2bds] Fafjwo] The] FA|
£ 33T 7 e g3t AHE ‘/]rE]r‘ﬂi‘:}- SHA| L, ceria &
GDC ‘/HT— ?JXV b A7k E5gEe] 749, Ak o] 1 wt%
T BEla 2 A7 2 2 5A]1719] —7}H 3}
B ?P‘é*é% IS = Ak 53], 7t FA| BlE A
T2 &) FA HlES ﬁ"’]ﬂ T
Aom GDC7t e Hetuo] 7Hg ZdH sk i
S 7HIE RIS o] ARl Bz A} o,
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Figure 7. Mechanical properties of SPEEK, SPEEK/ceria and
SPEEK/GDC membranes.
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