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£ AFolME Tio, H 22 teA E (graphenenanosheet, GNS)2| & th27] g0 24| 3/4dst 1%
sto] ABZREE EHFAAE AN 1 BAS AT TiO,-GNS E3HE A= st E3hk2lo] ot
A= g om, N3& 5= ARste] HldR ] &S F71sISit) Tio,-GNS E3HE HA=8 AM-St d54H83 H
okix] o] AFHE GNSY %ﬂ 28] P& wekor, Tioo GNSE 0.01 wt% E53+ A= ARgste] A2kt <
RERdp s EHO“”V} 7 = G821 5.73%E YERISITE o] GNSE Sk o2 d5S ARE-sh gjekdx
) 26% 37 G80lt) o]9F 2 &8 TV 90 2= GNS H7lel| % N39| S&5F 57}, WA A 2§ (electron
recombination)¥} back transport reaction®] 74, FA} =52 F7IEHE 7|Q1% Zii A7, 2 "S_:rLOﬂ/ﬂ TiO,
(anatase)2} GNS2] =A== Field-Emission Scanning Electron Microscopy= 53107 2
AFEIAAEE71(UV-vis Spectroscopy), 12k Al Ee] ZHa gl daf ol st w412 xdﬂi}f%‘@ %‘ﬁ]‘?di‘i—%“ﬂ
(Electrochemical Impedance Spectroscopy) ©]-&-3FIt}.

Abstract — Dye-sensitized solar cells(DSSCs) based on TiO, film photo anode incorporated with different amount of
grapheme nanosheet(GNS) are fabricated and their photovoltaic performance are investigated. The TiO,-GNS compos-
ite electrode has been prepared by a direct mixing method. The DSSC performance of this composite electrode was mea-
sured using N3 dye as a sensitizer. The performance of DSSCs using the TiO,-GNS composite electrodes is dependent
on the GNS loading in the electrodes. The results show that the DSSCs incorporating 0.01 wt% GNS in TiO,photo
anode demonstrates a maximum power conversion efficiency of 5.73%, 26% higher than that without GNS. The per-
formance improvement is ascribed to increased N3 dye adsorption, the reduction of electron recombination and back
transport reaction as well as enhancement of electron transport with the introduction of GNS. The presence of both TiO,
(anatase) and GNS has been confirmed by FieldEmission Scanning Electron Microscopy(FE-SEM). The decrease in
recombination due to GNS in DSSCs has been investigated by the Electrochemical Impedance Spectroscopy.
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LM B T8 TR date] AAge] dold 7hHsAdol 9\,1
TiO,nanoparticles A}©]2] photogeneration® HAFS] 4%

E7+3Y El%Fd =] (Dye-sensitized solar cells, DSSCs)= Gratzel Aske] AT AA|A7) 1 ARe] o)F-S AT ]
I5°] BlFR] 9] working electrodedl] W=7t20] TiO, 5 E?Jﬂ 2] HhHo] Oﬂ—?ﬂ T e (1) ME 7o) thE whea) /;_}g], _EL._T
O1% k2 7HA ¥ 2 FHV|HSE &0 A0 F Qlsto] =2 (metal oxide) E3H=-2] ALE[4] (2) A=A Qo vk A% 3§
A W Y], RS HAAE 1% dyuslas 4[5-10] (3) 2 photogeneration® A} /-2 913} charge carriers
(power conversion efficiency)s A =olE B8k, T2 aVdd A2 Al £8] SoloH11-13].

&S 7] A% wEo] A8 Folvh2,3]. ¥EAEE ElFHAY] Graphite®] T-AAZ O E 0]F0]X graphene 555

¥ Fe8 7Hed wiel #Aleo]l FSIFE L QT 14]. X]:‘”]'X]
Eomatl Zﬁf&%@%ﬁiﬁfﬁ i b addressed. graphene AZ3H7] 913k 12 7p4 4 Wle] el Sl=E|(]
fo] e Au st 3715 4 e AdE 7)date] sy AAQl vig], A% A4, graphite®] 3}82]-77]318H4 $- 7231
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bottom-up 1] F7134 F) 1 FolA, v 713 ek At
2 it 2] ¥ graphene oxide(GO)E ¥+l graphene
nanosheet (GNS)E A|Zsh= 7o) 7P a3&o] 11 WS- vk vl
07 AFETHI15]. #H graphenes 7|HFO 2 3 E3ME-2 F 7))
ool 715717 AUA ks skl veFet 8-8o) 7kssh|
ool o W2 IS B3 Utk 2y 5HERL ] A ER
1€] graphenes 931 7518 S FEIE FA18P] sliAte B
o] sty E3hE Qtell GNS7| US| ThEoiA ok 3,
quantum dots[16], metal nanoparticles[17], &% A3l=(18], 712]1L
A EAH19] 52 vheFst Gelx ] S-go] A-E|ofof it
53], mesoporous ©4:[20], B2~k =5FH (carbon nanotube)[21]%2}
o] tekel €4 A5.2) o]-8-2 B LIeHA AEojof gt

Graphene®] 553 548 vl o2 59, TiO, 7|HF H3Al=o|
GNSE E3517] 8l st wgo] o] Fol#] gith22]. s &
W, Li 7152 graphene oxide®} P255 ¥8l5l 3lsbd o 2 Aglst
TiO,-graphene W 33Ha F50E 3 OS] A/ S AHE-81o]
FHS131 3L, 0] methylene blueol] T3t 32 photodegradation /-
RHoJFQITH10]. =3, Yanggiao 135+ heterogeneous coagulation
o] o&l] FH]E TiO,-graphenes: 3 A=-0 2 ARSI PRt
5% HFAA 9 B8-S =tk Barskgivh23). B3 1Al
TiO,-GNS 2] 7t F=Zo|= A & & (homogeneous colloidal
suspension)S- A|Z3)7] YA AEL 12 Ao] st

B Ao, diesh 3 WhAlE ARgelo] A84keE Bl
] ©] working electrode® ©]-&¥]:= Ti0,-GNS H3AE A=k
o] o] &3l HioFx o] 5248 1 A3 Ti0,-GNS 53 2] o
A% 4 morphologyE ¥238}7] Field-Emission Scanning Electron
Microscopy(FE-SEM)& AR&-6F31 07 521 G R.9] o2 AFeld
371 (UV-vis Spectroscopy), {AF AAgEe] 7ha W AR} S5l o)
sk A2 d7)8)she] 3] A3 (Electrochemical Impedance
Spectroscopy )= ©]-8-3F3AT}. TiO,-GNS H3Hlol] 3le GNS 227}
- F Qb H2 sk 71 olo] oux] Mg o] s
& = AT
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2-1. Graphenenanosheets(GNS)2| £+

GNS9] 45 £13ll 4 Graphene Oxide(GOYE WA 1515
o). GO 8ol B3 modified Hummer’s methods A543t
[24,25]. W14 Graphite flakes(3 g; 5 7] 2~5 mm)E H,S0,(98%,
12 mL) ool Y1 wrkshz] ok A= 80 °Cell 4.54%F F3F #4]
AT GANE 27 A3 &, ] rlo] AR Apo]=9)
Graphite flakesE 97| $I8t0] 2 =0l 253 A4 -S3t3ict.
Z59F A1F AR GOsheet] Z1715 A7gsh=dl vl SQ3hH,
2 220 AlE AR £ GO sheets THET) 1 Thes £
0.5L2] de-ionized(DI)waterel] 32417111, 315E4E Sk Whx|A]71T},
200 nm&] Nylone Millipore HHE AFE-3l0] §HE AL 5
T2 Aol pre-oxidize® graphite powder”} DI ZIT}. pre-
oxidize® graphite powders ©5-2] GO sheet® H}2|A7]7] £]5}49,
ice batholl Al powder(2 g)$} 10.0~15.0 g2] KMnO4Z 125 mLS g
A =T H80.00 H7¥eE 5 2A17F SR WRAA F 1 v
SHFR50 mL)ell 34A17]3L, 20 mLE] H,S0,(30%) 5 AF-2ollA
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7RI 12413F E <t AR Foll, S 3359 supernatants 5]
alo] FAREEA7IH, GO powder= 1 FAECM dolxitt. GO
powderoll ‘FolSl= 54 o2& A7sh] flaiA, HCl 8- (HC:
H,0=1:10C7] Byl SJAA171 & 2|27 s 71 =]
A dofzl OGNS S5 AR5l HCEE: #7187 ] S1eiAM BhAl
REEAA FrH26).

2-2. EHYNR|Q| M=

A5 BlFA]] working electrodeE RIS ] Y3lA, 7+
A 7152 fluorine-doped tin oxide(FTO) -2171H10 Q/em?,
Pilkington)S- 5-+5~(de-ionized water), *F4= (acetone), ©| AT 23
&7-& (isopropyl alcohol)yS ©]-83}0] 1573+ Z=23A12S St 5 0,
Zek=at A lste] 72A1ZIE TiO,-GNS 534S working
electrode™. ©]-§-3F7] 918k AAHS vh53 221 TiO,-GNS &
3 7=e] 2732 Table 17} 2t}

0.2 g9 poly ethylene glycolPEG MW 10,000y 2 ml2] 55+
9} 2.5 mle] ofjgk&o] x3kel g-Hel §3)A]7]1L, TiO, HEH &
£7] 91819 1.0 g8 TiO,= H7F3kt} FTO fra 712 $lol] 2l
o] =(doctor blade) 'WH .2 TiO, AENS U3 FAZ
7] ZHo et Tio,8F GNS ZAdol] whs 2412 Alket7] Sl
2] GNSE TiO, defeloll 7kt $0.01 wi%), TiOll 2
T L w7hA] Feddo] OGNS} 2 BAME E= oF 30871
7 FTO 2] 7% 2loll 98 Edlo|= W= Tio, d89&
ot FAZ FBAAA ZolF=o] Ti0,-GNS0.01% H=-5 F1a}
th 5dsh 2 0 2 GNS2| H7FFE 0.02, 0.025, 0.03, 0.06, 0.2 wt%
2 27319 Ti0,-GNS A=52 FTO 7|3 $loll F0I3IATH(TiO,-
GNS0.02, Ti0,-GNS0.025, TiO,-GNS0.03, TiO,-GNS0.06 and TiO,-
GNS0.2). #H]¥ A5 INZF ERE 450 °CE A3k 5, 80°C
7HA] 2181 TR N3 dye S llgh&ol 3x107 M F)el 24 52
@7t RS FESIIL f7] SllE 7o R oF A [l 3-
methoxyacetonitrile®]] 0.6 M dimethylpropylimidazolium iodide, 0.1
M of iodine, 0.5 M tert-butylpyridine, 723 0.1 M of lithium iodide
5 Z3ste] HE3eH FTO 21713 $lefl sputterdt PtE counter
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2-3. M ™7}
&2 FZ 2] (morphology )= FE-SEM(field emission scanning
electron microscope)(Hitachi S-4500 model)© 2 #2311 2™, Tio,
9} TiO,-GNS2] =D AFNEHL UVavis £37](UV-670)Z ©]
L3199t} BloFdA] (active B4 0.25 em?)S dark?} illumination
uf o] HFU T -7 b(current versus voltage, 1-V) 542 AM1.5G
solar simulator(300 W, Newport, USA), Keithley 2400 source-measure

unit?} PV reference cell(2x2 cm, a monocrystalline silicon solar cell,

Table 1. Composition of TiO,-GNS composite electrodes

Samples TiO, (g) GNS (mg) PEG (g)
TiO, 1.0 0.0 0.2
TiO,-GNS0.01% 1.0 0.1 0.2
TiO,-GNS0.02% 1.0 0.2 0.2
TiO,-GNS0.03% 1.0 0.3 0.2
TiO,-GNS0.06% 1.0 0.6 0.2
TiO,-GNS0.2% 1.0 2.0 0.2
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calibrated at NREL, Colorado, USA)S ©]-&3}] 100 mW/em? %71
oA SAeATE A ] Mt o]Fg EAE F UE
Electrochemical impedance spectra(EIS)i= alternative signalS 10 mV
= =31 Autolab, Versastat-3 “ZH]f| 2J3to] STt AHSAIE
AF8-3}+= conventional A2 EIS 5732 93l A|X] A& ZA
2.5mM Fe;[Fe(CN)o /K, [Fe(CN)g](1:1) 945 AME-38I510m T}
Hl-golA REE01%] TiO,-GNS E3H4 :1=-& working electrode®,
Pti= counterelectrode® Z, Ag'/Agi reference electrode® AR
aFlt.

0

.20 Y EE

Fig. 1> M2 ok Aol 75017 Ti0,-GNS HgHA)] H=e
SEM ou]#|o|t}, TiO,ofl #-4Hed GNS7F ghege]l whef A& &
morphologyE XS & = 1 21 GNS9J ofo] F7she| w2} sheet
FEe] GNS7FFSsHA 2 2lTE GNSE Fe] 0.01 wi%R! 7d-¢-
(Fig. 1b) GNS7} TiO, Well w2 2 FAke]o} 9l A& & 4= 3l
O ©]i= GNSE} TiO,nanoparticle Aol HFo] & o] FojH 35
oJu) &}, GNSE %2 0.03 wi% o) Z7Fx 7ol we} (Figureld)
GNS7} TiO, HlelA A3 221%™ 0.06~0.2 wt%7H] H7Fskols
] A= F3%] GNSZ <13l Tio,#He] 4% Y TiO,nanoparticle”|
2]9] #Fo] 7HaEH ol Ti0,-GNS Bk A= oA o] Azt
o] FAQell S & Fo= Y7k Bek GNS| o E9lell
w2} N3 G537k F28 ¢ gl Tio,2] wazo] 7h4g Zlojt}, &
GNS9] 4= £U55 GNS 2 9]l TIO,E Q18] Tio, 3
N3 g8 Fre sk Hr ol aAte] AREEE WEe &
Qle] =& Zlow Azber). tiEo] vk Tio, B0l W 4] GNS

1

Fig. 1. SEM images of (a) 0 (b) 0.01 (c) 0.02 (d) 0.03 (e) 0.06 and (f)
0.2 wt% GNS-TiO, composite electrodes.
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Fig. 2. Optical absorption spectra of N3 dye from different GNS-
TiO, composite electrodes.

& xgekar Qlvbd, s 8] HolAA] 9> GNSO EHe
AP} ol Fsh= A& Ala8R= thil working electrode o 2}
o] AAZS S7HNZIAL, Ol Voog A7 8R10] Ht), 53]
0.06 wt% ©’d GNS & 37} Al(Fig. 1 e-f), TF/d TiO, H=2
XX Ao 7} STV As $aEke] 01 o= short circuit
o] fA WA ZlolaL 2t &0 FAE T Slofth

TiO,-GNS E5A] A5 24A17F 57t N3 oI5 kel Hao=x)
F2H A5 oS AR AE-47](UV-vis Spectroscopy)E =751
Fig. 20l YFER3IT}. GNS7} 0.01 wt%e?} £8H Ti0,2] 739 N3
o] B 982l 535 nmollA] 7P S TS Kot o)
0.01 wt% GNSE X3tehk= TiO,/F GNSE E3tak4] k= Tio,&} o
£ 22 GNSE X&3H= Ti0,-GNS HAHLE N3 958 5
317191 5213 morphologyS 7FA 1L Q17| w0 2 Azteic), E3)
=& 0] GNSE EF8H= Ti0,-GNS HA] 7-¢- SEM A}
oA & 7 Ql=o] H7HE GNS7F A B3R 1L GNSE ETRR]
TiO,= Q151 Ti0, Xl N3 @857} 55 oo #ash] o
ol F3Fr) Fashs 207 Heln),

GNS & st Ade TiO,-GNS H3HAE working

—— Dark
—=—TiO,
—_— TiOz—GNS 0.01%
——TiO,-GNS 0.02%
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_15'..|.|.|.|.|.|.|.|.|.|
-01 00 01 02 03 04 05 06 07 08 09 10

Voltage (V)

Current density (mAcm?)
&
T

Fig. 3. J-V curves of DSSCs with different GNS-TiO, composite

electrodes.
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Table 2. Solar cell performanceof DSSCs with different GNS-TiO,
composite electrodes

Samples J.(mA/m?) V. (V) FF PCE (%)
TiO, 8.67 0.76 0.68 4.53
TiO,-GNS0.01% 11.28 0.74 0.69 5.73
TiO,-GNS0.02% 10.01 0.75 0.68 5.21
TiO,-GNS0.03% 8.4 0.76 0.70 4.31
Ti02-GNS0.06% 8.0 0.69 0.67 3.72
Ti02-GNS0.2% 3.17 0.72 0.60 1.37

electrode® ARE810] EFAA] 2215 Aldstal gloFd=] 2] o4
1 AsS H7FISIT. Fig. 32 7F AAlelld] dojxl dwd
= -Z9¥(current density-voltage, J-V curve) “1Z]3ZE Table 2= 12}
2 ZRE ARk 7] 7} 23] 77 (open circuit voltage, Voc),
Wb R (short circuit current, Jsc), fill factor(FF)2} %3 & & (power
conversion efficiency, PCE)gkS LFERHATE. GNSE Z33HA] ok 4
2ke] 79 4.53%2 a&e eSO GNSE 0.01 wi%e 7t
8¢ 2Ake] m8o] SRR & & AUATE = TiO,-GNS 0.01%2]
working electrodes A3 873 BIHAAE Tio, A=5 A}
§-3F 2oabel] u)8)l PCEgke] oF 27% 718t 5.73%E H3lom] ol
8.67 mA/em®IA] 11.28 mA/em?7HA] 2F 30% 5713t Jscell 7|91k
Zloet, o]yt Jseoll M2l & T7Hs GNSS 37Fgho 2y Frtst
TiO,2] AE% 9 A5FA=| 23t 2oz Azuy o] A=
Fig. 13} 204 dojxl Aasl & dA3E & 5 AATh TiO,-
GNS0.02%°] 73-F- GNSE F7FslA] k2 2ol mlal w2 Jscit}
T84S JERIL O TiO,-GNS 0.01%KTh= s AsS B
o} T3k GNCO) o] ¥ Lol Ti0,-GNS0.03% AANE+
FASHA Jscito] aEH A4k gfo] AsFES & - ASIT. o]
 Ho® A7k OGNS SAlell 2%t Tio e HE A F
7} 9l 742} o] F 2] Fha e 3 AskE fEe] F& ] 711 A
o= st

Fig. 4= 1 HzelA 100 KHzZHA €] 2155 RiflelA 78k Tio,
2 TiO,-GNS 534 electrode®] Y~ Aot} Nyquistplot®.
EHE o Q0] GNSE H7IREe 24 plot F9] whle] A717F
ZopA|A| Hm o]= 114 doe] A Ag 2l oA ] s} o]

25

15 -

Z"/Ohm

10 -
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1 . 1 L 1 L 1
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Z'/0hm

Fig. 4. Nyquist plots measured for TiO,, and TiO,-GNS working
electrodes.
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& Al A S vehlls Aotk o]H g Ade] fHhe B
Sk GNSE 713k 24 dojzl 4} A4 F(electron recombination)}
back transport reaction®] 7ol 7]Q1sH 7 0 7 AYZhEAT)

4.8 E

£ AFoAE= TiO, nanoparticles?t GNSE The w52 £33
o] FTO A7 ] 713 Sloll 9] Egol= i ow s”dto s
M A2l working electrode®] DSSC 224} 542 3715133t} GNS
9] gFo] 0.01~0.2 wt%z W] we} A= tHE morphology 54
= H30m 0.01 wi%] GNS7F 33 Tio,7F 5 Aldel gle
AgE = 4= = HZA 2] morphology & B2 &= ASITh &
3t o]2f8t morphology°llX] N3 45 557} S7ko] 457} &
ol & = Qo o= Aa 5ol AFA 0w P T3
EloFA] 22} EAJ0f Qlo] GNS7F H7HEA] 9 Tio, A= A}
G5 ZAlell vlaate] 0.01 wi% GNS7F 37 Aake] ¢ Jsert
oF 30%7} S7k3lo] WA &8o] 27% S7IeHE ER1E = At
olefgh Azt &82] S7R= 7RI N3 959 F3E Tk A
A} AT} back transport reaction®] 4, WA} =52] F7 125 -E]
71Q18t Z1o & AY7tET,

72 A

QA gEpAle] A9E wot o] FolgLickaiAl M
3 : KRF-2008-314-D00107).
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