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CdS nano-crystallites decorated TiO, nano-tubes arrays (CdS NCs/TiO, NTAs) photoelectrodes were
prepared through anodization, followed by electrodeposition strategy. Subsequently, structures of the
resulting CdS NCs/TiO, NTAs samples were characterized by scanning electron microscopy (SEM),
transmission electron microscopy (TEM) and X-ray diffraction (XRD). In addition, the light absorp-
tion capacities and photoelectrochemical (PECH) properties were investigated through UV-visible
diffuse reflectance spectrum (DRS), photocurrent response (PCR) and open-circuit photovoltage (OCP).
Furthermore, photodecomposition performances were evaluated by the yield of *OH radicals and pho-
toelectrocatalytic (PEC) degradation of rhodamine B (RhB) under Xenon light irradiation. Moreover, the
Photoelectrocatalysis enhanced PC mechanism was proposed and confirmed through photoluminescence (PL) spectra and
Electrodeposition contribution of different reactive species. Results showed that hexagonal CdS NCs with uniform spher-
RhB ical sizes of 20 nm were successfully deposited onto the surface of highly ordered TiO, NTAs, which
could not only red-shift the light absorption to visible region between 400 and 700 nm, but also sig-
nificantly enhance the generation of *OH radicals. Furthermore, CdS NCs/TiO, NTAs photoelectrodes
possessed higher transient photogenerated current of 9.62 mA cm~2 and open-circuit photovoltage of
—0.253 Vcm—2 than that of bare TiO, NTAs. Moreover, when external potential (—2 V) was applied, CdS
NCs/TiO, TNTAs samples performed higher PEC efficiency of 91.6%, which could be attributed to the
intense light harvesting in visible region and high mobility and separation efficiency of photogenerated
charge carriers.
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1. Introduction

With the development of modern society, environmental pol-
lutants and energy crisis have been considered as two urgent
issues. Semiconductor-based photocatalytic (PC) technique has
been developed as one of potential strategies to solve the above
problems, including solar energy conversion, air purification and
waste water treatment [1-3]. Among these semiconductors, tita-
nium dioxide (TiO; ) has been widely studied due to its exceptional
properties such as low cost, non-toxicity, chemical stability and
outstanding oxidization ability. However, the application of TiO,
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nano-materials was greatly restricted due to its intrinsic defects.
Firstly, pure TiO, can only be excited by UV light, which only occu-
pied 5% of the solar spectrum [4]. Secondly, pulverous TiO, was
difficult to separate and recover in the suspending system. Thirdly,
high recombination rate of photogenerated charge carriers lowered
the PC efficiency. Thus, to conquer these drawbacks, a great deal of
efforts has been conducted.

Recently, one-dimensional (1D) nano-architectures, such as
TiO, nano-tube (NTs), have been demonstrated as a versatile
candidate for the improvement of PC performance because of
the exceptional charge transport and light-harvest properties [5].
Besides these, the direct growth of TiO, NTs onto the Ti substrate
greatly improved the recycle of the catalyst. From then on, numer-
ous of studies have been carried out.

Very recently, TiO, decorated with a narrower material has
been demonstrated as an effective strategy to improve the visible
light PC performance, because the narrower semiconductor could
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absorb more photons to participate in the PC reaction [6,7]. In addi-
tion, the higher mobility and separation of photogenerated charge
carriers could induce a higher PC efficiency. Among which, CdS
nano-material have been received more focus [8-10].

Although there were many reports about the synthesis of CdS
decorated TiO, composite catalysts. However, these reports were
mainly related with the pulverous CdS/TiO, composites. To the
best of our knowledge, it was still lack of comprehensive inves-
tigation about the preparation of CdS NCs decorated TiO, NTAs
and its enhanced PC mechanism. Thus, in the present study, CdS
nano-crystallite decorated TiO, NTAs (CdS NCs/TiO, NTAs) pho-
toelectrodes have been prepared through anodization method,
followed by electrodeposition strategy. Furthermore, the enhanced
photoelectrocatalytic (PEC) performance and mechanism were dis-
cussed in detail. As a result, CdS NCs/TiO, NTAs exhibited higher PC
and PEC performances.

2. Experiments
2.1. Materials

Sodium sulfate (Na;SO4), sodium fluoride (NaF), acetone
(CH3COCH3), absolute ethanol (C;H50H), rhodamine B (RhB), cad-
mium chloride (CdCl, ) and thioacetamide (CH3CSNH, ) were kindly
purchased from Sinopharm Chemical Reagent Co. Ltd. All chemicals
used in this study were analytical grade without any further purifi-
cation. Deionized (DI) water was used throughout our experiments.

2.2. Preparation of CdS NCs/TiO, NTAs photoelectrode

Firstly, titanium foils (99.6%, 0.2 mm thickness) were ultrasoni-
cally cleaned in acetone and absolute ethanol, followed by rinsing
with DI water and drying for 1 h at 80 °C. Typically, anodization pro-
cess was conducted in a traditional two electrode configurations,
in which Ti foils and Pt electrode were served as anode and cath-
ode, respectively. At room temperature (RT), the pre-treated Ti foils
(with an efficient electrode area of 2 cm?) were anodized at 20V
for 2 h in a mixed electrolyte which containing 0.5 wt% NH4F and
1.0mol L-! Na,S0,. Subsequently, the as-anodized TiO, NTAs sam-
ples were rinsed with DI water and dried for 24 h at 343 K. Finally,
the obtained samples were annealed for 2 h at 723K in a muffle
furnace with a heating rate of 3°Cmin~—1.

In this study, CdS NCs/TiO, NTAs photoanode have been pre-
pared through electrodeposition strategy, in which Pt electrode
and TiO, NTAs were served as the anode and cathode electrodes,
respectively. The electrolyte solution was CdCl, (0.1 molL-') and
CH3CSNH; (0.06 mol L-1). Electrodeposited process was performed
at 0.8V for 0.5 h. After electrodeposition, the as-obtained samples
were rinsed with DI water and annealed at 623 K for 2 h in a muffle
furnace with a heating rate of 3°Cmin~—1.

2.3. Characterization

The morphologies of samples were observed by using a field
emission scanning electron microscope (Quanta 200F). X-ray
diffraction (XRD) has been performed on a D8 Advance (Bruker)
diffractometer with Cu Ko radiation. The accelerating voltage
and applied current were held at 40kV and 30 mA, respectively.
Ultraviolet-visible diffuse reflectance spectroscopy (UV-vis DRS)
was recorded on a TU-1901 spectrophotometer equipped with an
integrating sphere, in which BaSO4 was used as the reflectance
sample. The photoelectrochemical (PECH) measurements were
measured on a LK 3200 electrochemical workstation in a three-
cell configuration with the as-prepared TiO, NTAs, Pt electrode
and saturated calomel electrode (SCE) as the photoanode, counter
electrode and reference electrode, respectively. Na;SO,4 solution

(0.1 molL~1) was served as the supporting electrolyte. Meanwhile,
a 350 W Xenon arc lamp was served as the simulated solar light
source, which was placed 15cm beside the light source. Photo-
luminescence (PL) spectra were measured at RT on an FP-6500
fluorescence spectrophotometer (Hitachi, Japan).

2.4. Evaluation of photoelectrocatalysis (PEC) and photocatalysis
(PC)

The PEC and PC degradations were carried out in a self-made
cylindrical quartz photoreactor, which contained 30 mL solution
of NayS0O,4 (0.1molL-1) and RhB (5mgL-1). Prior to irradiation,
CdS NCs/TiO, NTAs electrode was vertically fixed in the reactor
and then magnetic stirred for 30 min in the dark to establish the
equilibrium of adsorption/desorption. Afterwards, 350 W Xenon
light was switched on. At given time intervals, the collected sam-
ples were filtrated and measured at 553 nm using a T6 UV-vis
spectrophotometer. It should be noted that the PEC process was
conducted under the same procedure, while a 2V external poten-
tial was applied and controlled by a two-channel output DC power
supply (DH1715A-5).

3. Results and discussion
3.1. SEM and TEM analysis

Fig. 1 showed the typical SEM images of the as-prepared bare
TiO, NTAs and CdS NCs/TiO, NTAs photoelectrodes. Clearly, it can
be observed that the average inner diameter of bare TiO, NTAs was
about 94 nm with a wall thickness of about 19 nm (Fig. 1a). How-
ever, as shown in Fig. 1B, highly ordered nano-tubular structure
could also be observed, which possessed an average inner diame-
ter of around 120 nm and wall thickness of 20 nm. Furthermore, as
shown in Fig. 1b, CdS NCs were uniformly deposited onto the sur-
face of the highly oriented TiO, NTAs with a uniform size of about
20 nm. In addition, as displayed in Fig. 1c, the shapes and surface
structures of CdS NCs/TiO, NTAs were further confirmed by TEM
and HRTEM. As shown in inset of Fig. 1¢, the perfect lattice fringes of
0.352 nm could be clearly observed, which was in accordance with
the (101) plane of anatase TiO, [11]. Moreover, as seen from the
TEM bright field image of CdS NCs/TiO, NTAs sample (as shown in
inset of Fig. 1c), diffraction spots along with diffraction rings could
be obviously observed, revealing the existence of CdS NCs.

3.2. XRD and DRS analysis

XRD patterns of TiO, NTAs and CdS NCs/TiO, NTAs samples were
performed and shown in Fig. 2A. Clearly, as shown in Fig. 2A, all
the crystallite phase could be indexed from their corresponding
characteristic peaks using the anatase phase (JCPDS No. 21-1272)
and Ti metal phase (JCPDS NO. 44-1294) [12], which were marked
distinctly with A and T in the XRD patterns, respectively. How-
ever, it should be noted that after decoration with CdS NCs, TiO,
NTAs sample exhibited three additional diffraction peaks located
at 26.5°, 43.8° and 51.4°, corresponding to the hexagonal phase
(111),(220),(311) of CdS NCs [13]. Thus, it was reasonable that
CdS NCs were successfully deposited onto the surface of TiO, NTAs.

In order to investigate the light absorption ability of the as-
prepared TiO, NTAs samples, UV-vis diffuse reflectance spectra
(DRS) were recorded. As shown in Fig. 2B, both TiO, NTAs samples
exhibited typical onset absorption edge at about 390 nm, corre-
sponding to the electronic transition from 0%~ anti-bonding orbital
to the lowest empty orbital of Ti** (02p — Ti3d) [14]. Nevertheless,
compared with bare TiO, NTAs, the light absorbance edge of CdS
NCs/TiO, NTAs photoelectrode was significantly red-shifted to
visible region with the strongest peak located at 450 nm between



X. Cheng et al. / Electrochimica Acta 105 (2013) 535-541 537

Fig. 1. (a) SEM image of bare TiO, NTAs, (b) SEM image of CdS NCs/TiO, NTAs and (c) TEM image CdS NCs/TiO, NTAs photoelectrode.

400 and 700 nm, which could be attributed to the decoration of CdS
NCs, which responsible for improvement of visible light capability
of CdS NCs/TiO, NTAs. Furthermore, the band gap of TiO, NTAs
could be calculated through the following Kubelka-Munk equation
[15].

(ehv) = A(hv — Eg)"/? 1)

where «, v, Eg, and A are absorption coefficient, light frequency,
band gap, and a constant, respectively. Among them, n depends on
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Fig. 2. XRD patterns (a) and DRS spectra (b) of bare TiO; NTAs and CdS NCs/TiO,
NTAs photoelectrodes.

the characteristics of the transition in a semiconductor, i.e., direct
transition (n=1) or indirect transition (n =4). After calculating, the
band gap of TiO, NTAs and CdS NCs/TiO, NTAs were found to be
3.2eV and 2.75eV, respectively. Thus, undoubtedly, these results
indicated that CdS NCs were indeed deposited onto the surface of
TiO5 NTAs, which was in accordance with the XRD and SEM results.
Moreover, we could propose that crystalline CdS was synthesized
under mild ambience, and the reaction could be described concisely
as followed (Egs. (2) and (3)):

CH3CSNH, + 2H,0 — NHj + CH3COOH + H,S 2)

CdCl, + HpS — CdS + 2HCl (3)

3.3. PECH measurements

Generally, the PEC response has always been considered as
an effective parameter to evaluate the PC and PEC performances
of TiO,-based nano-materials. Thus, the transient photocurrent
response (PCR) was conducted to access the separation efficiency
of photogenerated holes and electrons (h*/e~) pairs. As shown in
Fig. 3a, as soon as under Xenon lamp irradiation, the photocurrent
response generated promptly and increased sharply, while went
down to zero as soon as the irradiation of light on the photoan-
ode was stopped, suggesting that the current was completely arose
from the activity of the as-prepared TiO, NTAs photoelectrode. In
addition, the transient photocurrent density of CdS NCs/TiO, NTAs
(9.62mAcm~2) was 1.3 times as high as that of bare TiO; NTAs
(7.37 mA cm~2), indicating the perfect separation efficiency of pho-
togenerated charge carriers of CdS NCs/TiO, NTAs.

Meanwhile, the open-circuit potentials (OCP) of both TiO, NTAs
photoelectrodes were measured to evaluate the generation and
recombination of e~/h* pairs. As displayed in Fig. 3b, both TiO,
NTAs electrodes displayed a distinct OCP. Noticeable, CdS NCs/TiO,
NTAs performed a higher photovoltage than that of the bare TiO,
NTAs. When the Xenon light was switched on, the OCP of CdS
NCs/TiO, NTAs shifted promptly and reached instantaneously to
—0.253Vcm~2, while the OCP of bare TiO, NTAs increased grad-
ually to —0.232Vcm~2. When the light was off, the OCP of CdS
NCs/TiO, NTAs decreased more quickly than that of TiO, NTAs elec-
trode. Thus, it can be suggested that CdS NCs/TiO, NTAs electrodes
exhibited a more sensitive and effective separation of photogen-
eratd charge carriers, which was consistent with the photocurrent
property.

3.4. PEC and PC performances
Rhodamine B (RhB) has been widely employed as a dye, espe-

cially for textile and industrial dyes. Recently, it was found to
be potentially toxic and carcinogenic [16]. Thus, RhB molecules



538 X. Cheng et al. / Electrochimica Acta 105 (2013) 535-541

- 1(2) l CdS NCs/TiO, NTAs
< |
E \ \ \
E‘ 6 “ “ “‘x‘
% h E— \\m R S
o
5
54T
Q
g
=}
E
2 |
light off
, :
0 L 1 L 1 L 1 L 1 L 1 L
0 200 400 600 800 1000 1200
Time/s
o0s L (b) TiO, NTAs
CdS NCs/TiO,NTAs
0.12 |-
<
£ 016
8
5
=¥
-0.20
-0.24
L 1 L 1 L 1 L 1 L
0 50 100 150 200 250

Time/s

Fig. 3. Photocurrent response (a) and open-circuit photovoltage (b) of bare TiO,
NTAs and CdS NCs/TiO, NTAs photoelectrodes.

were often chosen as a representative pollutant to evaluate the PC
performance of the as-synthesized catalysts. Thus, in this study,
the degradation of RhB was used to evaluate the PEC and PC
performances of the as-constructed CdS NCs/TiO, NTAs photo-
electrodes. In addition, the EC process was also measured as a
reference. Compared with PC and PEC efficiencies, the removal of
direct photolysis or adsorption in dark of RhB (<3%) was so low
that it could be neglected. As seen from Fig. 4a, the PC, PEC and
EC performances of TiO, NTAs were greatly improved by decora-
tion with CdS NCs, which was in good agreement with DRS and
PECH results. However, compared with the PEC and PC efficien-
cies, EC process of both of TiO, NTAs samples exhibited lower
degradation efficiency, indicating that external potential (2V in
our case) could significantly increase the PC performance, which
was mainly ascribed to the following aspect that external potential
improved the charge transfer and separation properties. Further-
more, the degradation efficiencies of both TiO, NTAs samples can
be ranged in the following orders: CdS NCs/TiO, NTAs-PEC>TiO,
NTAs-PEC > CdS NCs/TiO, NTAs-PC>TiO, NTAs-PC>CdS NCs/TiO,
NTAs-EC>TiO, NTAs-EC. That was, CdS NCs/TiO, NTAs exhibited
highest PEC performance for the degradation of RhB than that of
others, for which 91.6% of RhB could be degraded within 60 min
irradiation, which was attributed to the following two aspects.
(1) External potential facilitated the charge transfer and mobility,
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Fig. 4. PC, EC and PEC degradation rates (a) and evolution curves (b) of RhB solu-
tion on as-prepared bare TiO, NTAs and CdS NCs/TiO, NTAs photoelectrodes (the
corresponding degradation rate constants were listed in the parentheses).

leading to a higher separation efficiency of photogenerated charge
carriers thereby inducing a higher PEC degradation efficiency. (2)
TiO, NTAs decoration with CdS NCs significantly improved the vis-
ible light absorption capacity, which could induce more photons
to participate in the PC reaction, resulting in a higher PC effi-
ciency.

Clearly, as shown in Fig. 4b, the degradation rate of RhB
fitted well with the pseudo-first-order kinetics function accord-
ing to the Langmuir-Hinshelwood (L-H) model within 60 min
[17]. It should be noted that CdS NCs/TiO, NTAs exhibited supe-
rior PC, EC and PEC performances than that of bare TiO, NTAs
sample under the paralleled conditions. Furthermore, it can be
induced that external potential further improved their PC activities.
Noticeable, CdS NCs/TiO, NTAs photoanode displayed the high-
est PEC activity with the rate constant of 0.04658 min~—! under
simulated solar light irradiation. The enhanced PEC performance
could be attributed to the intense visible light absorbance, and
efficient mobility and separation of photogenerated charge carri-
ers.

The formation rate of *OH radicals at photo-illuminated cata-
lyst/water interface was detected by PL technique using tereph-
thalic acid (TA) as a probe molecule, which could react readily react
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CdS NCs/TiO, NTAs sample and (b) the photocatalytic degradation of RhB with or
without different scavengers (10 mM).

with the generated *OH radicals to form highly fluorescent prod-
ucts, 2-hydroxyterephthalia acid (TAOH) [18]. Fig. 5a showed the
evolution of PL intensity of TAOH produced from 0.5 mM TA solu-
tion under simulated solar light irradiation with irradiation time in

Oxaay

.02'

‘OH

the presence of CdS NCs/TiO, NTAs. Clearly, as shown in Fig. 53, a
gradual increase in the PL intensity at about 425 nm was observed
with time for CdS NCs/TiO, NTAs sample. However, no PL signal
was observed in the absence of simulated solar light irradiation.

Furthermore, in order to distinguish the contribution of each
reactive species to the PC degradation of RhB, several scavengers
were conducted and shown in Fig. 5b. Tert butyl alcohol (TBA)
was added into the solution to scavenge *OH radicals [19], benzo-
quinone (BQ) was selected as scavenger *O,~ [20], and ammonium
oxalate (AO) was used as a hole scavengers [21]. On the contrary,
the PC degradation of RhB decreased with the addition of scaven-
gers. In addition, it should be noted that the PC degradation of RhB
was completely restricted, demonstrating that *OH radicals were
mainly responsible for the PC degradation of RhB. However, the
formed h* can be slightly hindered in the presence of AO, indicat-
ing that the contribution of h* was very limited. Similarly, when
the generated *0,~ was suppressed by BQ, the PC degradation was
greatly decreased from 73.6 to 11.7%. Therefore, it can be induced
that each reactive species played important role in the PC reactions.

Based on the above analysis, the reason that CdS NCs/TiO, NTAs
exhibited high visible light PC performance can be explained using
the scheme shown in Fig. 6. Pure TiO, NTAs sample exhibited low
PC efficiency due to its wide band gap. However, after decoration
with CdS NCs, electrons can be easily excited from the valence band
to conduction band of CdS nano-semiconductor which possessed
narrower band gap (Eq. (4)). Subsequently, the electrons could be
jumped to the conduction band of TiO, due to its lower Fermi level.
After that, the departed electrons could be migrated to the sur-
face of TiO,. Finally, the separated electrons could react with the
adsorbed O, to form the active species of *OH radicals (Egs. (6) and
(7)), which responsible for the mineralization of organic pollutants
(Eq. (8)). Moreover, the residual holes in the valence band of CdS
NCs could also react with H,O to form the *OH radicals (Eq. (5)).
The detail reaction could be described as followed:

CdS + hv — ecg™ +hyp™ (4)
hyg* +Hy0(,45) > *OH + HY (5)
ecg” +02— 0z (6)
*0,” +2H* +2ecg~ — *OH + OH- (7)
*OH + Organics — --- — CO; +H,0 (8)

Fig. 6. Scheme of visible light photocatalytic mechanism of CdS NCs/TiO, NTAs photoelectrode.
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Usually, photoluminescence (PL) spectra have been widely
employed to investigate surface processes involving the efficiency
of charge carriers trapping, immigration and transfer of photogen-
erated electrons and holes [22]. Generally speaking, the band-band
PL spectrum directly reflects the separation of photogenerated
charge carriers. Meanwhile, strong band-band PL signal corre-
sponds to the high recombination efficiency of photogenerated
charge carriers, thereby resulting in a low PC efficiency. The exci-
tonic PL spectra can disclose some significant information such
as surface defects, oxygen vacancies and surface states, which
could strongly influence the PC reactions. Therefore, to confirm the
proposition, PL spectra of TiO, NTAs and CdS NCs/TiO, NTAs were
measured at RT in the wavelength range of 350-600 nm (Fig. 7).
It should be noted that both of TiO, NTA samples exhibited simi-
lar shape of PL spectra. The broad and strong PL signals located at
397 and 410 nm were attributed to the band-band PL phenomenon
with the energy of light approximately equal to the band gap energy
of anatase. The other four peaks at 451, 468, 483 and 492 nm were
assigned to the excitonic PL [23]. Furthermore, the PL intensity
of CdS NCs/TiO, NTAs exhibited a obviously decrease compared
with bare TiO, NTAs, suggesting that CdS NCs/TiO, NTAs dis-
played a lower recombination rate of photogenerated electrons and
holes under simulated solar light irradiation, which was ascribed
to the aspect that the electrons were excited from the valence
band to the conduction band of CdS and then transferred to TiO,
NTAs, which prevented the direct recombination of electrons and
holes.

4. Conclusions

In summary, CdS nano-crystallites decorated TiO, nano-tubes
arrays (CdS NCs/TiO, NTAs) photoelectrodes were prepared
through anodization, followed by electrodeposition strategy. It can
be induced that decoration with hexagonal CdS NCs with uniform
spherical sizes of 20 nm was responsible for the improvement of
visible light harvesting range from 400 to 700 nm, high transient
photoinduced current of 9.62 mA.cm~2 and open-circuit photo-
voltage of -0.253 mV-cm~2 of highly ordered TiO, NTAs, as well
as efficient separation of photogenerated electrons—holes pairs
and production of -OH radicals, which have been confirmed by
light absorption property, photocurrent response, open circuit pho-
tovoltage and PL technique analysis, respectively. Furthermore,
it should be noted that the PEC degradation of RhB fitted well

with the pseudo-first-order kinetics function and -OH radicals
was the dominated reactive species. The enhanced visible light
PC mechanism was mainly attributed to the decoration of CdS
NCs, which could not only induce the visible light harvesting,
but also provide superior pathway for the transfer and separa-
tion of charge carriers. The CdS NCs/TiO, NTA photoanode are
also of great interest for sensors, solar cells and water split-
ting.
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