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Abstract — Graphene has a large surface area to volume ratio and good mechanical and electrical property and
biocompatibility. This study described the electrochemical deposition and reduction of graphene oxide on the surface of
indium tin oxide (ITO) glass slide and electrochemical characterization of graphen-modified ITO. Cyclic voltammetry
was used for the deposition and reduction of graphene oxide. The surface of graphen-coated ITO was characterized using
scanning electron microscopy and energy dispesive X-ray spectroscopy. The electrodes were evaluated by performing
cyclic voltammetry and electrochemical impedance spectroscopy. The number of cycles and scan rate greatly influenced
on the coverage and the degree of reduction of graphene oxide, thus affecting the electrochemical properties of electrodes.
Modification of ITO with graphene generated higher current with lower charge transfer resistance at the electrode-electrolyte
interface. Glucose oxidase was immobilized on the graphene-modified ITO and has been found to successfully generate
electrons by oxidizing glucose.
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SESITE H ol 2 34 W 3-8 A7 L gl
2F3} 7129 (reduced graphene oxide, rGO)= X W % o]
A AL, A7) I=Ag, W 71AA EA0] Holu, 7] o]
=1 5 FEt gAg 2t AR AR 9], Hel
Ao F QI rGOE= S HE-E Hlo] @ A, E-3HA (composites),
A& 3} E X ~E(field-effect transistor), oL A] 23} 1l 2] 7o
ge] 451 9eh10]. 18 rGOE 24 -3k8HA o 7 kg3l
o] NE FAE= Ao 78] whitel v A5 ASET g4
E31)A] ok A N BRg FA AxE S8 = Z
T4 &E AFEEF] of HUH11]. W, Ak 3R ZHET
Sh= AF3} 129 (graphene oxide, GO)S A3 AAlfo]”
g & FakE 1 e ERETE gA £ E 54
ot 22y A7)7F B3R 9= AR (insulator)O | B2 G
A=z AR 7 glrh12,13].
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Indium tin oxide ITO)-Z% S Ae FHold FFHE 7=
St A7HEEE 2] wliEe] 'R, EWAAE, vlo] 2.4l
A, gTiznEeo] soll Bl AR= AL Qlvk. gk sE N 9 vt
o|lQ ®A} 173 8l A7, siEld, wlo]AZof#o] A4S 4
Al & 4= glo] W78k Al ZHE Ve el Yl ARgE A
ATH18]. L& S 1TO A= A2 2 o] F AlA] Aol &85t
AbeEl7b B % 9ok Hague S[19]12 et a4 H 3letE 2
ITOo F-ZAIZ1 &, o] 5 GO #4tel] g1 S35 =+ GO
7} A7) 18] 2Jsled 1TO EHol F3 vt ¥ 3k3ich
3 o] 52 =3 A 71 (cyclic voltammetry, CV)E 2]-8-5}10]
ITO %19 GOE AN AT Yang S[18]2 ITO | GO ¥
AN S EEE T AXAZ F 1Tool 38 GOE PBS W ¥ (pH
5.00914 cv o2 SHAXZTH Moghazi 5201 Z-5 B H &
(pH 7.2)° GOE 3]413}0] #| %3 GO #ATH ITOE @13l |E

A = EEL
ool PR ik, ab

129) Alo]Z 58 WBHAIZIP GO FHES B B AAAG)

=
AF7kA] Bad v glok A AFE W] 7 (scanning electron
microscopy, SEM)Z} oL X FAF X-A 1233 (energy dispersive
spectroscopy, EDS)E AMHEsle] 1@¥o] IR ITO X8 &
SF3ITt cvet A71318) 9] 3] 2~ 2335 (Electrochemical impedance
spectroscopy, EIS) #2415 &3l A28 A=52] W713ehs 54E

A
(glucose oxidase, GOx)E LA 37 &4 A=S A&5aL o]
EAE B7sIsich
2.4 ™

2-1. & M=

Absl 12 A (GO) FAE N (A FH S 777676), Aspergillus niger
2 L= A3} E A (glucose oxidase, GOx), 7] &4 5= Sigma-
Aldrich AKSt. Louis, USA)SIIA] - 3F3ATE. ITO glass sheet (100 sq)
£ U.LD (Sejong, Korea)ZF-E] F-¢15ta &7 A7 2 Z2bA A}
231t} 23] AT E(Seoul, Korea)oll A FAE|0]Z(3M AL USAYE
T3 T 137 mM NaCl, 2.7 mM KCI, % 10 mM Na,HPO, %
T4 ¥ A 2] 2] 4= (phosphate-buffered saline, PBS; pH 7.0)E Al
Zato] el g0 ARGt

22. W= HE H M5 BH 24

Jeon T [21]°] Aqtet WS wpe} ITO =; 2~ SEFo] E(1.25
cm % 0.75 em)yE A1 H38kITh Z, ITOZ ) 2hK(piranha) 890 %
A3 & o)|5 SHpol §1al 40 kHzol A Fsdhe 2591
7](WUC-DO6H, Daihan Scientific Co. Ltd., Wonju, Korea)l| 4]
96WE 57 257k A S F Aol Havts 55 el ¢
A A sk AZRAIFTE T8 GO 4 (dispersion) S &
TR 345k o) 5 22 TAE 7 AIM 96WR 521t Z2-5-ukA g
3lo] A3 A9 GO FAHN (0.5 mg/mLyS AU} ITO EHel
GO29] F2H} 3-S5 215+ Chen 5[22]% Zhu F[17]0] A&
CV H& o Wgsto] ARE-aI3iTh: 4 mLe] 3]4]¥ GO #AT el
ITO, Pt wire (N3 =), 2 7154521 leakless miniature Ag/AgCl
(saturated KCl; LF-2, Innovative Instruments Inc., Tampa, USA)<
@131 -1.5~0.5 V (vs. Ag/AgCl) H9 ] S QI7l8ke] FAL &
= (scan rate)9} AFOIE 5 HSIAAZP HHEH 0 2 cV A S
Faste] A7152s dEskGith 17188t Fuk-goll A 1To A
= 45 GO7F AT o 25 E AAE W s E87g0)
A A5 wdel] F25th22]. GO7t S ITO (ITO-GO)Y=
4 mL2] PBS &4 (pH 7.0)°ll W3 -1.5~0.0 V H<2]ell4] 50 mV/s2]
TFAFSILER 30 Al 29] CV 270EE sk 1TO 371 2] GOE
FAAZAT Fig. 1(a&bye 171318 w43} GO 9] 418 7
A& RojEr) 3 E Go7F -3 ITO (ITO-rGO) S 5 ul
9] GOx £N(5 mg/mL)C.E EXE3F 3 Ao AXAIA GOx7}

<
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64 P
Ag/AgCl
(@) () Ptwire (®)
mo_ /1
> GO dispersion
—

1 Go Cyclic voltammetry
> Deposition
& ITO GO

14%
Reference electrode
© (AgAgCh) ~ Counter electrode
1| & (Ptwire)
D
PBS (pH 7.0) 2
—_—

Cyclic voltammetry

i Electrolyt
Reduction ectrolyte

Working electrode -
(ITO-RGO) -

I rGO

Fig. 1. (a) Electrochemical cell for fabrication of graphene-modified ITO, (b) schematic illustration of fabrication of ITO-GO and ITO-rGO,

and small volume cell for electrochemical analysis of electrodes.

1YskE g4 A5S ARGk e T 2304 Alztd
ITO-GO %49 4 v AT 2E g1st7] 913ke] SEM (JSM-7610F,

JEOL, Japan)2 ©]8-8F1t}. ITO-GO, ITO-rGO %W 41L& 8t
?1&}7] 9]8ke] EDS (JSM-7900F, JEOL, Japan)= ©]-&-3}31T}. o]
o ASE WEP)E S mAClA 287 IREGCH, TR
15 kV, #4472 10~15 mmAth. H#A4E o] §ato] 54559

T Ak B FFH O B,

2-3. M3 SN 2N

A=e] A71818HA 5435 AR f18to] Ad7ellM ARt 3
AT A AES A28 =], ITO-rGO = 5471 F-29 A=
(ITO-1GO-GOx)E A AHA o2 ARGt A= 5498 Lofr
7] 918k cvel EIS #2410 mM K5[Fe(CN) /K, [Fe(CN)q4]
(1:1 molar ratio)”} 4 7Hel PBS (pH 7.0)5 &2 &N o7 Alg
st a7k 2 A=) oV A4S 9k 71+ Al
30 mM XS FLeIginh Age] Asid gols Akgste] cvel
EIS #2]0] 7}5 3t miniature = H|AE A A~ES A 2515 o)
(Fig. 1(c)). 74 F7|2 A2 FAH0) ofAd-& 4H8 HAX| 2 €}
Fetal o & A= el Fakepgit. 432 (A5 6 mm, 0]
1.1 mm)el| 50 pLo] s s Ao 7Ed=7 =S &
ool Gt wE2Y A= TS A AAH-9) =2 AREEHA

()

Current (uA)

0.5
E (V vs. Ag/AgCl)

05

Current (mA)

t} 10 mV/se] FAFSEE CVE

[oXNN =]
g5 A

A& AAEih A7)81eA A
at7] $13k EIS 574 9] T3k R 91:= 0.1~100 kHzo] 1L
5 mVe IFAIEZE Aottt A2l A %X} (potentiostat,
CH Instruments, model 660D, Houston, USA)E A3} 2= A

713 Ag= skt
3. 48 A nE
3-1. ITO EH0f| GO 3% A 2
Fig. 2(a)= HE5#Q1 €V 2704 3l ITO Hvlel GOS -2

A7l ¥ 290d A-F-2 1To A=
7-22] ITO B o] Fof ¥ thg-&
HHEE o ujzh
o] f&é}ﬂ%ﬁ:} 1

=t} cV A7
& QT Ato] Eo]
A= 3 Azko] s xlgh 4 o 7 Wish= 7
3 ITO ¥l GO

S BoIFT} Fig. 2(b)= WHEAQ A71dS 53
ITO E“E"ﬂ F2E GOE A= A ~A0E A5 1ITOE
HojzTh 3 WA 9} T AR Afo]Z EQ 11,07} -1.35 V 2 oAl
FElgk gkl A 9327 R e Abo]Fol vl
whe} A5 9359 7|7} 7hadt & 9bds] At Haque 5
[19]:> ITO 2% GO sheets $HAA]7]7] 9l3ke] -120~0V

T U

= plE Aol oV ATYS B

Ak Aol WA 0w Cv A7 S Fasiadt. 15e 3
L)
2 -
_4 -
5 4
,B <
—
=10 T T T T T T T
1.4 1.2 -1.0 £.8 -0.6 0.4 -0.2 0.0
E (V vs. Ag/AgCI)

Fig. 2. Cyclic voltammetry cycles of electrochemical (a) deposition of GO on ITO and (b) reduction of ITO-GO to ITO-rGO with scan rate of
10 mV/s. The insets show the pictures of ITO, ITO-GO, and ITO-rGO.
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A718)8t Z2S o]4-sk 1819 71 Indium Tin Oxide A= A7 @ g4 Ao S8 65

A At Bk -1.0 VoA 2 gl W57 I 27t A E oY F
WA Apo]Zoll A 1 5T A7k Alebtha Bkl fed
gk~ 7 = (glassy carbon electrode)el] F-2Hel GO2| A7]3}8h4] &
oMz o] 9} v]S=3t Axpr}t B arEtH23]. 3HH, Yang S[241
A A Abo]F FRL -1.35 Vol & A7 37 YA = 1ot
AR Abo]F F3E 9 F2] 2717 F48] 7HAslaL Ate] 2ol
HHE e et Alebgivkar Hashich ARFE 0% 0.8 V (vs. Ag/
AgCl) Bt} o] 542 Aol Go2) 1717 ghgdnk-go] Aok
oH19]. -1.0%} -1.35 VoA o] & 3 AR/ I3+ GO A3l
155(-OH, -COOH, epoxide)©| HA=WA A== oty &
R TH16,25,26]. AFo]Eo] WHEH e whet gl AR 327 Alkek
A= A GO ghgo] vl7He WhE-9l-& YERATH23]. $HH, GO7t
F2E 1TO B2 A7 A 2o A] Afo|Zo] REE g of wje}
ZI5k LA 0 2 Wsklth(Fig. 2(b)). ©l21d A2 W3k Gool At
318 Z1Fo] AAEEA YRt Arfelth14]. & AelA -1.0 V
AellA el A7 AR $ AREA AL ITO-GO ¥ AZo] vt
Sz A ZRE] ITO-GOol| EAISH= AFeld 150 WHEHQl ¢V
27Nl oJal avbd o g Qlrkar I Qi

AzH A= el GO7F HdsHAl F-2hE 3 S E A=A S
ZAFsH= Zlo] D Q319itE SEM #4118 E31o] 1TO el F2h
# GO2 FE&% £ (morphology)s T2t} Fig. 3(a)= th
34 WA Kok gk AR F TRE ZHe GOE HojFrh
Fig. 3(b)°ll ITO el F-abel B3] =571 737} Hol=H] o]
g9 Go2o| Ayl Fefelar LR th23]. GOLF rGO7| -2t
ITO %% 2] EDS ¥4 A3}= Fig. 39 YRt GO7F 32
A=) /0 B2 A% 715)7}F 0.67:10014 g-9 BH S A%

e ol

B

2]
L16:12 7kl & 7 UTh ol GO7L A=A 4t
£ 2ehe 8717 AAE A7) WtoltH27-29]. GO F-A Y
29l ool Tt 7141 JHE A7) fl5ke] M=) XRD w4
o] A aalt}. 5~30% W99 2 thethaolX] HEH = XRD IIE5S
A gk R=t] [29], ITO A=-<] W12k 7o) o} ITO-GO}
ITO-rGO2] *}0] & &R15}7] o]#]$)th(data not shown).

g

Element | Wit% | At%
C 13.4 279
o 26.7 41.7

Na 3.0 3.2
Mg 0.9 1.0
Al 1.3 1.1
51 17.7 158
5 0.1 0.1
Ca 1.9 1.8
In 0.6 6.7
Sn 34 0.7
Total 100,00 | 100.0

Fig. 3. SEM images and EDS results of (a) ITO-GO and (b) ITO-rGO.

3-2. GO B&F =20l mE M3e| My|sE Ms

GO T2 WHlollA] FAF £ 291 A7 Ale] 2 F7F GO T3

A2 718k B3l n||= ake ARSI AlelE
#3810, 30, 503]) AIA 7} 1TO-GO A=HES A#stal o]
A 27 3ol 30 CV AlelES FaiEle] FatdE GO A
th. CVe} EIS 45 3sl7] flate] M=2] 17)81eh4] 54
ZAFs= B3 (probe) 2.2 FE] AHEE]= [Fe(CN) 471 A7}
PBS £ [301& s d 2 ALg-38l3it.

Fig. 4a% T& 2909 Ale] Zl4 Go7t 52 d=59) ¢V
T EE BoJFE T Bare ITO =2 9 0.17 03 V (vs. Ag/
AgChellA T Al A 937} =Gl ], o] 1A} o)l
a2 A AIQbSHE (ferricyanide) ©]-=2] 711 A Q1 4bs)-3H A E2
Avtolti[12,31,32]. 103] Alo]Fel| 28 GO7} #-24 A=(D10-
R30)°l14] bare ITOX.UT} 1] 35 Aba}-3H9) 25 957} 223
th AtolE 5 3032 F7FAF ol WEK(D30-R30) A== A5
G2 T o 5081 2 S 7HAR] A 9-(D50-R30)°l = 23]
A Aol Ahastaltt. g0kt 30 270 All2E GO &
N1 o] 7 e AF(879195 pAYE AABIR =), o=
bare ITO7} A1 8F= A F3(370+45 pA)2) 244 of] s dshct, =
A= 1TO Bo) 399 GOZ /fdE oz dImwe] dvy
(conduction)°] F7Fate] Zx}e] o] Fo] A Webg S-S AAFsITE,
FE GO MAH - H=2) A A=) T71st A7 Cuisgh
Zhang [30]°] 28} K315 IT}. Fig. 4(b)= EIS E410llA 48 d
ol8e] Yo|AAE (Nyquist) X< HojFth I Fakrsl S35
T GAellA T 719 vkglo] vebyitt, 175 o 9ol R k=
22 RIS A= 240 IRAT 2 A71A S AE e
I3 @9l vehkes & 9kl TeiRdsid IE

A
=
T

=
=

o b o B

Wi% | A%
20.5 40.4
234 34.7
2.3 23
0.7 0.7
1.0 0.8
14.5 12.3
0.1 0.1
2.5 1.5
325 6.7
2.5 0.5
100.0 | 100.0
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350
(b) # BareITO
| . % o o D10-R30
300 . . v D30-R30
. . & D50-R30
L
— . = o & .
NE v . N .
o oo F
o ° o, a 0w
i ¥, LI
= Yo, & 4
- ¥ o 2o
¥ 0O A
v L
2 %%;;
T : . . T T T
04 0.5 0.6 400 800 800

0.0 01 02 0.3
E(V vs. Ag/AgCl) Z' (Q2)
Fig. 4. (a) Cyclic voltammograms and (b) Niquist plots of impedance measurement of ITO-rGOs prepared with different number of cycles at

the GO-deposition step but the same number of cycles for GO reduction. The inset shows the plot of current density versus number of
cycles for ITO-rGO.

S bare ITOYNA 718 Z131(764 Q) 3+

o]zefx o] Hahde AR, )y HEPATH33]. thE 23104 GO =48t vk o) A5
7} 22 Aol tiste] A QlEjFo) ol o) Aalxe H GO FA O 7 A7|7F FAEIITh Al 2 7t STkl
et =) gk jEle] A7) 3HAste] 30 Ate]Eell gJs) o

AL Blashy] f1ste] T3 Fukg doell o= ke A&

Fig. 5. SEM images of ITO-GO prepared at different scan rates: (a) bare ITO, (b) ITO-GO (10 mV/sec), (¢) ITO-GO (20 mV/sec), and (d)

ITO-GO (50 mV/sec).
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27188t Z2S 0]8-8 729 712 Indium Tin Oxide A= A2 @ g4 Ao

Z GO Z2F A=H(D30-R30)0l1A 7Hg 2H- 7] 2] WEX]E5(586 Q)
| YERstet. 12y 50 AtolEellA] Dofxl GO T2 ITOCIA vH
252 2318 S7IEIILh £ Ay 1To Bl 3y 1ae
SZAZ o7 AFRIEH o) A2 R 7 BAsIAS-S AR
Moghazi 5 [201 ITO el gl e F2] S/t A=<l
Ej#jo]2o] R & HaA7]aL 52 1713818 Ad58 A
U R ustlnh A7 Alo)|E St 271 E 11O A=kl 2k
& GO TS T7HMA A9 AT FEo] dEE A
O & ) o] Alo]E = STl mEk Ed Fakgo] T
sto] A=re] AR o] S7RIIthE 71 Bal[34]9ks dAJst
= Adfeltt, eyt #egh ofe] el Fae gewe] B
7153AIA e o)o] FEE 1% 52 Sk oA 1t
F1[26] A5/AEE] R 7F STk A0 ARAS Ao
[17,30,35].
2 A 557 GO S& S (coverage)2t A= Aol nx|=
S AR 8k GO F& ©HAlolA 10~50 mV/sE FAF &
SIAIATE CV APIEH S 303 HHEEl] ITO Bl GOE
131 8kl Z70ellA] 30 CV AbOl S8 WHE ko] Sake
AIZATh. Fig. 5% tHE FAF S50 GO7L 52 1TO
RHoIFE= MR )7 AlRlo]t), Bare ITO (Fig. 5(a))%f
GO7} =29 ITO ¥10] GOZ Y3 Y= AL & 53l
20 mV/s2] FAF SRR ALo|E S A-9-0f ITO 3% o
0% Y¥ATKFig. 5(b)&(c)), 50 mV/sS] FAF o=
o9 GO7F T2 AL 1T = Ivh(Fig. 5(d)).
EHE FAF S E7F ST ITO 329l GO7F it atA
T AE LT U AL ST 2575 S A
Zolx] A=re] e GO o] 2S- WhH AL &7}
A FAIko] F7kste] Y AR Es A UyE GO &
tha S HTH15]. Fig. 6& T2 FA £ 52 GO7L 5
rGOE ¥ H=59] A7|sleH4 S-S HolF= Ccv L
th 10 mV/se] FAF SEE GO7E F-a A=) 7 B
AR AL S SR O whe) A1z M=o A
FUE o] Zasiiit. FARGE St wef 229
5% Al (agglomerates) F/Jo] FHEHo] ITO X AAY

13
2N o
r&mr

14
>
N
R

Q
W
-

o

kel
)
o

[

2

El

B

.10

(2o
Q

w g

>
>
2

og MO
ot o, jﬁl‘

i

= )
o

o e 2 L= (-7
oL By
frow i
> r

—_———  10mVis
20 mVis
50 mVis

500 4

J (nAlem?)

500

- B & B B B

2om rde(mvig

-1000 T T T
0.0 0.2 0.4 0.6

E (Vvs. Ag/AgCl)
Fig. 6. Cyclic voltammograms of ITO-rGO prepared with differ-

ent scan rates at the GO-deposition step. The inset shows
the plot of current density versus scan rates for ITO-rGO.
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