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2 ok B dAFoAe As WA §Ao] e ZHEHR oRIZE ek 4k liﬁﬂ(hmdered amine grafted graphene
oxide, HA-GO)& &A%l ol& =Yg U3]2(Nafion) 7|5ke] E3 ‘11'2 Xﬂzﬂ T 382 Hajd 9 A5HA A 2Ho
28319 th HA-GO= 4-01u]-2, 2, 6, 6-H| Egtv E-4-3] 5 2l d(4- amino 2,2, 6, 6-tetramethy1 piperidine) o] EA|3}= o}
718} GO FEH A3k AFA7]Y ME W35 B3l Az o, dHE HA-GOY F&E 2ed 53 & A=t
& Nafion I3 A5 545 ¥lustqith. HA-GOZF 7k 53 ot Naﬁon @ ol vl 7AA &= ‘j” , 318k QA
9 Fhol2 M= EAo] G 53] HA-GOS 4tst HL;‘] E4o= I3 HA-GOZF /M E3jt ‘:—'1'% A= Hr}
(Fenton’s test) ©]% F&0]2 HAEES] fX EAo| Nafion T =l Hlg] 2 0= gd A& AT 4 AT

Abstract: In this study, hindered amine-grafted graphene oxide (HA-GO) with antioxidant properties was prepared and
incorporated into Nafion-based composite membranes as an effective filler material for polymer electrolyte membrane fuel
cell applications. HA-GO was synthesized via a ring-opening reaction between amine groups in 4-amino-2, 2, 6, 6-tetra-
methyl piperidine and epoxy groups on the surface of GO. Nafion-based composite membranes containing different weight
contents of HA-GO were fabricated to compare the polymer electrolyte membrane properties with those of the pure Nafion
membrane. The composite membranes with HA-GO were found to have better mechanical properties, chemical stability, and
proton conductivity than the pure Nafion membrane. In particular, the conductivity retention behavior confirmed by the de-
crease in proton conductivity after Fenton’s test of the composite membranes was better than that of the pure Nafion mem-
brane due to the incorporation of HA-GO with effective antioxidant properties.

Keywords: Nafion, graphene oxide, antioxidant grafted graphene oxide, composite membranes

.M Z urzu A 3 A ZA 2 QT3] T4
7Rk & 3 ASV} Zka Qe sty AE A7)3)

IFEA A 2 AS A (polymer electrolyte mem- ﬁ']'a & Fall A7luvAZ Weet] HARE A
brane fuel cells, PEMFCs)« 35 AHEOE QI djul= PEMFC 9% A& ARgsta] B 33
Ao v 2 FHeH $HE AT Y= & o] Qg 22k A of] vl Ase| Abshghe WS B
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PEMFCO 7% A4S A¥EH oJRdA Fgd
F47t )= E(anode) M= W] Fuljol 93] F40]
I ARE AstEa gaolee aREA A =
(polymer electrolyte membrane, PEM)= 53 4=
(cathode) A=CE o]ttt o] wf AYH HAA GA
8 3ZE X3 cathode AFO2 o]F3lH AFE
WAEA HAL cathode® ©]FH & oL AAE
QoA FFEE AAs At &5 AASH
tH10]. ©] ¥ PEM< T #5S Ure 84 ZA=
A st Ab 71A e BaE golre £
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23 A1 &E3} o] @ =1 (perfluorosulfonic acid ionomers,
PFSA)7} PEM9] 48 2424 &85 1 JrH13]. ¢
H4 0 2 PFSAE | H EgEF 2o € 3l(polytetra-
fluoroethylene, PTFE) 4l #H&3} &E47](perfluoro
sulfonic acid)7} =4 @oto] =49 7HAE FSTA
(graft copolymer)®] 722 5= Qs WFd 3
o} & S HAY By FRE 59
A AdE FAste] PEMY & F4aol2 A
T F JIEF Foi14]. =3 S 9AY
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HT g4 Y FE(carbon nano tube, CNT), “LZ]
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g4 7 U 2SS BEEAAE Z88t 1Eat
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9 oy} o] AE EAS /NSt sk thekdt
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M= ZARS AL sHiTH24]. 53] HA-GOS] &43
34 9 BAF o]lE =90% 53 2] VA A=,
3lehA kA, Faole HAEES WstE B Al
3] 7]&std
2. & 4
21 Al 2 M=

B AFMes 18A AfE AA 2 Nafion 24HE-
H(Nafion™ D2021, Chemours)S A3+t HA-GO
IS 913 Hummers methodZ THE GO (graphene
oxide powder, grapheneAl)E T & IU|E ALE3}
ATH32-35]. 4-0H1| -2, 2, 6, 6-ElEgtmE-4-1]#H 2| d
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NH;
OH
HOOC
4-Amino-2,2,6,6-tetramethy| piperidine
COOH (Hlndqred Amine, HA)
HOOC HoOC COOH
on bu

Graphene oxide (GO)

Fig. 1. Synthetic scheme of HA-GO.

(4-amino-2, 2, 6, 6-tetramethyl piperidine, HA, Sigma-
Aldrich)= 71 & ZthE AHgshl o, tiud Fotu}
o] =(dimethyl formamide, DMF, SAMCHUN)= &
F A B(molecular sieve, SAMCHUN)S 4o H#s}
of FE& AAT F ARSI 2o A E fel
3 Ksulfuric acid, 95.0%, sigma aldrich)S 43l | M
F FRYor Az F AT B HtEFL
(hydrogen peroxide, 34.5%, SAMCHUN), 3-hA1dd
778 E(Iron(Il)  sulfate  heptahydrate, 98.0~102.0%,
SAMCHUN)2 T} § Itz ARt 718 27
7} 0.2 pmt! EHEHGEF 29 TH(PTFE fil-
ter, HYUNDAI MICRO)E +S5ES AASh= ] AME
SFATh

22. HA-GO M=

GO FH¥eolA HA®S 1Y=H wge 7E &
a3k TH23,24]. FAIAR)] EA HHL
o 17 T ve Z2k2=9) 03 go GOE 100 mL
DMFe ¥y 23 Eq|E A}J‘l—a‘}ﬂ 3081 34+
BAAZl & HA 0.6 g& GO €40 ¥ w1 g u}
& ARgste] Eeidth ol &3t &4 80°C A
oA 12A3HES wRkEY. S 94
E3 8,000 rpmoll A 158 FF 33 o] AA %}FJ %
AstoH, o]F PTFE YHE A3ty 18 ES
St AAS Y5k, DMFE AlHE F 80°C
F B 1247HE<t AR3IAT HEHOE 032 ¢
o] HA-GOE < & USUTHFig. 1).

2.3. Nafion_HA-GO =&t 2+ Mot

IEA ZAAZR Nafiong T3ty EFaA=z
HA-GOE 283} Nafion HA-GO £ ohe 8- 7~
B Uy 58 Algsiien, HA-GO #H7HA|9] Hl&S
Nafion thH] 0.1, 0.5, 1.0 wt%= 24| st 37}1#] %

Mmugel A 33 A A6 3, 2003

Hindered amine grafted graphene oxide (HA-GO)

Aol Bl uhS A %3 & Nafion HA-GO XE W93}
HATHXE Nafiondll 3 HA-GO2 wt%S ¥7]). &
Z 0 2 Nafion HA-GO 0.1& U3 22 A7 A4 <
E3 AzHATE. HA-GO 0.26 mgS 4.8 g¢ DMF]
E33te] Ziﬂr 2718 ARESEe] 3087 33k 2

A, < Y=L} o]3 Nafion #4F
WS IHTAFEFHVE B3l LPYOZ I F 026 ¢
9] Nafion ZEES HA-GO EF8 ol o] 60°Col
A 24417t B9k wHFske] Nafion HA-GO 0.1 &8
< Alzstnh Al TFEAE AE 9 em® PTFE
HEZ HAlM =X 3 F 80°C HF2ENA 5A7H
e Axste] vE AzsAth Az e A F
Foll Axsted PTFE HEZ HAA woyiith
F5 =@ 53 9 | M 34k 89004 60°C, 12413
5o 4k A HFE YT F SHRFE AHESS &
2 AAEATE o]F AEAE Bl FE# Akl
LA A HAACIE A 48A1ZF o) HAx B3
th E=gk AFe g2FOE HA-GOE H7ISHAl &
== Nafion 92 5Y3 & 7| 2®HE 55| A|F35}
Aok AzE WA 2] FAE 20~35 ume] HAE U
ER AT

24. HA-GO ¥ Nafion_ HA-GO =g 2 4 "I}t

FAPH A 1] 7 (scanning electron microscope, SEM,
TESCAN)S AME3ld Alz¥ HA-GO2 A =27] ¥
TAEE It T 74 A WK attenuated total re-
flectance, ATR) 7| AH&d A e)d &3 (Fourier
transform infrared spectroscopy, FT-IR, Nicolet iS5,
Thermo Scientific)e &3] ¥ H$ 4000~650 cm’'
el A HA-GOY 3lshd 25 alstqith. XA 34
2} B33 (X-ray Photoelectron Spectroscopy, XPS,
Thermo Scientific)E AHE-3lY] HA-GO9] +% #4&

sttt @ FF A (thermogravimetric analysis,
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TGA, Q50)= T3 HA-GOS] €3 44 2 GO ®
Hell TetxE d@ HAS FAHIES ALt
HA-GOol| Z&E3H= o9 F22 ¢l

B97) dlolA 120°C €EZ 108 5 §A5ka o]%
60°Coll A 800°C7HA] 10°C min'Z %

ko] 8§48 AF WsEeS 1% 93 80°C &
Faoll 1241 B¢ B4 & 59 FES AAT 2
o] ZAS} Ky W3S wwste] theo A8 Ei A
2= AT

Water uptake (%) = [(Wwet = Wary) / Wary] % 100

Area change (%) = [(Awet ~ Adry) / Aan] x 100

Volume change (%) = [(Vwet = Vary) / Vay] *x 100
(1)

Woul} W 22} 208 0} 8 A% Bhe) $A1E, A
S AwE 27t 2 v 9 A2 oo WAL, V.9
Vays 47 2 oo 23 2 Az ve] Bug U
Wit

23 2] 7AA A== s Al 7](universal test-
ing machine, UTM, Lloyd-LS1)E 53] SA3192H,
ASTM D638 type V A B3] A|H-S FH|3 &
25°C, 30% RH 2A JAZHGES S48t Al
< 2t Navit s S5t Higs ARSI
o] 8}8kx UF= H7l= Fenton’s H7K(Fenton’s
test) M3 & WEHE= B0l WE ESS(fluoride
emission rate, FER)2} E£4:0]-2 W-ZEaK(fluoride emis-
sion, FE)& ZAstd 11 $X5 Ao Bl
Fenton’s %7} 98l A< Fenton’s &3 ppm<
A o] &(Fe?) e EFsHE 2 wit% FASEA g
80°C, 72 h &<t HAAZALH, o|F {EH £ ol
o] FEE gelsta th9 4L &85t FER +7

£ ALFsIAT36].
FER [p mol hr' g'] = daWw 2)

de Exole B 5%, 1= A AL e 24
gko] BAE Yepdth AlHe 7t g s/AE =
sto] FdgkS AHESIATh

Bl "ho] F4o0)e AEEE 80°C 2% FolA
A FE 20~95%7HA 740 2 H7} A 2~B(MTS-740,
BekkTech)S AM&-3le] H,ol §%<4% 500 cm® min

Proton conductivity ( #) [mS em’'] = d/RS 3)

—

dv= A= Aol Ag(distance), R SA 7 o] A3
a8 S= AT e A (cross-section area)<

Jepit,

ks,

b e}

3. &1

3.1. HA-GO &4

FT-IR 48 53] GO o] HAZ} =9 & o7 e
18t aA; 3 tHFig. 2(a)). GO2| FT-IR 2~ EHS
B3 FHo| &A= ko] == (hydroxyl)7]¢] -OH
o9 A3 3137} 3450 cm! B2AA WA UehE
A 7t2 5 (carboxyl)7]19] C=0 ol& ZAY a7}
1740 em'olA YEld= A AT 5 ATH3S,
39]. HA-GOE GO9| & Al(epoxy) 719+ HAS] o}Rl
7] 7] A% whg-E T dAEHNeH, GOA e
2 A 992 Y (piperidine) 18 TZ¢] ofwlr] 1=
7} HA-GO9] 2=FE# 9] 2900~3000 cm” Tt A
ElE A C-N A 937} 1440 em' oA E91E =
AL B A3Hos 4" As AT 5 AT
[23,24,40].

HA-GO®| &4 oFE F7HH o0& gRlstr] ¢fst
GO9} HA-GOS XPS ZIE Hlnl EA35}9th(Fig.
2(b), Fig. 2(c)). GO XPS ~FEH| A& 285.0 eV
(C 19)9} 532.0 eV (O 1s)olA F31s 737 BEEHA
o, Ax Y9 ¥IE FHAFHA Lty v
HA-GO9] XPS ~HEHHE=C 1s D O 1s I3 9
o 400.0 eVellAl N 1s¢] 23 337} HA=]om,
ol GO ¥WHo| HAVl Agdoz gtz 9 A&
YERATH41-43].

Fig. 2(d)°l ¥7]¥ GO ¥ HA-GOd 3 TGALE
7] Z-%(thermogram) HlaE F3l GOol =Y¥ HA #t
8719 Hlgg ALtstdt ditd oz Go % /iE €
G029 TGA &% 7IE=|A 300°C o]stellA] 7A] ==
T Hsle GOl EAlske oAlZAl7], dtol=E47],
7HEA7 9k 2 Akt 2Hg7]9) diEafo] o3 AoH,
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Fig. 2. (a) FT-IR spectra of GO, HA and HA-GO. (b) XPS spectra of GO and (¢) HA-GO. (d) TGA curves of GO and
HA-GO. (e¢) SEM images of HA-GO.

300~500°C 2% 7oA ] FF ¥st= A Z}% UAE EAF T SAHsIH o E4E 4Rk 27171 50
7] 9ol =4E {714 28719 dREled g Ao nm~3 um FHNA BEEZIE= AL FAT 4 de
42 Arh42,44,45]. Fig. 2(d)oIA HA-GO7} Gooﬂ ™, Hit 272 200 nm WY S AL AT 5 U
Hl5) 300°C o]3 &% 7oA Aoz o t}. o]= HA-GOY Aol AF&3F GO YA+ Akol=
H3E Yehle AL 31T 4 o, o= GOdl o} o) SR (HFE A7 200 nm), S WS E
A= AFA ZA8717F 3 HA A NS vk T3l & HASY EY°] GOAtel= wistol] Jaks T4 &%

=
259 Aolgt & 4= Ut} HA-GO ol A5 HA = Ae A = AAT37].

o H] &L 300~500°C &% T FF% &4 B e

53 16.1 wt%2 HAZ} HA-GOOl =% A& &2l 3.2. Nafion_HA-GO |2tz 7|AHX =4

T AATH46]. HA-GO9| #4H3 Astel o3t 53} vt &4 A3t
SEM £4<& 5319 Az¥ HA-GO A IA71E '35 FHasks] 93] £ dFolM = HA-GOol gk

I8t tHFig. 2 (e)). DMF &1lE AH8-ste HA-GO ok Hrtes Aoz sy, Aoz

Mmugel A 33 A A6 3, 2003
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Fig. 3. Water uptake and dimensional change graph of
Nafion and composite membranes.

)
2 ARE-St A} itk webA Nafion &4+ 8
Zo A dFE E ES IS ESTE B
W3k 3 Nafion 13 & 53t DMFO ¥4
9] HA-GO$} #o] #4kst HE B8l 55 2 Al
%3}tk Nafion tH] HA-GO7} 1.0 wt% ©]4Y 7%
HA-GO7} &4k 7]A A WA e E4bidol o
&% (aggregation) @] FJAEA7] wzoll £ Al
A B3 5 Azl o] HA-GOS 7S Nafion
H] 1.0 wt% ©lst= Alghsh3it.

PEMY| 7AA EA Hr7ke SHol o3 dsjd o
o YT 58S IUE F e T AXE E85
D2 4 Nafion®t3} Nafion HA-GO 53} uhol] tigh
7IAA B H7HE UTMS AREste] 738k thFig.
4, Table 1). <5 Nafion™3} Nafion HA-GO9] H| 2 &
53l HA-GOY] #7}+= Nafion®] 52 (stress)@ HEE
(strain)o] Al S7HEOEHN ©ed] VAA HEE

@

tlo

P
T
=%

of

o

Z7H 71 Aol ohd Nafion®] 17d(toughness)<
N7 Ae FAT 5 AN o= HE EAS F
of e A 28718 Za e aEA 71A Aol

A 7(toughening effect) ® 3|4  QITH47,48]. HA-
G029l & Wl w2 7|44 B4 WIE v B
A HA-GO2| o] 0.1 wt%olA 0.5 wt%Z =719
FE JAAAE 9 dA2lgo] ke AS I
Ao, HA-GO2| HE€9°] 1.0 wt%/} 2 7% 1 +X
7} ZaEe A FAT F QU o)E vig o g A
A B4 AN $XE UYERHE HA-GO9| HIE2

20
Nafion
Nafion_HA-GO_0.1
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154 —— Nafion_HA-GO_1.0
©
o
£
» 10
7]
e
)
5
0 T T T T
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Fig. 4. Strain-stress curves of Nafion and composite
membranes.

Table 1. Mechanical Properties of Nafion and Composite
Membranes

Tensile strength Elongation at

Membrane

(MPa) break (%)
Nafion 9.90 + 0.46 51.92 + 6.16
Nafion HA-GO 0.1 10.67 £ 0.79 62.57 £ 16.61
Nafion HA-GO 0.5 12.71 £+ 0.66 81.12 + 18.56
Nafion HA-GO_1.0 12.64 £ 1.69 67.83 + 11.49

0.5 wt%°]™ Nafion HA-GO 0.59] Q&4 =9}l A&
HAzke 272 1271 MPa, 81.12%= 2lgich
Nafion HA-GO 0.5 tjH] Ftid o= vt 71A% &4
< Uehd Nafion HA-GO 1.0 2% 1E2# 7]AA)
Uell A HA-GO2] &l S712 A3k a3 4 2 &
S kel oJs) JAIA B AU YERd Zlo=Z

AT 4 ATH49].

>

33. E20|2 Y$WE &5

HA-GO®| aL&2t 71AA Yol ef 4bs} 2] a5
318}t7] 913 Nafion HA-GO &3t 2 80°C Fenton’s
£A3 ppme Fe*' 2 wt% Fakdlso] £33 &
Ayoll 72 AZF T FHAR & Bhol WE &
(fluoride emission rate, FER) % E24o]|& W=
(fluoride emission, FE)< Z7 3% th(Table 2). FER
7He theFe] eitjzo]l AAE Fenton’s &9 ol 4]
tZol o3k Nafion®] 3}8H7] #3jjol thaf W= &
Aol FEE B3 AT 2N PEMY 3}8Hd v+
AL Zd = Jd= AEE g 7F53TH50,51] &
4= Nafion 2He] FER X7} 2.59 umol hour' g' ¥Hd
Nafion HA-GO 0.1 ¥ Nafion HA-GO 0.59] FER &

U ot
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Table 2. FER and FE of Nafion and Composite Membranes

Membrane FER R FE 0
(1 mol hour” g™) (1 mol g7)
Nafion 3.38 + 1.57 243.08 + 112.89
Nafion_HA-GO _0.1 1.95 £ 0.33 140.51 + 23.93
Nafion_HA-GO_0.5 2.73 £ 0.50 196.74 + 36.40
Nafion HA-GO_1.0 3.87 + 0.43 278.55 + 31.13
A= Z7F 1.959F 2.73 umol hour! g'2 ZHad AL
FAY 5 gtk ols A A7t =98
HA-GOE Nafiond| 124 E4kAz1o 24 gz
AAel St ol w0 g

],
g & 4 9ok a2} HA—GO«] H&o] 1.0

wt% 2 2718 4§ FER 3|7} <25 Nafion 9ol H]
3 F7HEE As G F e, ol 94 A
g HA-GO® &4 & ol = 1.0 wt%)ollx

Aol o3k EqtaAel uEal Z1AAeke] g
AX o= =4 Astel 7| 2= 4T 5 At

34, 0|2 MEX
HA-GO & = 0] oﬂ ];q,_é ngrt‘g-ul-
£ 80°C A & bl tid
3). Nafion HA-GO 0.1 %}
=

I

2

== A3
=25} th(Fig. 5, Table
afion HA-GO 0.5¢] 7%
FaOle HAELE FXE

a0l %

AQ

&4 Nafion 2ol H|&|
Uetiglon, dEx9] 3

O_?Z,rloz:n:_l

e

o rlo
2

N g
IID'
-Ll
E

A

d& 5ol A &
ATEES »}E}»ﬂ Nafion HA-GO 0.5¢
50% RHOIA Z+2F 9.89}F 25.7 mS em'9] X5 4}
e s gstgon, o AXE £
%4 Nafion 9] 7.59} 204 mS cm'ol wvl&] 2+t
31%S}F 26% FdE FAE Uehdth A 7ks 276
A FgE AEES UE olf&, 1) =94% HA-GO

L—lo
oﬂ,
o
g
2
o M 1o rfo

100 -

—O— Nafion_Fenton

—&— Nafion_HA-GO_0.1

—O— Nafion_HA-GO_0.1_Fenton
—&— Nafion_HA-GO_0.5
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1 T T T T
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Proton Conductivity (mS cm™)
o
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Fig. 5. Proton conductivity of Nafion and composite mem-
branes before (closed symbol) and after (open symbol)
Fenton’s test using Fenton’s reagent at 80°C for 24 h. The
proton conductivities were measured at 80 °C under dif-
ferent RH conditions from 20% to 95% RH.
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Table 3. Proton Conductivity of Nafion and Composite Membranes Before and After Fenton’s Test at 80°C for 24 h

Proton conductivity (mS cm™)

Proton conductivity (mS cm™)

Membrane Before After
30% 50% 70% 30% 50% 70%
Nafion 7.5 204 40.1 6.4 16.5 322
Nafion_HA-GO_0.1 9.2 23.8 452 9.4 23.7 45.0
Nafion_ HA-GO_0.5 9.8 25.7 50.5 10.2 26.6 52.0
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Table 4. Water Uptake and Dimensional Change of Nafion
and Composite Membranes

Water Volume Area
Membrane uptake change change
(%) (%) (%)
Nafion 83+ 0.2 249+ 10 158 + 3.6

Nafion HA-GO 0.1 114 £ 0.1 230+ 05 151+ 04
Nafion HA-GO 0.5 105 £25 167 18 112 + 24
Nafion HA-GO 1.0 57 + 0.6 252 3.1 139 + 0.7
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