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1. Introduction

With the advent of the so-called hydrogen
economy, new technologies producing hydrogen
from natural resources other than fossil fuels are

becoming more important. The photocatalytic or
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photoelectrochemical method that  produces
hydrogen from water by using solar energy is one
of these. Since Fujishima and Honda demonstrated
that water could be effectively split into hydrogen
and oxygen on TiO, photo-electrode”, many
researchers have attempted to develop more
efficient photocatalytic materials. Among these,

TiO; and CdS are still the most representative
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photocatalytic materials and work under UV light
light,

exceptional material that has many important

and visible respectively. TiO» is an
applications like white pigment, catalytic support,
photocatalyst, and dye sensitized solar cell™.
Recently, titania nanotubes have been prepared via
a rather simple hydrothermal processing using
NaOH aqueous solution*”. Since this TiO, form
has larger surface area, it is of particular interest
in the aspect of catalytic or photocatalytic
application. Meanwhile, CdS has also been widely
used for a yellow pigment, CdS/CIS solar cell,
devices®. This
apparently owing to its suitable band gap property

(~2.4 eV) for absorption of visible light as a

and other photoelectronic is

n-type semiconducting material.
Recently, we reported that when both TiO: and

CdS  particles were used together in a

nano-composite film form, they showed a

synergistic effect in photo-splitting reaction of

aqueous H,S solution”

. It was also found that
close contacts among the particles and uniform
distribution of both components are important.
This favorable result was attributed to the effective
photo-charge  separation between the two
contacting particles with different band gaps and
band positions as shown in the scheme of Fig. 1
Their photocatalytic performance depended on
such physical propertiecs of particles as
crystallinity, size and morphology.

In the present
nanotubes(TiNT)

hydrothermal process”. Then,

study, we prepared titania

following  the  previous
these nanotubes
were mixed with CdS sol to prepare CdS- TiNT

composite films. Their photocatalytic performances
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Fig. 1

A schematic drawing of CdS-TiO:
photocatalyst operating under the visible light. The scheme
shows an effective photo-charge transfer from CdS to TiOs,
and other details including various chemical reaction steps are
omitted for simplification

composite

for hydrogen production were compared with their
existing counterparts, ie., CdS-TiO, particulate
composite films. The tubular morphology with a
larger surface area was of great interest in
connection with photocatalytic performance of

these composite films.

2. Experimental

2.1 Preparation of CdS-TiNT Composite
Films
Nano-crystalline CdS sol was prepared by a
precipitation reaction of 0.5 M Cd(NOs), and 0.5
M Na,S aqueous solutions at room temperature
and a subsequent hydrothermal treatment at 240C
for 12 h. Details for preparation and its physical

. . 8
properties are shown in a reference ),

Titania
nanotubes were prepared by the hydrothermal
reaction under strongly basic condition, whose
procedure was previously reported by Kasuga et
al”. In this study, a commercial TiO, powder, P-25
obtained from the Degussa, was used as a starting

material and NaOH as an alkaline source. These
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CdS sol and titania nanotubes shurries were mixed
together mechanically using ultrasonification with
variation of the mole ratio, r =TiNT/(CdS+TiNT).
CdS-TiNT composite films were thus prepared by
casting the final sol mixed with PEG onto fluorine
doped SnO, conducting glass(F:Sn0O,), and a
subsequent heat- treatment at 450C for 30 min
under air. The film thickness was adjusted to be
on the level of ~10 um. For comparison of
photocatalytic performance, CdS-TiO; particulate
composite films were also prepared similarly
following a previous study7).

The morphology and thickness of the composite
films were observed by wusing SEM(JEOL
JSM-6700F). Detailed morphology and crystalline
phases of titania nanotubes and CdS particles were
identified by using TEM(JEOL JEM 2010) and
XRD(CuK a, Rigaku), respectively. UV-NIR fiber
optic spectrometer(Ocean Optics, HR 4000) and
PL spectrophotometer(Perkin-Elmer lambda 20)
were used to obtain optical absorption spectra
(DRS mode) and photoluminescence spectra of the
composite films, respectively. Specific surface
areas of the particles were measured by using the
BET method(Micromeritics, ASAP 2400).

2.2. Preparation of Composite Film
Electrodes and Photocurrent
Measurement

The composite film electrode(working area ~1
cmx] cm) for measurement of photocurrent was
prepared by connecting a copper lead wire and the
The

photocurrent was measured in a water-jacketed cell

exposed F:SnO, film with silver paste.

of three-electrodes system consisting of the

fo

232

S BIF - 24T

composite film electrode, a saturated calomel
electrode(SCE), and Pt gauze as a photo-anode, a
reference electrode and a cathode, respectively.
The light was illuminated on the photo-anode from
a Xe lamp(ILC Technology, U.S.A) with the
100 mW/em*(AM 15). The

photocurrent to potential(I-V) curve was measured

intensity  of

in an aqueous electrolyte solution consisting of 0.1
M NaS and 0.02 M Na,SOs solutes at 25C using
a potentiostat/galvanostat(EG&G Model 273A).
Unless otherwise specified, all photocurrent values
were compared at 0.0 V vs. SCE, since most of
indicated stable

the present composite films

photocurrent values at this potential®.

23. Preparation of the Photoreactor
and Measurement of Photocatalytic
Activity for Hydrogen Production

The

production were also prepared by the same

photocatalytic  films for  hydrogen
procedure as the case of photoelectrodes above,
but with larger working areas ~9 cmx9 c¢cm. Then,
these films were coated with Pt particles as
co-catalyst by plasma sputtering(80 watt, 30 sec.,
3x10” torr of Ar). Finally, a photoreactor was
constructed using this glass plate coated with
photocatalytic films, a bare glass counter-plate, and
a stainless steel frame together, and sealed with
silicone rubber gasket. As in the case of
photocurrent measurement, the light for production
of hydrogen was illuminated from a Xe lamp with
the power intensity of 100 mW/cm’(AM 1.5).
Hydrogen production experiments were carried out
in a closed circulation system using an aqueous

solution of 0.1 M Na;S and 0.02 M Na,SOs as a
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reference feedstock for comparison of water
photo-splitting  activity of these films”. The
amount of hydrogen produced with time was
calculated quantitatively by the pressure increase
of the closed system and confirmed qualitatively
by a sieve S5A
column, HP 5890).

gas chromatograph(molecular

3. Results and Discussion

Fig. 2 shows typical TEM images of titania
nanotubes prepared in this study. The as-prepared
nanotubes(Fig. 2a & b) revealed 150~300 nm in
length, 3~5 nm in inner diameter, and 10~15 nm
in outer diameter, and consisted of 3~5 layers of
walls(~3 nm of thickness), whose dimension was
roughly
studies*”. These nanotubes partially collapsed into

consistent with those of previous

shorter nanotubes thermal
annealing above 200C(Fig. 2¢ & d) and their

specific surface areas decreased in proportion to

or particles upon

the degree of collapse. The surface area of the
nanotubes dried at 60°C reduced to approximately
30% of the initial area after calcination at 450C
(376 — 134 mYg).

Fig. 3a~d show the crystalline phases of the
of Fig. 2a~d,

crystallinities were rather poor except for the

samples respectively, whose
sample of Fig. 2d that was annealed at 450C. It
is known that a well developed crystallinity of
photocatalyst is very important for an effective
charge transfer within crystallites and thus for a
better photocatalytic activitys).

The sample of Fig. 3d indicated a typical

anatase phase of TiO, crystallites and the average
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Fig. 2 TEM images of titania nanotubes prepared by the
hydrothermal treatment(HT) in NaOH aqueous solution. The
samples were annealed in air for 05 h at different
temperatures: (a) 60 C(befor HCI), (b) 60C(after HCl), (c)
200C, & (d) 450°C. After HT, the sample (a) was washed
only with water, while (b), (c) & (d) were 0.1M HCl-treated
and then washed again with water. The insets of (b) represent
the HRTEM image of a nanotube(bar: 10 nm) (left), and
TGA(thermogravimetric analysis) data(right)

primary particle size of this sample estimated from
the X-ray line broadening analysis9) was about 18

nm. The XRD patterns of Fig. 3a~c were
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Fig. 3 XRD spectra of the respective samples of Fig. 1 The
crystalline planes seen on the sample (a) were quoted from
ref. [10] and those of the sample (d) were assigned in
consistent with a typical anatase phase of TiO:
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apparently differentiated from that of Fig. 3d, and
especially the pattern of Fig. 3a was distinguished
by the peak at a 20-9.6°.
Furthermore, two nanotube samples of Fig. 2a &

lower angle,
2b also represented different patterns from each
other. In fact, the sample of Fig. 3a was found to
contain about 15 atomic % of Na(based on EDX
analysis) and thought to be a mixture of sodium
titanate and titania. In a previous studylo), a
similar crystalline pattern to the Fig. 3a was found
and they assigned the pattem to such a titanate as
Na;Ti,04OH),. The sodium component was not
found in a typical nanotube sample, Fig. 3b, and
diverse crystalline phases like H,TiO4OH),'",
H,Ti;0,', and TiO; anatase™ were suggested for
them by earlier studies. Based on the results of
Fig. 2 & Fig. 3 and the TGA study shown in the
inset of Fig. 2d, whose weight decreased
consistently till the temperature reached ~4007T,
this well- developed nanotube form is thought to
have a titanate phase with some structural water.
They collapse into shorter titania nantubes or
particles with a gradual removal of structural
water upon thermal annecaling. Meanwhile, the

vacuum dried CdS
well-developed hexagonal crystallinity®.

sample indicated a

Fig. 4 shows SEM photographs of various
CdS-TiNT composite films prepared with the final
heat-treatment at 450C. The pure CdS film(r=0)
indicated a porous morphology consisting of large
and irregular CdS particles, while the pure TiNT
film(r=1) showed a rather dense shape consisting
of agglomerated nanotubes which were aligned
randomly. Although the nanotubes in the powder

form easily collapsed into particles upon annealing
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Fig. 4 SEM photographs of composite films with variation of the
mole ratio, r=TINT/(CdS+TiNT): 0 (a), 0.2 (b), 04 (c), & 1 (d)

at 450°C(Fig. 2d), the nanotubes in the film form
kept their tubular shape despite the heat treatment,
probably as a result of aligning on the substrate
with the aid of a binder material(PEG) or buffing
by CdS particles. Apparently, the nanotubes of
CdS-TiNT composites revealed better thermal
stability than in their single state. As shown in
Fig. 4b & 4c, the CdS-TiNT composite films
indicated a mixed state of both components with
some agglomeration among nanotubes.

Fig. 5 represents optical absorption spectra
(diffuse CdS-TiNT
composite films. The sample with pure CdS(Fig.

reflectance mode) for
5a, r=0) showed a typical absorption spectrum
with the main absorption edge at about 530 nm
due to CdS bulk crystalline phase and a long tail
due to many defect states. Meanwhile, the sample
with pure nanotubes (Fig. 5e, r=1) has a typical
absorption edge at about 385 nm, which is nearly
consistent with the absorption edge of TiO;
anatase phase with the band gap energy of 3.2 eV.
In the cases of the composite films with r=0.2~
0.8, visible light absorption above ~400 nm
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Fig. 5 Optical absorption spectra for the CdS-TiINT composite
films with variation of the mole ratio(r): r=0 (a), 0.2 (b), 0.6
(c), 0.8 (d), 1 (e). For comparison, the spectrum (b)’ is for
=02 of CdS-TiO, particulate series and (e)° for
P-25(Degussa)

decreased in proportion to the decrease of CdS
content but still indicated a considerable amount
of absorption even at r=0.8. The light absorption
by these samples was comparable to those of
CdS-TiO,
particulate series(refer to Fig. 5b). The difference

corresponding  counterparts  i.e.,
in titania morphology of composite films showed
no significant difference in absorbing the visible
light.

measured

The photocurrents were

electrochemically at a reference experimental
condition. With increase of TiNT content, the
photocurrent slightly increased at r=0.2 and then
decreased monotonically, and finally reached a
minimum value at r=1, ie, pure TINT film
probably as a result of reduced visible-light
harvesting due to decreasing CdS content. They
showed no significant synergistic effect with
formation of the CdS-TiNT composites, which was
contrary to the previous results representing a

maximum photocurrent at r=0.8(Fig. 5b) and some
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Fig. 6 Photocurrents of CdS-TINT (a) and CdS-TiO;
particulate (b) composite films with variation of the mole
ratio(r). For the details of (b), refer to ref. 7)

kind of favorable interaction being between both
components of CdS-TiO, particulate films”. It was
thus thought that the photo-electrons excited from
the valence band of CdS particles might not so
effectively transfer to the conduction band of
TINT as to prevent those electrons from
recombining readily in this series of CdS-TiNT
composite films'?. This nearly monotonic decrease
of photocurrents with r was an unexpected result
when considering the larger surface area of TiNTs
compared to round TiO, particles, which was at
first anticipated to facilitate the contact with CdS
particles. Apparently, in spite of such small sizes
of several nanometers in diameter, the nanotube
morphology of TiO, was less effective in
interaction with CdS particles compared to the
round shape.

Finally, to investigate the performance of these
films as

production rates were measured in a continuous

composite photocatalyst, hydrogen
flow reactor. Fig. 7 shows the amount of hydrogen

produced with time from CdS-TINT composite
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Fig. 7 The amount of hydrogen produced from CdS-TiNT
composite films: r=0 (a), 0.2 (b), 0.4 (c), 0.6 (d), 0.8 (e), I(f)

films. Compared to the results of the CdS-TiO,
particulate series”, the highest rate, 0.23 co/em’hr
was obtained at r=0.2 and the photocatalytic
activities were generally not so good. However,
the present photo-activity data indicates that some
degree of synergistic effect exists also between
CdS particles and TiNTs, although the effect was
not so apparent in the photocurrent generation(Fig.
6) which requires even the flow and collection of

charge carriers in addition to the charge separation.

4. Summary

Titania nanotube(TiNT) and CdS
synthesized by hydrothermal

sol were
reaction under
strongly basic condition and by precipitation
reaction of CA(NOs), and Na;S aqueous solutions,
respectively. After preparing a series of CdS-TiNT
composite films on F:SnO, conducting glass with
variation of the mole ratio (r) of TINT/ACdS+
TiNT), their visible light absorption, photocatalytic
for and the

activities hydrogen production,

photocurrent generation were examined. In general,
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this CdS-TiNT series showed lower photocatalytic
activities and photocurrent generation under Xe
light irradiation compared to their counterparts,
i.c., CdS-TiO, particulate series. It appeared that
TiNTs are not so effective photocatalyic material
in spite of their larger specific surface areas
compared to TiO; nanoparticles, because they
indicate a poor crystallinity and less intimate
interaction or contact with CdS particles owing to
the tubular morphology and an easy agglomeration

among themselves.

Acknowledgements

This research was performed for the Hydrogen
Energy R&D Center, one of the 2lIst Century
Frontier R&D Program, funded by the Ministry of

Science and Technology of Korea.

References
1) Fujishima A, Honda k., "Electrochemical
photolysis of water at a semiconductor

electrode”, Nature, Vol. 238, 1972, p. 37.

2) Kumar K. N. P, Keizer K, Burggraaf A. J.
"Stabilization of the porous texture of
nanostructured titania by avoiding a phase
transformation", J. Mater. Sci. Lett., Vol. 13,
1994, p. 59.

3) Oregan B, Gratzel M. A low-cost,
"high-efficiency  solar cell based on
dye-sensitized colloidal TiO, films", Nature,
Vol. 353, No. 24, 1991, p. 737.

4) Kasuga T, Hiramatsu M, Hoson A, Sekino T,

Niihara K. "Formation of titanium oxide

nanotube", Langmuir, Vol. 14, 1998, p. 3160.

A U MUHUHRIES =2F M182 HM3& 20074 9



CdS/Titania-LtL-EE =8

5) Kasuga T, Hiramatsu M, Hoson A, Sekino T,
Niihara K., "Titania nanotubes prepared by
chemical processing", Adv. Mater, Vol. 11,
1999, p. 1307.

6) Lee S. H, Gupta A. Wang S. L, Compaan A.
D, McCandless B. E., "Sputtered Cd;.Zn,Te
films for top junctions in tandem solar cells",
Solar Energy Materials and Solar Cells, Vol.
86, No. 4, 2005, p. 551.

7Y So W. W, Kim K. J, Moon S. J.
"Photo-production of hydrogen over the CdS—
TiO, nano-composite particulate films treated
with TiCly", Int. J. Hydrogen Energy, Vol. 29,
2004, p. 229.

8) So W. W, Jang J. S, Rhee Y. W, Kim K. ],
Moon S. J,
crystalline CdS particles by the Hydrothermal
Treatment", J. Colloid Interface Sci. Vol. 237,
2001, p. 136.

9) Moon S. J, So W. W, Chang H. Y. "Effect of
TiCly treatment on photo- electrochemical

"Preparation of nanosized

properties of nano- crystalline CdS particulate
films", J. Electrochem. Soc. Vol. 148, 2001, p.
E378.

o

Py

orEs &

re
s!
B

OH&A =ARIZE

10) Yang J, Jin Z, Wang X, Li W, Zhang J, Zhang
S, Guo X, Zhang Z., "Study on composition,
structure and formation process of nanotube
Na;Ti;04(OH),.", Dalton Trans. 2003, p. 3898.

11) Zhang M, Jin Z, Zhang J, Zhang S, Guo X,
Yang J, Li W, Wang X, Zhang Z., "Efffect of
annealing temperature on morphology, structure,
and photocatalytic behavior of nanotubed
H;Ti,O4(OH),", J. Molecular Cat. A, Vol. 217,
2004, p. 203.

12) Zhang S, Peng L. M, Chen Q, Du GH,

G, Zhou W. Z,
mechanism of H,Ti;0; nanotubes”, Phys. Rev.
Lett., Vol. 91, No. 25, 2003, p. 256103.

13) Wang W, Varghese O. K, Paulose M, Grimesa
C. A, Wang Q, Dickey E. C. "A study on
the growth and structure of
nanotubes”, J. Mater. Res., Vol. 19, No. 2,
2004, p. 417.

14) Tambwekar S. V, Venugopal D, Subrahmanyam
M., "H, production of (CdS—ZnS)-TiO,
supported photocatalytic
Hydrogen Energy, Vol. 24, 1999, p. 957.

"Formation

Dawson

titania

system”, Int. J.

Trans. of the Korean Hydrogen and New Energy Societ{2007.9), Vol. 18, No. 3 237



