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Abstract : Cation exchange membrane (Nafion) was modified to reduce the vanadium ion perme-
ation through the membrane and to increase the vanadium redox flow battery (VRB) system per-
formance by coating the graphene oxide (GO) which has nano-plate like morphology. Modified
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membrane properties were studied by measuring the ion exchange capacity (I.E.C), water uptake and
proton conductivity. The thickness of the coated layer on the surface of the Nafion membrane was
observed as 0.93 um by SEM. Proton conductivity and vanadium ion permeability of the modified
membrane were decreased to 27% and 25% compared to that of the commercial Nafion membrane
respectively. VRB single cell performance test was performed to compare the system performance
of the VRB applied with commercial Nafion membrane and modified membrane. VRB system
applied with modified membrane showed higher coulombic efficiency and energy efficiency than the
VRB system applied with the commercial Nafion membrane due to the reduction of the vanadium
ion permeation. From these result, we could suggest that the membrane modification by coating the
GO on the surface of the Nafion membrane could be one of the promising strategies to reduce the
vanadium ion permeation and to increase the VRB system performance effectively.
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AN 383, A 1748, A2 35, 2014 97

ko] WA, L gol wdhte] FA, P upgol
29 BT Vi LEF A o] Hu))

9z AALoE 2M H,S0,3 1.5M VOSO,
(Sigma Aldriche] &3 £9& 4 o, 9
22 AALoE= 2M H,S0, # 1.5M MgSO,
(YAKURI PURE CHEMICALSY} £g4 &5 =
Aste] T AR ol AxE T FAANKL
2R AY F AES g 93k o] 29] olFadE
F 43} sidit). ol whte] WAL 4cm’l, F
Ao fARTE= 50 mLE YAEA SAAHA
QEZ Ao IS AIZACE &HS A F
gk % Inductively Coupled Plasma (ICP, thermo
fisher scientific, ICAP-6500 DUO)Z o]-&3}e] uh}
ol FEE A A% 24| vhgol
2 FEo| Wl AE F ¥ geral 7HYEH
o BE BEaE A ALox AAEATH

2.6. VRB EI{EA| d=dlf

VRB ©9AA] A54¥S WBCS3000S Automatic
battery cycler -4 7]7] (Wona tech)E ©]-&3lo]
2oM AAEE Y. AFe golAge] JEHdE
(Nippon Carbon Co., Ltd.)Z AF&-E}1T HZS 4 cm?
& AMgslRen, dalde 247 2M H,S00 1.5M
VIVO* o] 0] Holgls S-S ARSSIRlon, A
15mLe] AsNEE FHHIZ (Peristaltic pump, GP
100)E o] 835le] % 4mL £52 A|2"d] FF3|
Aok g, JREHES] TelulolE M5 ZYo|E9]
F28 WXs] g8 A FEE HROE o2
FHAEHS A T 71E A7l 33 vk
I U WA FHEH] T5%E ALtsie] A
son, Wbd HAAAYL 0.8 VE EAEIAT -
A dARe 99EAY 47 20 mA, 40 mA,
60 mA, 80 mAR WH3IA|A VRB A|2Hle] FHEH &
4& st

3. 23 ¢ nE

3.1. &saEHel §4

Figure 2014 vebd npe} 2ho] Alzd Abstoaetad
= &rfell AT & T3k AARRAS o] 85k
AT A ghee] JS 3 WEEHe FE &
sE FHE e Ud2S 1 & F A
ol AFTxe IEtulolEdA Alstaside] @
Fog g ow REHo Uskss HoFe A%
Z AlsEoh

Figure 394 Ao AM&-3F Zetufo] E9f Az
Azdd) Atslagide] XRD E-S =AISAT

Fig. 2. TEM image of graphene oxide.

——=—Graphite
Graphene oxide

Intensity (A.U.)

(0o1)

20 40 60 80
2Theta (deg.)
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Table. 1. Comparison of general properties between Nafion 112, GO-Nafion 112 And Nafion 117 membrane

I::l‘zgl ell;l :th;t;(e): Thickness (§-) Water uptake (%) Proton conductivity (mS/ecm) LE.C (mmoly,y/g)
Nafion 112 membrane 65.6 38.2 83.46 0.831
GO 0.01wt% coating
Nafion 112 membrane 50.8 245 26.83 0.819
Nafion 117 membrane 180.5 41.3 90.12 0.874
Nafon Nafion | % ed
membrane membrane Ni;‘;"
membrane

(@)

Surface

(c)

Cross
section

Fig. 4. SEM images of Nafion 112, Nafion 117 and GO-Nafion 112 membrane.
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Fig. 5. Vanadium ion concentration of Nafion 112, Hot
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GO-Nafion 112 membrane (c) and Nafion 117 membrane (d).



100 J. Korean Electrochem. Soc., Vol. 17, No. 2, 2014

% 99tk o2 FalA, Arslaeime] U Nafion
112 o] A% vhiFolee] F3E EAHOR i
AB e AT F Aglom, vhitE dEs &

189 A9 VRB A9 A% e wug

4
& 7oz Waslel VRB 4% %HE 4459

3.4. VRB single cell M5 H7}

Figure 79lA1& oA AFHE o T/ o
Nafion 112, €28 Nafion 112, Atslaelsle] =
Bl%l Nafion 112 Z&] 3 Nafion 1175 VRBol| 3¢

-

Fig. 7914 vhebd wpe} o] ] F57<] o 2% Z-
U ARYEsE B A4S o] duiHom v

82 Fig. 79 Yehd S48 A4E o] &3}
of b AR wWE FE84 (CE), AYgas
(VE), dlUX|2& (EEyS AAtste] =Ajgk 2ol
VRB A 5dgolxM ARFE=r} 3718l nfg 258
&2 Asdle APEE Holedl, ol AFRd=rt
/1S ST 0] BEEY Fole wEhS
B3 vlgol2] Tl FoE7] Wil vERt
£ Ao AEET Nafion 112, 42 Nafion
112, Ak3lagldo] F8E Nafion 11294 Nafion 117
ool A F2FE S AFYE 80 mA/em®™IA Zt
Z} 88.06%, 94.15%, 94.47% &3 91.58%S e}
ATt Nafion 112 9He] FE880] 7P 9+ 3
el o= ol w3bete] FA7F 78 7]
o] DHAZG 1 53 vhEole] Fikol
7P 297] wEo =2 AlgHn). Akslaaide] ZYw
Nafion 112 2Fe] - 7F =& 2588 #2 B3
=l o] Figs. 5, 69141 WERd vle} 7o) Abslaet
o] Nafion 112 2 FHo| IR Fo] gkexs A
slof ol wRERS Bk ol FHE 13
HoZ ZAANFH7] widl vehd d40 = Als )

Nafion 117 =9 ¢, ol wghete] FA7}
Nafion 112 =3} vjwsle] oF 358 A= F77] w
ol vhEel2s] FREANE HANA FFEES
AdA ez =A e AT WRA S <18t

d

95

e

IS
3
c
2
L
E
w
2
] ]
€ 80
2
3
Q
o
75 4 —8— Nafion 112 membrane
—v— Hot pressing-Nafion 112 membrane
—&— GO-Nafion 112 membrane
—O— Nafion 117 membrane
70 T T T T T T T
20 30 40 50 60 70 80
Current Density (mA/cmz)
98
96 1
94
< 92+
>
[
c
O 90 4
L
=
W gg
©
=)
s
S 86
>

841 _e— Nafion 112 membrane

—v— Hot pressing-Nafion 112 membrane
82 1 —m— GO-Nafion 112 membrane
—O— Nafion 117 membrane

80 T T T T T T
20 30 40 50 60 70 80

Current Density (mA/cm?)

88
86 4
84 "-\4\-
82 4

80 4
78 4

76
74

Energy Efficiency (%)

72 4

704 —e— Nafion 112 membrane

—v— Hot pressing-Nafion 112 membrane
68 - —&— GO-Nafion 112 membrane

—O— Nafion 117 membrane

66

2‘0 C;O 4‘0 5‘0 6‘0 7‘0 8‘0

Current Density (mA/cmz)
Fig. 8. Coulombic efficiency (CE), voltage efficiency (VE)
and energy efficiency (EE) of the VRB with Nafion 112

membrane, Hot pressing-Nafion 112, GO-Nafion 112 and
Nafion 117 membrane.

ZAtago] #AaTE 1 T & JUT). ol 1|
Abslazldo] ZEE Nafion 112 9e] A9 2he] F
717} Nafion 117 2ol v]sle] A3 gFol= &7
st FF5Egc] 9 =A Jeider AdEsx o
= Jebt2S 891 & = At ok vk =
A9l Nafion 112 %3} AztazidZo] ZE
Nafion 112 =& vlws) ¥ Aslazld= FE

olsle] Table. 19 YERH ule} o] 40l A
7t ZHaEe] WRAE gho] FrtetAl HaL, 22 <13
o] Atslazllo] FZEER] ¢S Nafion 112 ol ®

G

—



A718)8tslA], Al 174,

sted APg o] ZaEe dido] LA

Nafion 112, E4=2E Nafion 112, Atslze}do]
F8% Nafion 112 &3 Nafion 117 =9 Htj
NUAEE 72 T4 AFLE 40 mA/em™iA 7}
Z} 76.01%, 82.03%, 85.22% 18] 81.92%= HSA
o} A4=E Nafion 112 2] 73§, vhgolee] &
IAE FFHH O AN F= AR, HHEAE]
Z7t=2 Qlete] oA & o] F431A RoldeS &

d

o1 4= Utk webd AslazlEEs ol Wl
dho] S A9 UFEAE St 722 FAgd 4
gro) vhgoele T3 7AE Ik A% FE58
& 9 duRag SV 2 3HHA Fe] X
7] Wit slaldiE IZHS VRB A 749
ga52l 7|golgia B 4 Utk
4.4 E
detz WS 58 A€ Nafion 112 99
0.93 um §AI2] AslaelaEs IS HERe B

S A =39 3 Nafion 112, AFslzelde] Zed
Nafion 112 ¥ Nafion 117 2}¢] EXEALS A8t
Atk Nafion 1123 Nafion 117 =] 3% T4 =}
ol& ALt whe] BAJo| 2 Aot gller, Ats)
IS TS Nafion 112 2] A Aslaaly=
9] Aol Aw HiE|R Q13 Fhole Ak ki
o] yERst.

Nafion 112, I4E=
F¥ ¥ Nafion 112 % Nafion 117 =L ©]&3}
vhgole FAEE 4% A3, Akslaalyl A"
ol vhe] uhlgFole Fawrt Wed] FekE 34
ThE ulxl BT ohh RAskglon gebE e At
3laetdl s IR o ol nig) <k 1/4 olFE
XA ZAEE 3 & 4 Ay o)A EAS
a3l Yste] Az Azl ' Nafion 112
uh& VRBe|| Ag3te] S Ae A A
VRB A2 F25& 2 ouUxggo] F1Ee &
1 5 U

Nafion 112, Atslzglslo

2 8

2 o

HAlel 2

o] =2 2013d% G @SIErIET)e] Al
2 d=A7ATEe] A9 (No. NRF-2012R1A1A1012
410) B 20139% AL w AR] 2| &Jst
o] F3E AZAREY.

k]

I
o

1. E. Sum, M. Skyllas-Kazacos, ‘A Study of the V()
V(1) Redox Couple for Redox Flow Cell Applications’,

10.

11.

12.

13.

14.

1s.

16.

A2%, 2014 101

J. Power Sources, 15, 179-190 (1985).

E. Sum, M. Rychcik, M. Skyllas-Kazacos, ‘Investigation
of the V(V)/V(IV) syatem for use in the positive half-cell
of a redox battery’, J. Power Sources, 16, 85-95 (1985).
M. Skyllas-Kazacos, M. Rychcik, R. Robins, ‘New All-
Vanadium redox flow cell’, J. Electrochem. Soc., 133,
1057 (1986).

. M. Skyllas-Kazacos, M. Rychcik, R. Robins, ‘All-

vanadium redox battery’, US Patent, 4786, 567 (1986).
M. Gattrell, J. Qian, C. Stewart, P. Graham, B.
MacDougall, ‘The electrochemical reduction of VO," in
acidic solution at high overpotentials’, Electrochimica
Acta, 51, 395 (2005).

T. Mohammadi, S.C. Chieng, M. Skyllas-Kazacos,
‘Water transport study across commercial ion exchange
membranes in the vanadium redox flow battery’, J.
Membr. Sci., 133, 151 (1997).

T. Mohammadi, M. Skyllas-Kazacos, ‘Evaluation of
chemical stability of some membranes in the vanadium
solution’, J. Applied Electrochemistry, 27, 153 (1997).
B. Schwenzer, J. Zhang, S. Kim, L. Li, J. Liu, Z. Yang,
‘Membrane development for vanadium redox flow
batteries’, ChemSusChem, 4, 1388 (2011).

S. Kim, J. Yan, B. Schwenzer, J. Zhang, Liyu Li, J. Liu,
Z. Yang, M. A. Hickner, ‘Cycling performance and
efficiency of sulfonated poly (sulfone) membranes in
vanadium redox flow batteries’, Electrochem. Communi.,
12, 1650 (2010).

S. Kim, T. Tighe, B. Schwenzer, J. Yan, J. Zhang, J. Liu,
Z. Yang, M. A. Hickner, ‘Chemical and mechanical
degradation of sulfonated poly (sulfone) mem- branes in
vanadium redox flow batteries’, J. Appl. Electrochem.,
41, 1201 (2011).

Z. Mai, H. Zhang, X. Li, C. Bi, H. Dai, ‘Sulfonated poly
(tetramethydiphenyl ether ether ketone) membranes for
vanadium redox flow battery application’, J. Power
Sources, 196, 482 (2011).

D. Chen, S. Wang, M. Xiao, Y. Meng, ‘Preparation and
properties of sulfonated poly (fluorenyl ether ketone)
membrane for vanadium redox flow battery application’,
J. Power Sources, 195, 2089 (2010).

D. Chen, S. Wang, M. Xiao, Y. Meng, ‘Synthesis and
properties of novel sulfonated poly (arylene ether
sulfone) ionomers for vanadium redox flow battery’,
Energy Convers., Manage., 51, 2816 (2010).

D. Chen, S. Wang, M. Xiao, Y. Meng, ‘Synthesis and
characterization of novel sulfonated poly(arylene
thioether) ionomers for vanadium redox flow battery
applications’, Energy & Environ. Sci., 3, 622 (2010).
Xinbing Chen, Pei Chen, Zhongwei An, Kangcheng
Chen, Kenichi Okamoto ‘Crosslinked sulfonated poly
(arylene ether ketone) membranes bearing quinoxaline
and acid-base complex cross-linkages for fuel cell
applications’, J. Power Sources, 196, 1694 (2011).
Dongyang Chen, Shuanjin Wang, Min Xiao, Dongmei
Han, Yuezhong Meng, ‘Synthesis of sulfonated poly



102

17.

18.

19.

20.

J. Korean Electrochem. Soc., Vol. 17, No. 2, 2014

(fluorenyl ether thioether ketone)s with bulky-block
structure and its application in vanadium redox flow
battery’, Polymer, 52, 5312 (2011).

Nanfang Wang, Sui Peng, Yanhua Li, Hongmei Wang,
Suqin Liu, et al, ‘Sulfonated poly (phthalazinone ether
sulfone) membrane as a separator of vanadium redox
flow battery’, J. Solid State Electrochem., 16, 2169
(2012).

Jingyu Xi, Zenghua Wu, Xinping Qiu, Liquan Chen,
‘Nafion/SiO, hybrid membrane for vanadium redox flow
battery’, J. Power Sources, 166, 531 (2007).

William S, Hummers Jr, Richard E. Offeman., ‘Preparat-
ion of graphitic oxide’, J. American Chemical Society,
80, 1339 (1958).

Nethravathi C., Rajamathi Micheal, ‘Chemically modi-
fied graphene sheets produced by the solvothermal
reduction of colloidal dispersions of graphite oxide’,
Carbon, 46, 1994 (2008).

21

22.

23.

24.

Dongyang Chen, Shuanjin Wang, Min Xiao, Dongmei
Han, Yuezhong Meng, ‘Sulfonated poly (fluorenyl ether
ketone) membrane with embedded silica rich layer and
enhanced proton selectivity for vanadium redox flow
battery’, J. Power Sources, 195, 7701 (2010).

G. J. Hwang, H. Ohya, ‘Preparation of cation exchange
membrane as a separator for the all-vanadium redox flow
battery’, J. Membr: Sci., 120, 55 (1996).

Y. Geng, S. J. Wang, and J. K. Kim, ‘Preparation of
graphite nanoplatelets and graphene sheets’, J. Colloid
and Interface Sci., 336, 592 (2009).

Jianfeng Shen, Na Li, Min Shi, Yizhe Hu, Mingxin Ye,
‘Covalent synthesis of organophilic chemically functio-
nalized graphene sheets’, J. Colloid and Interface Sci.,
348, 377 (2010).




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /Description <<
    /FRA <>
    /ENU (Use these settings to create PDF documents with higher image resolution for improved printing quality. The PDF documents can be opened with Acrobat and Reader 5.0 and later.)
    /JPN <FEFF3053306e8a2d5b9a306f30019ad889e350cf5ea6753b50cf3092542b308000200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e30593002537052376642306e753b8cea3092670059279650306b4fdd306430533068304c3067304d307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e30593002>
    /DEU <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
    /KOR <FEFFd5a5c0c1b41c0020c778c1c40020d488c9c8c7440020c5bbae300020c704d5740020ace0d574c0c1b3c4c7580020c774bbf8c9c0b97c0020c0acc6a9d558c5ec00200050004400460020bb38c11cb97c0020b9ccb4e4b824ba740020c7740020c124c815c7440020c0acc6a9d558c2edc2dcc624002e0020c7740020c124c815c7440020c0acc6a9d558c5ec0020b9ccb4e000200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /CHS <FEFF4f7f75288fd94e9b8bbe7f6e521b5efa76840020005000440046002065876863ff0c5c065305542b66f49ad8768456fe50cf52068fa87387ff0c4ee563d09ad8625353708d2891cf30028be5002000500044004600206587686353ef4ee54f7f752800200020004100630072006f00620061007400204e0e002000520065006100640065007200200035002e00300020548c66f49ad87248672c62535f003002>
    /CHT <FEFF4f7f752890194e9b8a2d5b9a5efa7acb76840020005000440046002065874ef65305542b8f039ad876845f7150cf89e367905ea6ff0c4fbf65bc63d066075217537054c18cea3002005000440046002065874ef653ef4ee54f7f75280020004100630072006f0062006100740020548c002000520065006100640065007200200035002e0030002053ca66f465b07248672c4f86958b555f3002>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


