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ABSTRACT

In the present study, a modified Hummer’s method was employed to oxidize natural graphite to
graphite oxide. After ultrasonic exfoliation and post-treatment through hydrazine reduction, the
as-derived reduced graphene oxide possessed several desirable properties, including an ultra-large
surface area, electrical conductivity, optical transparency, and substantial electro-catalytic activity.
Although sodium nitrate is an effective oxidant in the traditional Hummer’s method, it was obsoleted
in the present study due to its ecofriendly synthesis route. The findings of the X-ray diffraction
analysis of the as-synthesized samples revealed that the distance between graphene layers was
enlarged due to intercalation. On the basis of atomic force microscopy results, the thickness of the
as-prepared multilayered graphene was estimated to be 20 layers of the graphitic plane with a sheet
resistance of 280.1 + 4.5 Q/, a carrier concentration of 4.34 x 10Y, and an electric mobility of 9.5
cm?v st

The as-synthesized graphene was then dispersed in acidic water and coated on an ITO substrate
through electrophoretic deposition( EPD ), serving as a counter electrode for dye-sensitized solar cells.
The photovoltaic characterization indicated that under AM 1.5 G illumination, the cell prepared using
the EPD-graphene counter electrode showed insufficient regeneration activity, leading to a low energy
conversion efficiency of 0.380%, which was only 20% of the conversion efficiency of a standard
platinum film. When a thin layer of sputtered platinum was applied, the performance of the
Pt-decorated EPD-graphene counter electrode was substantially enhanced.

Key Words: graphene, modified Hummer’s method, electrophoretic deposition, dye-sensitized solar

cells, impedance analysis
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KIS EE A (dye-sensitized solar cells, DSSC) &5t
> ¥fEE S (counter electrode ) A ¢ EEIERAHRIEET ] -
PyHEEEAAE - DSSC WEMERIIAER — 1 (1) Ki2kH
ARO[ TP RCR S T Y e B g - (2)
2 B MDA S Y B -0 A SR -2 R S ( redox couple ) »
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Rt CERF1% ) - EPD 28 : DC 3V » JJ( 3R 60 7 -
SEHEMLLL Ar FEABIREZ - 200°C BB 5 SriE o ASULH
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FH ARy EEE (yellow-brown) K& LA SN (graphene
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Ak ~ Gro BLKCBIR B R BT rGO Mrettdn e T
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7 JREEEARWIZE A& Y SRR RO TE A AR
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ring CORJBRER5H -~ C-O FRFHAThR 5+~ HEL( carbonyl, C=0)
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RTINS » 3530 DUBAR AR A PTG 0 28 M i 2 BB 1
TERT AR ERSRAIEEE By 52.38% © 2 2 @KU 2 b
Fi 2 B R S - A iR ERSRAYEL 3 fy 66.51% o _Faftsh 5
io B DUV (R E BRI A S 2 A Ry D BRVSHAESE
JEF o IEASIRER Ruoff & A PS4SR AHTT -
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—_
2

Peak Position (eV) FWIM Area
5000 4 1 2845 1.62 6314
—_ 2 280.3 1.72 3882
0
w 3 2878 2.16 1521
E 4000 4 289.00 132 335
S 2 3 335
[o]
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~
> 3000
=
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-
£ 2000
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(b)

Peak Position (eV) FWITM Area
8000
| 284.5 1.50 12924
m 2 286.5 1.35 4579
-
2 60004 3 2877 1.87 1521
g 4 2889 1.30 407
o
(&)
-~
., 4000 -
=
(2]
c
)
C 2000

T T T T T T - T T
290 285 280

Binding energy (eV)

[ 8. REMKFETFLRER : (a) RABREGSHTE
(b) BEIIEA BB

T IR [E BBk S B I EE M2 TefMIELER
X e e N RN S | FN S O 7 - Kl b i
Hya AR S ial R (LB R R E ((EF rGO &%
) A LAVURERR SIS % A 5 H (sheet resistance ) »
GEFRAIFR 1 PR - G SR TS HER E i F ER BR Bl R LR ]
FILAS EER i MEAYTHRE - DL UV-vis Seati e ot it
TLAYEERZEER (optical transmittance ) > HY 400~800nm 7
B SEIME - G SRR A [EI SRR 8] T » B AR E R R ks »
PSR 8 2 i R SE S 15 9 4HsABaf
EEREERE 10V » JURRIFE] 60 POIF - FT{SEE KU A S
SR BA R AN R EH A 280.1£4.5 QI > SEEDE
ELTEETTAE 28.3% o DUE S IS Ak TR f 4.34 x
10" em™® ; R By 569.5 cm?Vis o LB {EHE I SUBRED
# [37]-

WA THE B A Y —4H EPD #2/F24 (10V, 60s) -
E R e (EPD-rGO) » BUELBURIGEM T - #E

TTYERME - M EURARATSE O S B B (FREER
15mA, JESEIFR 90s) L o JeUAIEETR - DL EPD-rGO
BEMRATEIERY DSSC TR EAR - N E2F LIRS
HIfEZ% [40] - 17> EPD-rGO KiH - Mg/ D& H & (BRFER
15mA, IR 30s) » BZH R GREAFTIUE < SR
SEHERANME 9 BiFk 2 FoR o [ERIEEREH IR (AMLSG, 7%
BARHE ), TAFEBMELL FTO BEmIFEEM - sk A
{b#k (Degussa P25) #ER T Z @R » =g - FER
4.2+0.3um ; BUEZLER N719 (GIBKEALER ) - EEH
TSSO R [26] 0 HEMASRRAS Rk 2 Miftmi
2R A7eik RS EcH i TIFEMmEE » SlgSfEE
FHCRIIFR LA 7 - [FIRFER A 2SR #L (A polypropylene
carbonate - X L ( Acetonitrile ) J AT AEYE B AR -

[T EE AR R B R -

® 1 AREKRF2EN AR EENATE

VU, s

B,V
10 30 60
5 584.6 + 6.2 478.1+1.2 436.7 + 2.3
7 487.0+5.1 4242 +£3.3 349.4+5.8
10 366.2+4.5 2940+ 3.6 280.1+45
B © Q0
40
35
g 3.0
<
E 25+
2
‘2 20+
L
o
2 154
(5}
=
3 1.0+
05
0.0
00 01 02 03 04 05 06 07 08

Voltage (V)
9. KIFEMBERERN (J-V L)

R 2. FRAEKERFSBH AET S E IR S

ID  Electrode/ITO  Voc, V.  Jsc, MA/cm? FF n, %
a EPD-rGO 0.67 1.58 0.180  0.380
b Pt 0.75 355 0.623  1.668
c Pt/EPD-rGO 0.74 2.37 0.410 0.573
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FH =1 AR E S E AT EER DSSC &t SR
(J-VOih&s - s S HHE T b BA RAFHERTTHRE -
R R RS IRREBRAG - BEE s I SR A
MR - EERTRANEHEHE (Prx) @ CEREEAH
BN -ttt gy - BURILTAR R BAFHY T ARESAERE
HIAFER T4 0.623 Bt B =F i s - B =
18 DR VAo 2B M R U R B A A A 3 B AR @ > ORI
(3-V) dhéx E ISR S s I hEREH#IES - BUroTf:
FAMRKRINEIEST [12] - 4154 EPD-GrO J#sER %
—SHEY < RIATBIEACE N PSR BAEL - & 9
i€ ¢ BURH & BA SBnyE R LR - (EEEAY R
BUE RN FHARHETT - BN S A2 EAEELENE 0
AERTHHAER » VRS HICGEATA MR LSRR AHR - ATRE

BHRALI SRR -
PR R PR A BOR P A B B 2R M 2R

o E = A [F ¥ R AR P8 A5y DSSC JTff - TR (LERRE DT
43471 ( CH Instriment, CHI 608B > [F52 )7 #88) +10mV at Voc
% 107 ~ 6.4 x 10* Hz )> HUS S LL ZView® #E{THAUE
B4 #r (equivalent circuit analysis ) o f5-FI] 88 (b2 [H i 5%

(electrochemical impedance spectroscopy ) #1f&E] 10 fiiow » &
RYERREIIATEE R - FIRER 3 o BRI ORI ER (LA
Pl & = EEEI RFRR SR hE 10 /AR EEE )
K P s 3t BB R B T (F BE AR A BE (o7 (AR FH 57T (charge transfer
resistance ) BilEE i S EEFH T (mass transfer resistance ) ;
HEERNTSER 3 ERIESR - Kb R KB
FAEASMNETERBEHTARAT 5 Ry B Ry 73 AR B Bl T B A
HYEEREE (B8FH) 5 Rp RIBLRAHEE T2 T8 (drift) B
B EESEARE [39] - B 10 B a0 S HEmEA 5 N
BBALERRHST - kAR B RREIRH U AR AT - &
BRI AL A ASEUE - W B MRV EE P H fi A= 6 [
% AR EEIHEE D W E A IR - SRR
Higm b =EEMAY TIFEMRAHRE - Ry BEEZ 8T
BoTEERAIREA BRIt 2 BTV E L+ BUR
EEMUASHE P o R 7

/g ~ &hsm
AFE D EEBF A G ARG BT RS8R ARE
H(JeEEY) ) w251 graphite-core/GrO-shell 455
TEVEEEE (Hummers method ) BUFE 7 i - JoiEfTTHSEAE »

37-5'_ CPE1 CcPE2

T — ———
0 12.5 25 150 37.5 62.5

Z"(Q2 -cm?)

B 10. =R RIS EBREIF DSSC LB LEHbiG

* 3. FEHEBRFN DSSC LA-E(LEHTT T

Electrode R (Q-cm® Ry (Qcm?) Rp(Q-cm?) Ry(Q-cm?)
a 6.94 7.38 10.6 40.8
b 3.09 1.26 4.39 18.68
c 459 3.95 6.18 30.1

A1 T 4 (6 PRS- (BB S R S BRI - FF AT
BRI AAE 20 B L BAREN
BN (0T RCBHERE - DIPRS00 -
LR AT A B I TR SR G S 8 T
TFHESEAET » EDREAURT SRR - WG B
R TS S A IR HE - I — 5 B
AERALENE T RO TS TS - Dl
BELTRHIE, - LU BT DSSC TTARCR At H S E
20% » AN BRI A 4 0 T LUK
BHATSENE B P B LB S AT -

SE3URR

1 An,S.J,Y. Zhy, S. H. Lee, M. D. Stoller, T. Emilsson, S.
Park, An J. Velamakanni and R. S. Ruoff (2010) Thin film
fabrication and simultaneous anodic reduction of deposited
graphene oxide platelets by electrophoretic deposition. The
Journal of Physical Chemistry Letters, 1(8), 1259-1263.

2. Besra, L. and M. Liu (2007) A review on fundamentals and
applications of electrophoretic deposition (EPD). Progress
in Materials Science, 52(1), 1-61.

3. Bich Ha N. and Van Hieu Nguyen (2016) Promising
applications  of

graphene  and  graphene-based

nanostructures.  Advances in  Natural  Sciences:



44

MEETREEMHT $+HUs 528 RR-OLHF

10.

11.

12.

13.

14.

15

16.

Nanoscience and Nanotechnology, 7(2), 023002.

Biro, L. P., P. Nemes-Incze and P. Lambin (2012)
Graphene: nanoscale processing and recent applications.
Nanoscale, 4(6), 1824-1839.

Botas, C., P. A lvarez, P. Blanco, M. Granda, C. Blanco, R.
Romasanta, R. Verdejo, M. A.
Lopez-Manchado and R. Menéndez (2013) Graphene
materials with different structures prepared from the same

Santamarfa, L. J.

graphite by the Hummers and Brodie methods. Carbon, 65,
156-164.

Chen, J., B. Yao, C. Li and G. Shi (2013) An improved
Hummers method for eco-friendly synthesis of graphene
oxide. Carbon, 64, 225-229.

Choi, H., H. Kim, S. Hwang, Y. Han and M. Jeon (2011)
Graphene counter electrodes for dye-sensitized solar cells
prepared by electrophoretic deposition. Journal of
Materials Chemistry, 21(21), 7548.

Choi, Y. J, E. Kim, J. Han, J. H. Kim and S. A.
Gurunathan (2016) Novel biomolecule-mediated reduction
of graphene oxide: a multifunctional anti-cancer agent.
Molecules, 21(3), 375.

Cruz, R., P. Tanaka and D. A. Mendes (2012) Reduced
graphene oxide films as transparent counter-electrodes for
dye-sensitized solar cells. Solar Energy, 86(2), 716-724.
Dreyer, D. R., S. Park, C. W. Bielawski and R. S. Ruoff
(2010) The chemistry of graphene oxide. Chemical Society
reviews 39(1), 228-240.

Fang, X., T. Ma, G. Guan, M. Akiyama and E. Abe (2004)
Performances characteristics of dye-sensitized solar cells
based on counter electrodes with Pt films of different
thickness. Journal of Photochemistry and Photobiology A:
Chemistry, 164(1), 179-182.

Ferber, J., R. Stangl and J. Luther (1998) An electrical
model of the dye sensitized solar cell. Solar Energy
Materials and Solar Cells, 53(1-2), 29-54.

Geim, A. K. (2009) Graphene: status and prospects.
Science, 324(5934), 1530-1534

Geim, A. K. and K. S. Novoselov (2007) The rise of
graphene. Nature materials, 6(3), 183-191.

Gu, W., W. Zhang, X. Li, H. Zhu, J. Wei, Z. Li, Q. Shu, C.
Wang, K. Wang, W. Shen, F. Kang and D. Wu (2009)
Graphene sheets from worm-like exfoliated graphite.
Journal of Materials Chemistry, 19(21), 3367-3369.

Guo, H. L., X. F. Wang, Q. Y. Qian, F. B. Wang and X. H.

17.

19.

20.

21.

23.

25.

26.

217.

Xia (2009) A Green Approach to the Synthesis of graphene
nanosheets. ACS Nano, 3(9), 2653-2659;

Hsieh, C. T, B. H. Yang and Y. F. Chen (2012)
Dye-sensitized solar cells equipped with graphene-based
oxidation levels.

counter electrodes with different

Diamond and Related Materials, 27-28, 68-75;

. Hummers, W. S. and R. E. Offeman (1958) Preparation of

graphitic oxide. Journal of the American Chemical Society
80(6), 1339-1339.

Hung, K. H., C. H. Chan and H. W. Wang (2014) Flexible
TCO-free counter electrode for dye-sensitized solar cells
using graphene nanosheets from a Ti-Ti(lll) acid solution.
Renewable Energy, 66, 150-158.

Imoto, K., K. Takahashi, T. Yamaguchi, T. Komura, J. I.
Nakamura and K. Murata (2003) High-performance
carbon counter electrode for dye-sensitized solar cells.
Solar Energy Materials and Solar Cells, 79(4), 459-469.
Kay, A. and M. Grétzel (1996) Low cost photovoltaic
modules based on dye sensitized nanocrystalline titanium
dioxide and carbon powder. Solar Energy Materials and
Solar Cells, 44(1), 99-117.

. Kim, H., H. Choi, S. Hwang, Y. Kim and M. Jeon (2012)

Fabrication and characterization of carbon-based counter
electrodes prepared by electrophoretic deposition for
dye-sensitized solar cells. Nanoscale research letters, 7(1),
53.

Kim, S. S., Y. C. Nah, Y. Y. Noh, Jo, J. and D. Y. Kim
(2006) Electrodeposited Pt for cost-efficient and flexible
dye-sensitized solar cells. Electrochimica Acta, 51(18),
3814-3819.

. Kovtyukhova, N. I., P. J. Ollivier, B. R. Martin, T. E.

Mallouk, S. A. Chizhik, E. V. Buzaneva and A. D.
Gorchinskiy (1999) Layer-by-layer assembly of ultrathin
composite films from micron-sized graphite oxide sheets
and polycations. Chemistry of Materials, 11(3), 771-778.
Krishnamoorthy, K., M. Veerapandian, K. Yun and S. J.
Kim (2013) The chemical and structural analysis of
graphene oxide with different degrees of oxidation.
Carbon, 53, 38-49.

Li, Y. R. and P. C. Yao (2018) Nanostructured NiO,
-coated TiO, electrodes for dye-sensitized solar cells.
Materials Science in Semiconductor Processing, 74,
352-360.

Li, Z. Y., Akhtar M. Shaheer, Kuk, J. Hee, B.S. Kong an

uli



E5EF

45

WEE © Haek c FEE - gk | BRIIROSREERIE RIEKG B BRI

28.

29.

30.

31.

32.

33.

34

35.

O. B. Yang (2012) Graphene application as a counter
electrode material for dye-sensitized solar cell. Materials
Letters, 86, 96-99.

Lindstréom, H., A. Holmberg, E. Magnusson, L. Malmqvist
and A. Hagfeldt (2001) A new method to make
dye-sensitized nanocrystalline solar cells at room
temperature. Journal of Photochemistry and Photobiology
A: Chemistry, 145(1), 107-112.

Murakami, T. N. and M. Grétzel (2008) Counter electrodes
for DSC: Application of functional materials as catalysts.
Inorganica Chimica Acta, 361(3), 572-580.

Nazeeruddin, M. K., A. Kay, |. Rodicio, R.
Humphry-Baker, E. Mueller, P. Liska, N. Vlachopoulos
and M. Graetzel (1993) Conversion of light to electricity
by cis-X,bis(2,2"-bipyridyl-4,4'-dicarboxylate) ruthenium
I, CN, and

SCN’) on nanocrystalline titanium dioxide electrodes.

(1) charge-transfer sensitizers (X = CI', Br,

Journal of the American Chemical Society, 115(14),
6382-6390;

Novoseloy, K. S., A. K. Geim, S. V. Morozov, D. Jiang, Y.
Zhang, S. V. Dubonos, I. V. Grigorieva and A. A. Firsov
(2004) Electric field effect in atomically thin carbon films.
Science, 306(5696), 666-669.

Sarkar, P. and P. S. Nicholson (1996) Electrophoretic
deposition (EPD): Mechanisms, Kinetics, and application
to ceramics. Journal of the American Ceramic Society,
79(8), 1987-2002.

Sima, M., I. Enculescu and A. Sima (2011) Preparation of
graphene and its application in dye-sensitized solar cells.
Optoelectronics and Advanced Materials — Rapid
Communications, 5(4), 414-418.

Stankovich, S., D. A. Dikin, G. H. Dommett, K. M.
Kohlhaas, E. J. Zimney, E. A. Stach, R. D. Piner, S. T.
Nguyen and R. S. Ruoff (2006) Graphene-based composite
materials. Nature, 442(7100), 282-286.

Stankovich, S., D. A. Dikin, R. D. Piner, K. A. Kohlhaas,
A. Kleinhammes, V. Jia, Y. Wu, S. T. Nguyen and R. S.

36.

37.

38.

39.

40

41.

42.

43.

Ruoff (2007) Synthesis of graphene-based nanosheets via
chemical reduction of exfoliated graphite oxide. Carbon,
45(7), 1558-1565.

Wang, G., W. Xing and S. Zhuo (2009) Application of
mesoporous carbon to counter electrode for dye-sensitized
solar cells. Journal of Power Sources, 194 (1), 568-573.
Wang, M., L. D. Duong, J. S. Oh, N. T. Mai, S. Kim, S.
Hong, T. Hwang, Y. Lee and J. D. Nam (2014) Large-area,
conductive and flexible reduced graphene oxide (RGO)
membrane fabricated by electrophoretic deposition (EPD).
ACS applied materials & interfaces, 6(3), 1747-1753.

Xu, M., T. Liang, M. Shi and H. Chen (2013)
Graphene-like  two-dimensional Chemical
reviews, 113(5), 3766-3798.

Yao, P. C. and S. T. Hang (2014) Enhancing photovoltaic
performances of dye-sensitized solar cells by multi-layered

materials.

nanostructured titanium oxide photoelectrode. Solar
Energy, 108, 322-330.

Yue, G., J. Wu, Y. Xiao, M. Huang, J. Lin, L. Fan and Z.
Lan (2013) Platinum/graphene hybrid film as a counter
electrode for dye-sensitized solar cells. Electrochimica
Acta, 92, 64-70.

Zhao, G., T. Wen, C. Chen and X. Wang (2012) Synthesis
of graphene-based nanomaterials and their application in
energy-related and environmental-related areas. RSC
Advances, 2(25), 9286.

(2002) Cathodic electrodeposition of

ceramic and organoceramic materials:

Zhitomirsky, |I.
Fundamental
aspects. Advances in colloid and interface science, 97(1-3),
279-317.

Zhu, Y., S. Murali, W. Cai, X. Li, J. W. Suk, J. R. Potts and
R. S. Ruoff (2010) Graphene and graphene oxide:
synthesis,
Materials, 22(35), 3906-3924.

properties, and applications. Advanced

Wit : 107.04.09 {5IE : 107.05.31 #8% : 107.06.26

uli



