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Fabrication of new dye sensitized solar cell using nickel sulfide electrode and
core-shell photo anode

HAYAKAWA, YASUHIRO

2,900,000

Ni-Mo-S Cu-Mo-S
Ni-Mo-S
Ti02 Ti02

A single phase of nickel sulfide nanocrystal was grown on the reduced
graphene oxide using a hot injection method. It showed high catalytic activity for the degradation
of 4-nitrophenol. Ni-Mo-S, Cu-Ni-S and Co-Mo-S nanocrystals on nitrogen-doped graphene (NG) sheet
were synthesized by a hydrothermal process. Ni-Mo-S on NG indicated high power conversion
efficiencies of dye sensitized solar cell (DSSC) which was equivalent to a cell with Pt counter
electrode. Carbonate - doped mesoporous TiO2 showed enhanced DSSC efficiency compared with
commercially available Ti02. These results demonstrated the possibility of high conversion
efficiency of DSSC without Pt.



¢ X C—19, F—-19—1, Z—19, CK—19 (#m)

1. HFZEBHMAR YA DE R

7 ) — TR 22 KBGO F DRI RIL, bR FE e BRSO RE AT RE 2R R SR 5
BUCARRIRTH Y | KAl TELRRRGEMNE TN TWD, AR RSE I KERE T
TLXTTN, AT LR AREREOREEALTEY, KEmE LTHETHS, Ln
L. O FEHEEKEM OB L & B A g R m EAFRETH D,

2. DB

AWFTEIE, AR 7 LW IRINE (L A XEM(PE-FTO) DR AR D BH%E & h =1 72 eI
CETBEEZAT HFEREROERTH L, TOHIz, (1) BEXBEENE L, @il
BEAER 2 A LT 2fib= v 7 VBT $EdR G BT OBRFE. (2) £EBRIMT 7 7 = VL
Ni-Mo-S (Ni-Mo-S@NG), ZEHRIRIMZ T 7 = B E Cu-Mo-S (Cu-Mo-S@NG), ZEHERMT 7 7
= U |- Co-Mo-S(Co-Mo-S@NG) 7/ #tidt & i EL IR DBHFE . ) RF LGN b F % >
J FEen e BRI ORI, (4) A FEEOR G L O ER & KR 21T 72 9,

FLAWNTSI
3. BFRDFH o TR
(1) Fifb= v 7 VEET J EsE Rk & T
BEIE N~ —XETE TR 7 7 = (1GO) & 1E
"L, 777 MREMEE Y ABRIEEIRIZA
NHHE LT-1%. B~ Bl YW A% 0°C ThN RS
2T IRBWRERIE LI, 400 °C TRREFLTZ, 2 ALALTS-

FUCHIK B IR, BT 5 = & CRMLAUS S SRRA M= L8R

rGO %k LTz, VAR A #liK & 3Eis Ceid L&,
S CHEZER S GO MR E AR LT,

By MEAEZHWT, GO LIZH = 7 vF
RAEAAR L, RUZA vy MEAEDOER T IEL T
T, 77 RAaADOHIEAE AL, IERIRIES
I CHRIEBHEREARIB Ls, £, 7T ATE gy e LB S S T o
E—s— Uy iy KORICATL. REHCREER | g ORI TS
E LR DIRRIBE 2R L=, EFFHEK T T, SRR
TIAAFLANT X L= v 7 L KFNIE (NI(NO3), « 6H0) ZI-A S 4. 100 °CTLREERM
AL, A VANT I —=w FVIRREER LT, D7 T A2\ ZH VA NT I v LRiEERA
L. 70°CT300MEL | Fiiti—7 I VHEAWREKEZER LT, =077 AafT, AL ALT
Ry TWVRIRE ST L VBEAEIREREL 1 OFIAE TRE Lz, ERFHAX T T, 240
"CTIHERES L. IBAWEZ AR L, WROBEZEBETTT, EOOBEHEEZHWTT
TR AR D BE LT, =X ) — LT L, B CHRESE L, ALAAT I —=y
TIARIR ERRE—T X VAR OIREGEI G X T A=K L LTELEE D Z & TONIS, NSy,
NisSs. NisSetHDFi = v 7T R E B Lz, WL LTH LA AT 2 OB E WS
BLRABEF VANT I, VAR, 72TV NERWESAOEEIT> T2, ARk
L 7= 7 R O ik 2 X AR EIPTE(XRD) T, JERE 2 %18 & 1 TAMEL(TEM) & & i ETEM T
B L, £, T/ MR EA= b T 2 ) = VBIRICIRAE L, |ERL-T I ) 7= ) —)LILE
TCT % MR 2 SRS AT RN (UV-Vis) THIE L. filifiish 52 50~ 7=,

(2) Ni-Mo-S@NG, Cu-Mo-S@NG,
Co-Mo-S@NG 7 / fhdh AR & -l

BIEN~—XETIL Y 7 7 = 2 (GO) & ERL L 7=, & D% KEAIEIZ L VD Ni-Mo-S@NG,
Cu-Mo-S@NG. Co-Mo-S@NG 7/ fda Ak Lz, #lziX, 0.5mmol OE YV 75 i) Y 7 A
(NazMoO,). 0.5 mmol DFEEEE = v 27 /L (C4HsNiIO4). 2.0 mmol D F 4 R (CH4N,S) % 15 mL DA 4
AEAKIZ AL, 30 R L7214, 45 mg D GO ZiRA L, IRELTZ, TYE=72mL &2,
3 HEMEE L7, A — b2 L—7H17C 180°C T 12 FEMIMEL L, Ni-Mo-S@NG DAk L 7=, Cu-
Mo-S@NG. Co-Mo-S@NG 7 / ffidiy & [FIER D HIETEHERK LTz,

RVRFBILAYTM_BRILT ¥ T / fEdk Ak & 1M

INVTNEZNTT 'L T 7 AT JERER L, ZhvaeT o7 v— e Lz, T4 (V)T
NT7A4 Y 7Ry RATIP) A2 F X R, ~AFHTUAT I v 208Sy v 7Hl, =% ) —Lk
AT AMKRERBEE LT, AV R—F AT ¥ (TiO)E Ak LTz, ZAUTIRFE & FAIRFE
HIRE L, KEERRIEEZAWT, KREBIEEWEZRM U AV R—F 2 (LT % > (TiO) & &k
L7z,



4, HFFERE
(1) Bifb= v 7 VERT 2 fERE R & TR

NiJi & SIRO 23412 L, IRBVEB(ALVANT RV, AVANVEE, A7 X T NEHANTHE
i L7z, XRDHIE(X2a) . TEMBLIZL(KI2(b,c)) & mfiETEM(2(d))H> & K A310-12 nm o HAH D
Wifb= v 7 /L(NiS) T/ Fif 3 r-GO_LIC R L= Z L RN b,

K3 T D4-= a7 = ) —LIRIKICIGOINIST / fh 2 IRA T 5 &L EWHR4-T I ) 7= )
— BT ENDHE T 27T, RAFUV-VISHIER R TH S, 4-= a7 =/ — L ORI R
L 72400 nmOWLIL B — 7 SRR & & I L, 340 ZICIZIFE A LB rIZ> TS,
I, FERM-= b T = ) = VRIENIEERL-T X ) 7= ) —VZET LT E AR LT
%, E51%. NiSO &, rGO EDNIS, rGO F D NizSs, rGO kD NisS, D W 36 EE D i 28k & 7R 9,
rGO/NISIZML D & e ~E Tl E N E N Z ERNb»nd, ZhiE, -Go kiZiZ4-= e 7=/ —/L
ZWET DA PN EENISKAFI A XDV NE WO REMAE < . BILGIMEE S
722 EMRERERTHHS T,

g H H
T (a) V!
",'t' e ‘:;, Mickel sulfide
NO.
) N H2

4-nitrophencl 4-aminophenol
| 5
| =

X 3 #Eo 4-= b7z ) —LIEEN
HERRA-T I T = ) —VITET

g
N

(102)

3

Intensity (a.u)

—a— NiS
—»— rGO/NIS
—&— rGO/MNI,S,

—v—1GO/N,S,

K 2@t 5 7 = Eo NiS T/ fdh.
(Q)XRD, (b)-(c)TEM &, (d)=ifi#t5 TEM £

4

AA (%)

—— 0 sec
b.‘ -—100 sec
—— 180 sec
- 260 sec
| —— 340 sec

[63]

| [ooms]

w

T T T T T T
] 300 600 900 1200 1500 1500
Time (s)

Absorbance

5NiS D 7%, rGO k- NiS, rGO | ® NizSa,
rGO b NisS, DWW EER 25 1b,

300 400 500 600
Wavelength A (nm)

K 4 UV-Vis lIERER, 4-=be 7=/ —b
WIRPNBER AT ) 7= ) —)VIZETT

(2) Ni-Mo-S@NG, Cu-Mo-S@NG. Co-Mo-S@NG -/ fEkErk & 314

X 6(a),(b),(c),(d)(Z Ni-Mo-S. Ni-Mo-S@NG, Cu-Mo-S, Cu-Mo-S@NG ® TEM # % 79, (a-1),(b-
1),(c-1),([d-D)iIFE N2kt d 2 EfiE TEM 8 Ch 5, Ni-Mo-S 1T RiEE CTH > 7=, Ni-Mo-
S@NG | NG EIZHERLMATED Ni-Mo-S T/ > — hid 7 7 »F AT 7 — A ) TREA LTz,
Cu-Mo-S 1T E =4 100nm, ER20nm OF /vy RERNAKDO T/ v — MRIZAR>TEY | Cu-
Mo-S@NG X NG LIZ¥EHE#E L C Cu-Mo-S NERR Sz, Ef#Efe TEM & TR TR sl cx %
ZEMBREMELTWA Z ERNDb D,



X 71ZPt, M0oS,@NG. Ni-Mo-S@NG. Cu-Mo-
S@NGZFTOEEMIZ 4 &, xtmdEmE LT
i & 2 oBRULFEREE R 2T, 2E
i & L CAQ/AQCIERR, st FEMRIZPLE 2 v
T, Iy, Lil, LICIOsZ & AT & b=/ kU LA
WHCHIE L=, lpat’— 7 X o = 7 %
A F U ORALGZ , Ipet’— 7 XM D1y
BTG T, Ni-Mo-S@NGDIpat’— 7 &
JE & lpet’ — 27 BIEDFEEII382mMVTH Y . Pt
(450 mV). Cu-Mo-S (421 mV), MoS;@NG (532 mV)
X HEVEE R LT, 2, BWERMEE R L
THEY ., Ni-Mo-S@NGIZMOMELL v & I-/I13FETT
FOSIEWZ &b ho T,

XI8ILA Y L 7-d Bk 2 6 ik, il —BR{bF & > (P25) & Bifik & L T W TIERL L 7= (B AR K
B D E— B ERER R CTH D, BESRMEIZAMLSE (100mW/iem?) CTh 5, JEEEBRIL
Pt (2.41 %). M0S:@NG (2.16 %). Ni-Mo-S@NG (2.85 %). Cu-Mo-S@NG (2.62 %) T& ¥ . Ni-Mo-
S@NG & Cu-Mo-S@NGIZH4E LV b mWEH R L R~ T Z ERboolz, Ziuk, mWEREE
L ERACFREN BN TH - T2,

m

X 6 Ni-Mo-S. Ni-Mo-S@NG, Cu-Mo-S,
Cu-Mo-S@NG ® TEM #

—a— Pt

5 = —v— MoS,@NG
oAl e —+—Ni-Mo-S@NG
E 3] —= B —e—Cu-Mo-S@NG
< MoS @NG £
E 2+ ——Ni-Mo-S@NG =
'E' 14 Cu-Mo-S@NG - .é‘ 5
E, | §
g 0 |
E | -

Sy |
[ | (3
& | 3

.34 |

-4 " Ipc : 0

T T T T
0.0 0.1 0.2 0.6 0.7

T T T T o.': 0{4 0:5
06 -04 0.4 086 Potential (V)

02 00 02
Potential (V)
K7 Pt. MoS;@NG. Ni-Mo-S@NG. B 8 835 B R 5 B8 vl oD B i — 7 I 8 el B
Cu-Mo-S@NG D ESALF 45

QVRFBLEWMIEM _BILTF Z T/ #E A BN D% & 7L

X 9 IZRBL AR A Y R —F Z TiO, ® TEM &% 757, EHE AR 400 nm OERRT /Kb
NERRENTZ, K10 (XM & LT P25, ML TiO,, KEELEWMTIN A VR —F A TiO, & Rtk
ELTHWTERL L 7= B RGEM O BR—E LR ERE R TH D, aF L LT N719, %I
L T Pt-FTO Z W=, REB(LAWITINA V' R—F 2 TiO, DIELEWLNFRIL 54 % THY . P25
(2.4 %), RN TiO2(3.4 %) L 0 b EVMENG bz, ZAuE, 520- 560 nm i RO SEIRIN 3
B ol Z ERIEPINVINEL o2 & (BRUILFENERE) NERTH-T-,

PLE, &t 7 7 = v EORifb =y 7 VEM T/ fEfmiT @O R 2 A Lz, £, =
TN T 7 = I BT & 72Ni-Mo-S°Cu-Mo-S7- / fdb 13 4 & [RIFLE O &\ O e 28 i
MRETRLTEY ., ASDOREMEIE LTAYETH D Z RSN, S 5T, REILE TN
AR =T ATIOULHIRDOP25 L W & WV E LR 2 R T ERH LM oTz, TRHD

FSCRITHTHL AR O B8 & LB RO LICBR LR TH D,
' ) b (a) N 719 dye —a—p25
~e— Undoped TiO,
%t Fevee oo
E W, ——CTO3
< 10 4
E
2
2
3
7
. 3
B9 Bl AR A /K —F 2 Tiog I St
@ TEM 'f% 0.0 0.2 Pgl‘ential w,o.e 0.8

X 10 a5 H8 KR HukrE e



5. EeRRwmIE

(Eskam ) (B 23 1F) -~ CTaEHA
(DR.Sankar Ganesh, K.Silambarasan, E.Durgadevi, M.Navaneethan, S.Ponnusamy, C.Y.Kong,
C.Muthamizhchelvan, Y.Shimura and Y.Hayakawa, Metal sulfide nanosheet—nitrogen-doped graphene
hybrids as low-cost counter electrodes for dye-sensitized solar cells, Applied Surface Science, vol.480,
pp. 177-185 (2019). DOI:10.1016/j.apsusc.2019.02.251
(@S.Prabakaran, K.D.Nisha, S.Harish, J.Archana, M.Navaneethan,S.Ponnusamy,C.Muthamizhchelvan
and Y.Hayakawa, Effect of Al doping on the electrical and optical properties of TiO, embedded graphene
oxide nanosheets for opto-electronic applications, Applied Surface Science, vol.449, pp. 332-329 (2018).
DOI:10.1016/j.apsusc.2018.02.101
(®S.Harish, N.Naveen, R.Abinaya; J.Archana, R.Ramesh, M.Navaneethan, M.Shimomura and
Y.Hayakawa, Enhanced performance on capacity retention of hierarchical NiS hexagonal nanoplate for
highly stable asymmetric supercapacitor, Electrochimica Acta, vol.283, pp.1053-1062 (2018).
DOI:10.1016/j.electacta.2018.06.161
(@DR.Abinaya, J.Archana, S.Harish, M.Navaneethan, S.Harish, S.Ponnusamy, C.Muthamizhchelvan,
M.Shimomura and Y.Hayakawa, Ultrathin layered MoS; nanosheets with rich active sites for enhanced
visible light photocatalytic activity, RSC Advances, vol.8, pp.26664-26675 (2018).
DOI:10.1039/c8ra02560f
(®Kamaljeet Singh, S.Harish, A.Periyanayaga Kristy, V.Shivani, J.Archana, M.Navaneethana,
M.Shimomura and Y.Hayakawa, Erbium doped TiO; interconnected mesoporous spheres as an efficient
visible light catalyst for photocatalytic applications, Applied Surface Science vol.449, pp.755-763 (2018).
DOI:10.1016/j.apsusc.2018.01.279
©J.Archana, S.Harish, S.Kavirajan, M.Navaneethan, S.Ponnusamy, M.Shimomura,
C.Muthamizhchelvan, H.lkeda and Y.Hayakawa, Ultra-fast photocatalytic and dye-sensitized solar cell
performances of mesoporous TiO, nanospheres, Applied Surface Science, vol.449, pp.729-735 (2018).
DOI:10.1016/j.apsusc.2018.01.105
(DR.Sankar Ganesh, M.Navaneethan, S.Ponnusamy, C.Muthamizhchelvan, S.Kawasaki, Y.Shimura and_
Y.Hayakawa, Enhanced photon collection of high surface area carbonate-doped mesoporous TiO;
nanospheres for dye sensitized solar cells applications, Materials Research Bulletin, vol.101, pp.353-362
(2018). DOI:10.1016/j.materresbull.2018.01.018
(®R.Vinoth, S.Ganesh Babu, V.Bharti, S.Venkataprasad Bhat, C.Muthamizhchelvan, P.C.Ramamurthy,
V.Gupta, C.Sharma, D.K.Aswal, M.Navaneethan, Y.Hayakawa and B.Neppolian, Ruthenium based
metallopolymer grafted reduced graphene oxide as a new hybrid solar light harvester in polymer solar
cells, Scientific Reports, 7:43133, pp.1-13 (2017). DOI:10.1038/srep43133
@M. Tarini, N.Prakash, I.K. Mohammed Mathar Sahib and Y.Hayakawa, Novel sugar apple-shaped
SnO; microspheres with light scattering effect in dye sensitized solar cell Application, IEEE-Journal of
Photovoltaics, vol.7 [4], pp.1050-1057 (2017). DOI: 10.1109/JPHOTOV.2017.2698500
@0S.Harish, J.Archana, M.Navaneethan, S.Ponnusamy, Ajay Singh, Vinay Gupta, D.K. Aswal, H.Ikeda
and Y.Hayakawa, Synergetic effect of CuS@2znS nanostructures on photocatalytic degradation of
organic pollutant under visible light irradiation, RSC Advances, vol.7, pp.34366-34375 (2017).
DOI:10.1039/c7ta04250g
@DM.Navaneethan, S.Nithiananth, R.Abinaya, S.Harish, J.Archana, L.Sudha, S.Ponnusamy,
C.Muthamizhchelvan, H.lkeda and Y.Hayakawa, Hydrothermal growth of highly monodispersed TiO;
nanoparticles: Functional properties and dye-sensitized solar cell performance, Applied Surface Science,
vol.418, pp.186-193 (2017). DOI:10.1016/j.apsusc.2016.12.019
@S.Harish, J.Archana, M.Sabarinathan, M.Navaneethan, K.D.Nisha, S.Ponnusamy,
C.Muthamizhchelvan, H.lkeda, D.K.Aswal and Y.Hayakawa, Controlled structural and compositional
characteristic of visible light active ZnO/CuO photocatalyst for the degradation of organic pollutant,
Applied Surface Science, vol.418, pp.103-112 (2017). DOI:10.1016/j.apsusc.2016.12.082
(3S.Harish, M.Sabarinathan, A.Periyanayaga Kristy, J.Archana, M.Navaneethan, H.lkeda and
Y.Hayakawa, ZnS quantum dots impregnated-mesoporous TiO2 nanospheres for enhanced visible light
induced photocatalytic application, RSC Advances, vol.7, pp.26446-26457 (2017).
DOI:10.1039/c7ra03061d
M .Sabarinathan, S.Harish, J.Archana, M.Navaneethan, H.Ikeda and Y.Hayakawa, Highly efficient
visible light photocatalytic activity of MoS,-TiO, mixtures hybrid photocatalyst and functional properties,
RSC Advances, vol.7, pp.24754-24763 (2017). DOI:10.1039/c7ra03633g
(@5R.Karthikeyan, D.Thangaraju, N.Prakash, M.Arivanandhan and Y.Hayakawa, In situ growth of phase-



https://www.sciencedirect.com/science/article/pii/S0025540817338345#!
http://pubs.rsc.org/En/results?searchtext=Author:S.%20Harish
http://pubs.rsc.org/En/results?searchtext=Author:M.%20Navaneethan

controlled nickel sulfide nanostructures on reduced graphene oxide nanosheets : A Improved cost-
effective catalyst for 4-nitrophenol reduction, Chemistryselect, vol.2, pp.2187-2196 (2017).
DOI:10.1002/slct.201601519

(6M.Sabarinathan, S.Harish, M.Navaneethan, J.Archana, H.lkeda and Y.Hayakawa, Controlled
exfoliation of monodispersed MoS; layered nanostructures by ligand-assisted hydrothermal approach for
the realization of ultrafast degradation of organic pollutant, RSC Advances vol.6, pp.109495-109505
(2016). DOI: 10.1039/C6RA24355]

@ N.Prakash, D.Thangaraju, R.Karthikeyan, M.Arivanandhan, Y.Shimura and Y.Hayakawa, UV-visible
and near-infrared active NaGdF4: Yb: Er/Ag/TiO2 nanocomposite for enhanced photocatalytic application,
RSC Advances, vol.6, pp.80655-80665 (2016). DOI: 10.1039/c6ral10208e

@®J.Archana, S.Harish, M.Sabarinathan, M.Navaneethan, S.Ponnusamy, C.Muthamizhchelvan,
M.Shimomura, H.lkeda, D.K.Aswal and Y.Hayakawa, Highly efficient dye-sensitized solar cell
performance from template derived high surface area mesoporous TiO nanospheres, RSC Advances, vol.
6, pp.68092-68099 (2016). DOI:10.1039/c6ral4976f

filL 5 14

(Fa¥ER]) (G54 1)
(DS.Prabakaran, K.D.Nisha, S.Harish, S.Nithiananth, M.Navaneethan, S.Ponnusamy and Y.Hayakawa,
Impact of multi metal oxide as electron transport layer for solar cell application, International Conference
on Nanoscience and Nanotechnology (ICONN 2019), CP1257, (January 28" — 30" 2019, SRMIST
University, Kancheepuram, India) (2019.1).
@S.Nithiananth, S.Harish, J.Archana, M.Navaneethan, M.Shimomura and Y.Hayakawa, Synthesis of
one dimensional growth of well aligned rutile TiO, nanorod as photoanode in dye-sensitized solar cell
applications, International Conference on Nanoscience and Nanotechnology (ICONN 2019), CP809
(January 28" — 30" 2019, SRMIST University, Kancheepuram, India) (2019.1).
(®S.Nithiananth, J.Archana, S.Harish, M.Navaneethan, C.Muthamizhchelvan, M.Shimomura and
Y.Hayakawa, Elemental substitution in CulnSe; (In= Co, Fe, Ni, Zn) for efficient counter electrode for
dye-sensitized solar cells (DSSCs) application, International Conference on Nanoscience and
Nanotechnology (ICONN 2019), CP808, (January 28™ — 30t 2019, SRMIST University, Kancheepuram,
India) (2019.1).
(@DR.Abinaya, J.Archana, S.Harish, M.Omprakash, M.Navaneethan, C.Muthamizhchelvan,
M.Shimomura and Y.Hayakawa, Highly enhanced thermoelectric power factor of MoS; by MoO,
metallic inclusion, International Conference on Nanoscience and Nanotechnology (ICONN 2019),
CP802, (January 28" — 30" 2019, SRMIST University, Kancheepuram, India) (2019.1).
(®K.Silambarasan, J.Archana, S.Harish, M.Navaneethan, S.Ponnusamy, C.Muthamizhchelvan, K.Hara
and Y.Hayakawa, NiO@NIiS nanocomposites-embedded on graphene as counter electrode for dye
sensitized solar cell, International Conference on Nanoscience and Nanotechnology (ICONN 2019),
CP799, (January 28" — 30" 2019, SRMIST University, Kancheepuram, India) (2019.1).

fth 49 {2

(Z Dfth)
R — L~ —% - hitp://maruhan.rie.shizuoka.ac.jp/

6. WFFoAELRR

(1) BFZEsymsE

I HE R4 0 A B

0 —<FK4 : SHIMOMURA MASARU
B iFsekBa4 © Fi R

M4 . LR

W4« Hof%

WIEE RS 20292279

(2) WroEt 14 L

MBI K DHFZEIE, BFEE DB R L FEICE W TREET 2 6D T, £0720, MR FMELHIZERMR DAFREIC
DONTIE, BEOEFEFICHESS bOTIEHRLS, ZONEARICET 2 RAOHEMIT. HEEmMACRRESNET,


http://dx.doi.org/10.1016/j.nanoen.2016.07.002
https://doi.org/10.1039/c6ra14976f
http://maruhan.rie.shizuoka.ac.jp/

