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CdS and ZnS co-sensitised one-dimensional TiO, nanofibres were successfully prepared by a combination of electrospinning and successive
ionic layer adsorption and reaction (SILAR) process because both electrospinning and SILAR method are inexpensive and scalable techniques.
The composites of CdS-ZnS/TiO, heterojunctions were compared with electrode containing only CdS being superior in terms of
photoelectrochemical tests. The results showed that the photocurrent of CdS-ZnS/TiO, nanofibres was seven times than that of CdS/TiO,
nanofibres and seven times than that of pure TiO, nanofibres. The increased photocurrent is depended on the preparation order of ZnS and

CdS on TiO, nanofibres.

1. Introduction: Since the water splitting property of TiO, was
discovered by Fujishima and Honda almost 40 years ago [1], the
photocatalytic properties of TiO, have been widely studied due to
the advantages of low cost, stability and non-toxicity under the
irradiation of ultraviolet light [2—4]. Recently, one-dimensional
(1D) TiO, nanostructures have attracted increased attention
because of their enlarged surface areas and reduced diffusion
lengths compared with conventional TiO, materials [5].
Inspiringly, several techniques have been developed for
generating nanoscale wires, belts, and tubes such as template
growth [6], self-assembling [7], thermal evaporation [§],
solvothermal synthesis [9] and so on. Electrospinning is a
well-known and economical technique used for large-scale
fabricating 1D fibres by combination with the sol-gel technique.
[10]. One of the attractive features of this method is that the
technique could build the new platform for fabricating 1D fibres
with diameters ranging from nanoscale to microscale in
possession of great length and high specific surface area.
However, the photocatalytic efficiency of TiO, nanocatalysts is
limited because of the high band gap (3.2¢eV) and the fast
recombination rate of photogenerated electrons and holes
[11]. Subsequently, the development of TiO,-based photo-
electrocatalyst with visible light response has become a research
focus [12, 13].

Motivated by the above concerns, we reported a novel nanostruc-
ture of electrospun CdS-ZnS/TiO, heterojunction by combining the
electrospinning technique and the successive ionic layer adsorption
and reaction method (SILAR). CdS have been paid much more at-
tention because of their high potential in the light harvest in a
visible light region. However, pure CdS is generally not very
active due to the disadvantage of photocorrosion [14]. One way
to improve the stability and photoactivity is to develop composite
nanostructures by incorporating a wide bandgap semiconductor
(such as ZnS has a wide band gap of 3.67 e¢V) [15]. Thus, TiO,
co-sensitised by CdS and ZnS provide superior abilities: (i) extend-
ing the light adsorption spectrum and improving the using effi-
ciency of visible light, (ii) suppressing the recombination of
photogenerated electron/hole pairs, and (iii) suppressing the photo-
corrosion of CdS. We also found the preparation order of CdS and
ZnS has a great influence on the photoelectrochemical property.
The modified TiO, nanofibres by first deposition ZnS redeposition
CdS exhibited much higher photocurrent value than the samples
prepared by opposite order.
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2. Experiment: TiO, (P25, 20% rutile and 80% anatase) was
purchased from Degussa. Poly (vinylpyrrolidone) (PVP; Mw =
1,300,000) was purchased from Alfa Aesar. Absolute ethanol,
acetic acid, Cd(NOs),, Zn(NOs),, and Na,S were supplied by
Beijing Chemical Reagent Plant (Beijing, China) and used as
received without further purification. The water used was
ultrapure. The experiments were carried out at room temperature
and humidity.

The TiO, nanofibres were fabricated by electrospinning a
mixture of TiO, sol and PVP polymer. Typically, 1.5 g of titanium
tetraisopropoxide (Ti(O'Pr)4) was dissolved in a mixture of 3 ml
ethanol and 3 ml acetic acid by stirring for 1 h to obtain the TiO,
sol. Then, 0.45 g of PVP dissolved in 3 ml ethanol was added to
the TiO, sol solution and stirred for 3 h. After that the prepared pre-
cursor solution placed in a hypodermic syringe for electrospinning.
An electrical potential of 10 kV was applied between the metallic
nozzle and the aluminium foil collector at a distance of 15 cm.
The as-collected nanofibres were calcined at 450°C for 3 h to
remove the remaining PVP and to obtain the anatase TiO,
nanofibres.

TiO, nanofibres were sensitised with ZnS and CdS using previ-
ously reported SILAR methods. In a typical procedure, the TiO,
nanofibres were dipped into a solution containing 0.2 M Zn(NOs),
in ethanol for 1 min, rinsed with deionised water, and then immersed
into a solution containing 0.2 M Na,S solution in methanol for 1 min
followed by another rinsing with deionised water. Such a process
was repeated five times to get a suitable ZnS coating on the TiO, elec-
trode. CdS was also deposited onto the ZnS/TiO, electrode by the
same method using 0.2 M Zn(NOs), and 0.2 M Na,S. Five step
SILAR cycles were repeated to get a suitable CdS coating on the
ZnS/TiO, electrode. The product was named as CdS-ZnS/TiO,
nanofibres. For comparison, the immersion order was five cycles
for CdS and then five cycles for ZnS, which was labelled as
ZnS-CdS/TiO, nanofibres. The prepared route is schematically
shown in Fig. 1.

The morphologies of the samples were studied using a
field-emission scanning electron microscope (FE-SEM; Hitachi
S-4800, 5 KV) and high-resolution transmission electron micros-
copy (HRTEM; JEOL JEM-2100F). Energy dispersive spectroscopy
(EDS) attached to the TEM was employed to analyse the compo-
sition of the structure. The crystal phases were determined by
X-ray diffractometer (XRD) recorded by a Rigaku Dmax 2200
XRD equipped with Cu-Ka radiation (1). Diffuse reflectance
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Fig. 1 Scheme shows the prepared products by different methods

absorption spectra (DRS) were obtained on using a Hitachi U-3010
spectroscopy with BaSO, as a reference.

Photoelectrochemical studies were carried out with a CHI 660C
electrochemical analyser (CHI Inc., USA.) in a three-electrode con-
figuration. The as-prepared samples were used as the working elec-
trode, a platinum wire as the counter electrode, and an Ag/AgCl
(KCI saturated) electrode as the reference electrode in 1.0 M
KOH solution as the electrolytes. Samples were tested in a quartz
cell under simulated solar light from a 500 W xenon arc lamp
(Beijing Changtuo). The incident light intensity was 74 mW/cm?
measured by a radiometer (FZ-A, Photoelectric Instrument
Factory of Beijing Normal University, China).

3. Results and discussion: The surface morphology of the
CdS-ZnS/TiO, nanofibres was studied by FE-SEM and TEM
measurements. Fig. 2a shows a large area SEM image of the pure
electrospun TiO, nanofibres. It was showed that these randomly
oriented TiO, had a smooth and uniform surface without
secondary nanostructures, and the average diameter of the
nanofibres ranging from 120 to 250 nm. After sensitising by
SILAR methods, the surface of as-fabricated samples was no
longer smooth instead of decorating with a bundle of nanowires
(shown in Fig. 2b). The microstructure was also analysed by
TEM studies, shown in Fig. 2¢, the unsmooth surface of the
CdS-ZnS/TiO, nanofibres was agreement with the SEM image of
Fig. 2b. The corresponding EDX spectrum in Fig. 2d reveals that
the obtained composite product is composed of Ti, O, Cd, Zn
and S. The calculated molar percentages of Cd, Zn and S are
about 7.47, 7.70 and 14.86%, respectively. The total amount of
Cd and Zn are nearly equal to the amount of S, being in line with
the molar ratio of CdS and ZnS.

The XRD patterns in Fig. 3 show the characteristic peaks of un-
modified TiO, nanofibres and the CdS-ZnS/TiO, nanofibres to
further confirm the existence of TiO,, CdS and ZnS. The TiO, in

Fig. 2 SEM, TEM and EDS images of the samples
a SEM image of TiO, nanofibres

b SEM image of CdS-ZnS/TiO, nanofibres

¢ TEM micrograph of CdS-ZnS/TiO, nanofibres

d EDX pattern of the composite nanofibres
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Fig. 3 XRD pattern of the samples: (1) TiO, nanofibres and (2) CdS-ZnS/
TiO; nanofibres

curve (1) showed the peaks assigned to the anatase phase
(JACPDS 21-1272). Compared with curve (1), additional peaks
appeared in curve (2) were attributed to ZnS and CdS phase. The
26 values of 28.8° and 56.8° assigned to the (111), (220) planes
of ZnS (JACPDS 05-0566), while the characteristic diffraction
peaks at 26.5°, 30.6° and 43.9°, corresponding to the (111), (200)
and (220) planes of CdS (JACPDS 65-2887).

The DRS of TiO, nanofibres, CdS/TiO, nanofibres, ZnS-CdS/
TiO, nanofibres and CdS-ZnS/TiO, nanofibres were shown in
Fig. 4. The absorption edge of pure TiO, nanofibres was observed
at about 400 nm, corresponding to the band-gap energy of 3.0 eV.
The band gap energy can be estimated by the equation of a =4
(hv — Eg)""/hv, where A4 is a constant, / is the Planck’s constant,
Eg is band energy, v is the frequency of the incident light, and n
is equal to 1 for the direct transition [16]. The intercept of the
tangent to the plot in the inset of Fig. 4 showed the band gaps of
CdS/TiO, nanofibres were corresponding to 2.8eV. After
co-sensitised ZnS and CdS, the band gap reduced to about
2.6 eV. The similar value on CdS-ZnS/TiO, nanofibres and
ZnS-CdS/TiO, indicates that the deposition order of ZnS and
CdS has not great influence on the ability of harvesting visible
light. However, the modification of both CdS and ZnS on TiO,
nanofibres resulted in a significant enhancement in absorption in
visible range as compared with TiO, nanofibre or CdS/TiO, nano-
fibres. This result suggests the possibility of using the co-sensitised
materials on generating photocurrent with lower energetic
requirements than TiO,.

Fig. 5 shows photocurrent generated from unmodified TiO,,
CdS/TiO,, CdS-ZnS/TiO, nanofibres and ZnS-CdS/TiO, nanofi-
bres upon visible light excitation. The electrode responds promptly
to light on/off. The value of photocurrent density was about 0.37
mA/cm? for CdS-ZnS/TiO, nanofibres, which was more than nine

1.2 4
5 -
1.0 . —
g 3
s )
5 081 i
g | LA
S 064 .
= 025 30 35 40 45 50
& on eneryy, €V
Z 04 PRt st =Y
-
0.2
0 v v v T ]
300 400 500 600 700 800

A, nm

Fig. 4 UV-vis DRS of (1) TiO; nanofibres, (2) CdS/TiO, nanofibres, (3)
ZnS-CdS/TiO; nanofibres, and (4) CdS-ZnS/TiO, nanofibres. The inset
shows the corresponding plots of (ahv)® against photon energy
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Fig. 5 Photocurrent responses of (1) TiO, nanofibres, (2) ZnS-CdS/TiO,
nanofibres, (3) CdS/TiO, nanofibres, and (4) CdS-ZnS/TiO, nanofibres
(Intensity: 100 mW/em?®; electrolyte: 1 M KOH)
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Fig. 6 -V characteristics for (1) TiO; nanofibres, (2) ZnS-CdS/TiO, nanofi-
bres, (3) CdS/TiO; nanofibres, and (4) CdS-ZnS/TiO, nanofibres (Intensity:
100 mW/em?; electrolyte: 1 M KOH, potential: V against Ag/AgCl)

times higher than that of the unmodified TiO, nanofibres (0.04 mA/
cm?) and two times higher than that of the CdS/TiO, nanofibres
(0.17 mA/cm?). The results indicated the fastest separation effi-
ciency of photoinduced electrons and holes and increased lifetime
of the charge carriers on co-sensitised CdS-ZnS/TiO, nanofibres.
However, after reversing the preparation order of ZnS and CdS,
the result was quite different from the previous one. The photocur-
rent of ZnS-CdS/Ti0O, nanofibres became very low, even lower than
that of CdS/TiO, nanofibres. The detailed reason for this phenom-
enon is not clearly, while the similar results happened on CdS-Pt/
TiO, system [17].

1=V characteristics also confirmed the above result. Higher open-
circuit photovoltage means faster electrons and holes separation ef-
ficiency and thus better performance on photoelectrochemical test
[18]. Accordingly, as shown in Fig. 6, the CdS-ZnS/TiO, nanofi-
bres were obviously higher than the ZnS-CdS/TiO, nanofibres, in-
dicating CdS-ZnS/TiO, nanofibres were far more efficient than
ZnS-CdS/TiO, nanofibres. In such cases, the photocurrent collec-
tion efficiency correlated with the preparation order of ZnS and
CdS on TiO, nanofibres.

4. Conclusion: The photoelectrochemical performance of CdS and
ZnS co-sensitised TiO, nanofibres were investigated. The
co-sensitised TiO, nanofibres significantly enhanced the visible
light response of the electrodes. The CdS-ZnS/TiO, nanofibres
showed highest photocurrent, and consequently highest
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photoelectrochemical activity as compared with CdS/TiO,
nanofibres and unmodified TiO, nanofibres. However, the result
was greatly changed by reversing the deposition order of ZnS and
CdS, only depositing the ZnS first and then the CdS could get the
better result.
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