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Abstract : Excellent electron transport properties with enhanced light scattering ability for light
harvesting have made well-ordered one dimensional TiO, nanotube(TNT) arrays an alternative
candidate over TiO; nanoparticles in the area of solar energy conversion applications. The principal
drawback of TNT arrays being activated only by UV light has been addressed by coupling the
TNT with secondary materials which are visible light—triggered. As well as extending the
absorption region of sunlight, the introduction of these foreign components is also found to
influence the charge separation and electron lifetime of TNT. In this study, a novel method to
fabricate the TNT-based composite photoelectrodes employing visible responsive CulnS, (CIS)
nanoparticles is presented. The developed method is a square wave pulse—assisted electrochemical
deposition approach to wrap the inner and outer walls of a TNT array with CIS nanoparticles.
Instead of coating as a dense compact layer of CIS by a conventional non—pulsed—electrochemical
deposition method, the nanoparticles pack relatively loosely to form a rough surface which
increases the surface area of the composite and results in a higher degree of light scattering within
the tubular channels and hence a greater chance of absorption. The excellence coverage of CIS on
the tubular TiO, allows the construction of an effective heterojunction that exhibits enhanced
photoelectrochemical performance.
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TiOz= 3.2 eVe MER ouvzE 71 9
= n—type TEAEZAZ W= o4kl ozl
Zte)dol zAbd wf, AHAb (electron) ¢t AF
(hole) o] HEejdomH AR 55 & A7
£ AL B3], 129 Eoljt A4S
Zt= TiO; nanotubet 7]E9] 18 TiO, A=
wol FE FHA g EHo= Q5 =
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zZE|9lch S22 AYel pulseE 718}
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F7718ke  (Photoelectrochemical)  A]AEle]]
9]5}o] H7te CulnS,-TiO; nanotube
composite A= 5 AS5E P U=
CulnS,~TiO, nanotube composite?] ©]FATt
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2.1, TiO, nanotube?| M=

A9 TiO, nanotube= Ti foil (99.7 %,
Aldrich)& =413} (Anodization) o 24 FH]|
Ech WA, Ti foil& acetonedt &7 10 B3t
sonic  bathE  o]&ste]  AFEGY, A
Milli-Q waterE T4 HF AHdE &, A5
ZEQUTh F=A4EEte] o] 8 E= electrolyter= 0.5
wt.% NaF (99%, Ajax Chemicals) ¢} 5.0 wt.%
Milli-Q waterg ethylene glycol & 99%,
Aldrich)=} 23tsto] FH| =t o] A¥2 24
= 245} 129 StelA AAERLR, Ti fol
T+ Pt wire7b 2+t working electrode$t counter
electrode2 o] 8EQITh[16] FI4HsE 2L
DC power supplyE ©]-8s5to] 60 Vo] A4S
haet dAsHA FAAHS. F=4EE 23
o Ti foil2 FE A%3SF TiO, nanotube A]H
Milli-Q water?} sonic bathE 3l A2, A
7} B Fo 450 °CY koA 3 ARt F
44 14S AR

(o I rlo ot o 1]

2.2 CulnS;—-TiO2 nanotube composite
3o M=

CulnS,~TiO, nanotube composite A= A|
Z35t7] flste] 4do] 4 TiOgnanotube= %
= A5} A 2=lo working electrode® AAE
ot 7|85z A2 function generatorg O]
/5ko] Wl 200 ms Y& -2 Ve 0V 7 &
4%t square pulse®t o7 HHEH O QI7bHES
ZAsk3lh. 2o o-8% CulnS; electrolyter=
CuCly, InCls, NayS,037F 1 0 0.8 ~ 1.65 : 4 ~
10 o EH]2 FHEQInh S3bo] 8¢ &, AE
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2.3. H7|38ty ds
(Photoelectrochemical performance) 7}

TiO,  naontube, CulnS;,  CulnS,-TiO,
nanotube composite =52 FH7|sFerd A
50| FA7|5}sHd (Photoelectrochemical cell) ¥}
7 potentiostat  (PGSTAT302N, Autolab)E
Fol  WUbEh. MESC photocurrent
response SGAl ©]8H electrolyter= 0.1 M
NasS, 0.02 M NaySO; redoxc ouple ©]1tt. of
=7 Ao 10 min Ar 7FA purgingS §5H]
electrolyte ol €F%0] Q= O71AE AASE
o FAo. RE AHFM HME AITES
working electrodeZ ©|8E%3, Pt wire2}
Ag/AgCl o] Z¥Zt counter electrode, reference
electrode2 o] &=t FHP2 515 nm o5t
e ApdolE cut-off  filter 7 AR
Xe-lampZ} ©]-§= St}
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3. 1. CulnS;—-TiOz2nanotubecomposite?|
=2|-3sty Ed
Figure 1914 TiO, nanotubex= 60 V, 1 h &
Ao FFasrEAel s AgREglen, T
foilz 28 +Augos Fdslo] Agstar.

TiO; nanotub earray® FA= < 4 mm &
o, pore®}t wall ] Z7= 47}
of =t Figure 2= #A7|slstz Zz4

S 7% ¥ TiO; nanotube®] w718 FEHo]
CulnS - ,YA=2 ZHEHISE HAETh TiO,
nanotubeo] Wgt CulnS,o] FHL2 £Z 345
b HE A7FE Wi, pulsed] F5Fof wabA 2
ATt 2polE HoJFEQHt, Figure 2a:= pulsed ©]
BokA] §& 71E0] A7)eeHA FEho] A&
¥l CulnS;-TiO; naontube®] A2 HojZEtt
Scanning electron microscopy (SEM) top view
olulz]= CulnS; Y¥AH=9] packingoll 9JsiA &
A" CulnS, S8 HAYETE 3 SEM
cross—section view ©]H|Z|= TiO, nanotube”}
CulnS; Y7=el osf ZHEA] 42 A &5
o] Q22 HolEo WA, Figure 2be] pulse 7}
AgH 73k F&e] Qg CulnS,-TiO;
nanotube®] @Atol|A TiO, nanotube?] FEHo]
CulnS; A=l osf 124 FFE &S
vebditt 3], Figure 2b2] SEM top view ©]
"]z TiO; nanotube®] pore Y7} W=
£ CulnS, 970l ZHEGGES HoFEd,
ol pulseel] oJaiAl Hefe] A71EZA] k= 0 V
9] short—circuit 7|7t 5<Cu, In, So] AFEZ
(ionic state)=°] TiO, nanotube A Z<%$H WY
B2 A2stA olsste] CulnS,dAHE AR
7] wj&olct oA pulse A& FFofl 715t
o]d CulnS,-TiO; nanotube®] F+Zx2Z Z}o]
A7 Feole IFE vx= dslo] =

ot
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Fig. 1. SEM images of (a) cross—section view and (b) top view for TiO,
nanotube obtained by anodization under 60 V and 1 h.
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Fig. 2. Top and cross—section view SEM images of (a) non-pulsed—electrodeposited
CulnS;-TiO, nanotube and (b) pulsed—electrodeposited CulnS,~TiO, nanotube.

tube vaid

Fig. 3. TEM images of (a) cross—section view and (b) top view for CulnS,~TiO,

nanotube composite (inset : top view TEM image of pure TiO; nanotube).
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High resolution—transmission electron
microscopy (HR-TEM) ©]u]z|= Figure 2b<]
CulnS,~TiO, nanotube®] EAAHA  F47t
TRt SEM EAATE ©S gt =els
. Figure 304 Hole Hie} o] F£9g9] 10
nm CulnS, UYxdA7F  pulseE  H-83F
Az1sketA SRl oJste] TiO; nanotube
g WiF Eeb ofy2t tube®t tube Afe]o] Hl
B3I voidoll e H#HsHAl S2H= et Figure 3b
ofgff ulf TEM olnxl= F&AS  TiO,
nanotube® Ad W7ol Hl FItS HojEoh

Figure 4+ TiO, nanotube®t CulnS,~TiO,
nanotube®] X-ray diffractometer (XRD) =&
= HojFth Ar 7k 29171 stellA 500 °Cell
A 1 h B¢ EAHHE AR CulnS,-TiO,
nanotube®] XRD ZAi}o| A= anatase TiO, 2%
Bob o opley,  HFAHQ  CulnS, AR
roquesite’t TEEQLE ol 129 dAE F
A Zolo| BESE1L CulnS,9] AHsh7t Ar 71A
of oJsiA AAEUSS Bt FUHE o=,
253 °9] 2 thetaollA] == anatase TiO,9]
F peak?t CulnS, 5% o]|Fo] Adidoez T4
A, 282 °9] 2 thetaollAl CulnS, roquesite
9] sharp peak7} AMEA TEE . 2HH, A
std U7 Ti = TiO; peak S°] WEHA
AU 59 peak intensity’} Aoz 74y
O 2H CulnS, Hrh= @3] o]2p#l AAge
ZA EEL ol TiO; nanotube?t CulnS,
of osf 1A I HRT wEolH,
pulse7} Foi®l A7|e}etA F2bo] oFt avtm
worEnh AgH o g TiO; nanotube?}t Cu,02F
CdS 22 7M&4 ®ied 2ds 19 o2
g XRD #jglof A= TiO7t o143 a3 2%
Aoz IR, Cu08t CdSell oJsiA FH
2 2 TiO,o :mHol QA &5 U7] wZo]
th.[17, 18]

Figure 5°] UV-Vis spectra A=
CulnS;-TiO, nanotube composite®] 7FA]E 2
AS Ueidl= ¥ied 2d49e S99 Tio,
nanotuber= 300 ~ 400 nm {9 UV gty
oA FE47t IEEE 8, CulnS-TiO,
nanotubet= UV FeoA Bt ofyzl 400 nm
o]Fe] ZHF FHNNE FFHTE WEEH, o
= 7H1E 24 SEEAQ]l CulnSo] Age] <%t
FE T =] wiEelh Figure 5
AdE Figure= Kubelka—Munk equation®]]
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A% CulnSy-TiO; Nanotube 38 342 5

oJslA] AoJFCulnS,~TiOnanotube] HIEZ of
Yzl ditg HoFu, CulnS9] WEZ of|Z]
Q1 1.5 eVe Hl?t o2 WEEH[19]

IO TE{)2 nanotube

Cuins,-TiO 5 nanotube

Intensity ! a. u.
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202‘53‘03"54‘04‘55‘35%5‘95‘570
2 theta/ degree

Fig. 4. XRD patterns of TiO; nanotube and
CulnS;-TiO; nanotube composite.

Fig. 5. UV-Vis absorbance of CulnS$,~TiO,

nanotube  composite and  TiO,
nanotube (inset : band gap energy of
CulnS,-TiO,  nanotube  composite

obtained by Kubelka—Munkequation).

3.2. CulnS,-TiO2 nanotube composite?|
ZH7|sEty EM
2 Ao CulnS,-TiO;  nanotube
composite®] FH71HQ1 EA4E Hrtstr] a4l
Figure 69] 7NWdZolA HoAFE FA7|5kHd
(Photoelectrochemical cel)& ©]&835t3ct. A
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TFAdsta = working electrode=CulnS,~TiO,
nanotube composite 2 FAE o] it FgA
9] working electrode®]] "o] ZAHE o, CulnS,
= Az Aoz REEo A= Al
(CB: conduction band)& o]%3st AEL 714
tf (VB: valence band)ell gotSlAl Hrt. 714 )
of dolsle BeE2 AAet Aol dojutA
t CulnS; & AA AEAIA AAA] BFEES
ASHAIZ 4 1O B2 redox couple electrolyte
2 ooz AR AHIEE AA
(scavenge) 3FATt. CulnS,2 HE AAH FAxt
= TiO; nanotube®] AEtig2 HAEEHI Ti foil
metal  substrate® A RO  AZH
potentiostat® o]t o 2N WAEE FAF
(photocurrent) ¥&s}7A] Htt.

hv

Ti foil Pt
CB e CB
e
Redox couple
e 1.5eV
3.2eV 2Hs
h* S,% + 2H*
h* vg VB

CulnS,-TiO, nanotube
composite photoelectrode

LOAD
Potentiost

@hgram for the
electron

Fig. 6. Schematic
photoinduced
process
nanotube composites.

transporation

occurring in  CulnS;—-TiO,

Figure 7a & 337|stetde] ofsiA Z45

TiO;  nanotube?t  CulnS,~TiO;  nanotube
compositeg®] FHAF 8F  (photocurrent

response) AFE HojZth =A™ CulnS,-TiO,
nanotube compositer=  pulse 5ol Wt o2
A AZE pulsed—electrodeposited CulnS,~TiO,
nanotube compositeTt non—pulsed-
electrodeposited CulnS,~TiO,  nanotube
composite®] H|WEITE  ZFAF FAF SheflA
(A = 515 nm) TiO; nanotube?] FH= ke

R LR

njH|ste] ¥k-gdo] AA|s] Holz= Ao® e
wom, o]= TiO, nanotubel] Fg47} UV T
el 300-400 nm AfelofA F2 doji}r] o
Folt} (Figure 5). ¥1#, CulnS,~TiO; nanotube
composite W25 FAT TG 4 Ho
Folot. £75], pulsed—electrodeposited
CulnS,~TiO, nanotube composite®] FHdF Ft
= 300 mA cm & non-pulsed—
electrodeposited CulnS,~TiO, nanotubeol] H|3|
3 8 =2 &= YeEHth Figure 7b9]
CulnS,-TiO, nanotube composite FZof 3t
MEE+E=  pulsed  CulnS,-TiO,  nanotube
composite®] FQAF FF] olfE AYIh
Pulsed—electrodeposited CulnS,;~TiO, nanotube
composite A pulse 9] &Ikl oJ5f LA
TiO; nanotube W/JF EWHo| F®H CulnS;H
LY=L tube poreE AFHSEA] 42 | tube
qHo| 124 IYFS JAstaL demg, A
& 3ol light channeling effecto]l <3l
CulnS,-TiO; nanotubezi'd W&ol 712 © @
o] T &4 A ok EF HA" FHAE
v gkl AFeto]l #HaEol YFSHATIO,
nanotubes Tl QRE HMEHOo RN FAHE F
AR SH&S HoErth ¥, non—pulsed-
CulnS,~TiO, nanotube composite> CulnS,
Z}=°] TiO, nanotube Y WHE7IA] T=E5}HA]
FSHL pore YHEOl HFAHoE A HO]
CulnS; #85S F4sH Hetl olzls A
= go] ZpghE Wk ol AAE FHAE
o] CulnS; & WollA Azt Add=e] TiO,
nanotube® 9| M7t HALES AL A=
pulsed—electrodeposited CulnS;—-TiO; nanotube
composite®] 7HYH olFTH{ETERE= FolSES
FAFE FE2YE @5 doH, oA 74"
SEM (Figure 2b) ¥ TEM (Figure 3) 235 &
sto] 24 S4o] shalElelch

4,

my

2

2 Ao, FdE o]FHTTFXRE FAot
9= JHF A CulnS,~TiO; nanotube
composite FA=0] pulse 97t A-8H 7|3t
St & Ao Qe duHoR AREA
TiO, nanotube®]| &2l CulnS, 94AH= 10 nm
71 T8 Y dAEZA pulse Ao gt
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(a)

Pulsed-electrodeposited CulnS,-TiO, nanotube composite

TiO, nanotube

Light on, ,Light off
1 1

Non-pulsed-electrodeposited CulnS -TiO, nanotube composite

A% CulnSy-TiO; Nanotube 338 382 7

(b)
Pulsed-
electrodeposited
CulnS,-TiO; nanotube

Non-Pulsed-
electrodeposited
CulnS,-TiO; nanotube
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Fig. 7. (@) Photocurrent responses of TiO, nanotube, non-pulsed electrodeposited

CulnS,~TiO, nanotube, and pulsed—electrodeposited CulnS,~TiO; nanotube under
visible light irradiation (A = 515 nm) containing 0.1 M Na,S and 0.02 M NaySOs
under 1 V and (b) schematic diagram for the structure of CulnS,~TiO, nanotube
composites obtained by pulsed—andnon—pulsed—electrodepositionmethods.

2o % TiO; nanotubeZid Ul/eF ZHe] +
dstA  FRHE FZ  FAskH XRDe
UV-Vis spectra 24721 JFZH  CulnS,=
roquesite. AAER 1.5 eVe WEZ oyAE
Z= TR A WA E4olSlth

CulnS,~TiO, nanotube composite®] F77]|3}st
Z A5 CulnS;2t TiO; nanotube 7ol FAIE
Herzo zolof A o)&EsHtt. Tube Y
o]  JHRH  FxQ  pulsed-electrodeposited
CulnS,-TiO, nanotube composite®] H4H
TZE ZY=  non-—pulsed—electrodeposited
CulnS,~TiO, nanotube composited] H|3iA 3
vy 7t PdE AR SES HAFh o=
CulnS;¢} TiO, nanotubeAtolo] FA == o]&
2] o wE Folg-gy FAAY AY
Aol 711ttt

=)
=

Am =2 1]
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