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Abstract
Rutile  TiO2 nanorod arrays (NRAs) with average diameter approximately 80 nm were first synthesized by solvothermal 
method using Ti foil as both titanium source and substrate. And then  TiO2@CdS core–shell heterostructure NRAs were 
fabricated via subsequent successive ionic layer adsorption and reaction (SILAR) route using the  TiO2 NRAs as precursor. 
The thicknesses of CdS shell varied from 4 to 18 nm by changing the times of SILAR cycle. The photocatalytic performances 
of pure  TiO2 and all  TiO2@CdS NRAs were investigated on the degradation of rhodamine B (RhB) aqueous solution under 
simulated sunlight irradiation. Compared to pure  TiO2 NRAs, all  TiO2@CdS NRAs displayed superior photocatalytic activi-
ties, and the optimal CdS shell thickness of  TiO2@CdS NRAs was about 11 nm. A possible Z-scheme electron transfer 
mechanism for  TiO2@CdS NRAs nanocomposite with the enhanced photocatalytic performance was provided.

1 Introduction

It is well known that water is the source of life, which is 
an indispensable part of human beings, animals and plants. 
In recent years, the serious problem of water pollution has 
been caused by garbage pollution, textile wastewater and 
other pollution sources [1, 2]. Numerous techniques have 
been devoted to treat sewage water pollution, such as elec-
trochemical degradation, micellar enhanced ultra-filtration, 
adsorption or microbial degradation, and photocatalysis 
[3, 4]. Among them, photocatalysis technology has been 
regarded as one of the most promising methods in the field 
of sewage treatment because of the advantages of simple 

equipment, easy operation, low energy consumption and no 
secondary pollution [5–7].

Titanium dioxide  (TiO2), as an important photocatalyst 
with the advantages of excellent chemical stability, high cat-
alytic reactivity, low cost and non-toxicity, has been widely 
researched in the field of the sewage water pollution [8–10]. 
There are three mainly distinct crystalline structures of  TiO2: 
anatase, rutile and brookite [11, 12]. Among them, anatase 
 TiO2 (a-TiO2) has been recognized that it exhibits higher 
photocatalytic activity than other crystalline structures [13]. 
However, the relatively wide band gap of a-TiO2 (3.2 eV) 
can only be excited by the UV light, which directly limits 
the practical application of it in the field of the photocataly-
sis. [14–16]. Recently, some researches indicate that rutile 
 TiO2 (r-TiO2) exhibits unexpectedly properties [17, 18]. In 
addition, Mohammadpour et al. reported the passivation car-
rier mobility on the surface of rutile  TiO2 was increased by 
100-fold [19]. Thakur et al. discussed hydrothermally grown 
rutile  TiO2 has the advantage of optimizing charge transfer 
with high contact area in halide perovskite solar cells [20]. 
Therefore, r-TiO2 is of research value in charge transfer and 
carrier migration, which is also an indispensable advantage 
for photocatalysis. Furthermore, r-TiO2 with the direct band 
gap of 3.0 eV can absorb the wavelength of sunlight below 
410 nm. This is to say, r-TiO2 can be excited by a part of 
visible light. Therefore, the research of preparation and pho-
tocatalytic activity of the r-TiO2 becomes a research hotspot 
in these years.
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Relatively fast recombination of photogenerated elec-
tron–hole pairs is an obvious inherent drawback of conven-
tional single material photocatalyst. Design and preparation 
of heterojunction composite photocatalyst is an effective 
strategy for promoting photogenerated carrier separation 
and transportation [21, 22]. Recent studies manifest that the 
photocatalytic activity can be enhanced dramatically by 
coupling  TiO2 with other semiconductors, compared to its 
individual counterpart [23–25]. As a typically narrow band 
gap semiconductor, CdS (2.4 eV) is widely used to prepare 
the heterojunction composite photocatalyst due to the great 
visible light absorption ability of it [26, 27]. It has been sug-
gested that the CdS/TiO2 system has a matched band struc-
ture and complementary optical properties. At present, the 
CdS@TiO2 core–shell structure has been obtained through 
different methods [28, 29]. In contrast, some a-TiO2/CdS 
composites have also been synthesized [30–32], and corre-
sponding experiments results show that the photogenerated 
carriers easily transfer in  TiO2/CdS composite due to the 
difference in the energy band levels between  TiO2 and CdS. 
However, the preparation and photocatalytic performance of 
r-TiO2/CdS composites is studied rarely. In addition,  TiO2 in 
the form of film displays obvious virtue in separating from 
the reaction system and recycling in photocatalytic reaction, 
compared with other forms of  TiO2 [33, 34]. Moreover, it is 
novel and interesting to study the influence of shell thickness 
on photocatalytic activity and the effect of Z-scheme hetero-
junction on the photogenerated carrier transport behavior 
between interfaces of the nanocomposite [35–37]. Therefore, 
synthesizing r-TiO2@CdS core–shell NRAs with the differ-
ent CdS shell thicknesses and study of their photocatalytic 
performances are significant.

In this paper,  TiO2@CdS NRAs with different CdS shell 
thicknesses were fabricated via solvothermal method and 
subsequent successive ionic layer adsorption and reaction 
(SILAR) route. The geometrical morphologies, microstruc-
tures and optical properties of the pure  TiO2 and all  TiO2@
CdS NRAs were investigated by XRD, SEM, TEM, XPS and 
UV–Vis DRS. The photocatalytic activities of pure  TiO2 and 
 TiO2@CdS NRAs with different CdS shell thicknesses were 
compared by the photodegradation process of RhB aqueous 
solution under simulated sunlight irradiation. Furthermore, 
the possible photocatalytic mechanism was proposed.

2  Experimental section

2.1  Synthesis

Preparation of  TiO2 NRAs. HCl is a widely recognized cor-
rosive agent that affects the hydrolysis process of Ti foil 
to form  TiO2. In the hydrothermal process, rutile  TiO2 
seed layer is influenced by the concentration of HCl on the 

chemical corrosion of Ti substrate [38]. Rutile  TiO2 NRAs 
were synthesized by solvothermal route using the Ti foil as 
both substrate and titanium source. The commercial Ti foil 
with dimension of 9 mm × 9 mm was cleaned by sonication 
successively in ethanol and deionized water. Then, Ti foil 
was put into a 30 mL Teflon-lined autoclave with 10 mL 
of HCl (0.5 mol L−1), and this system was maintained at 
180 °C for 24 h. After cooling to room temperature, the film 
was thoroughly rinsed with deionized water and then dried 
in a desiccator.

Preparation of  TiO2@CdS NRAs.  TiO2@CdS core–shell 
heterostructure NRAs were synthesized by the SILAR way 
using the as-prepared rutile  TiO2 NRAs as precursor. In a 
typical procedure, the as-synthesized  TiO2 NRAs were sepa-
rately placed into 0.06 mol L−1 Cd(NO3)2 and 0.06 mol L−1 
 Na2S aqueous solution for 3 min at room temperature with 
slowly shaking. Cd(NO3)2 and  Na2S supply  Cd2+ ions and 
 S2− ions, respectively. During each immersion interval,  TiO2 
NRAs were thoroughly rinsed with deionized water to dis-
lodge the redundant ions from the surface of them. Different 
CdS shell thicknesses were fabricated via changing the times 
of SILAR cycle. For brevity, the prepared samples with 3, 
6 and 9 times of SILAR cycle were labeled as  TiO2@CdS-
3,  TiO2@CdS-6 and  TiO2@CdS-9, respectively. The syn-
thetic procedure of  TiO2 and  TiO2@CdS NRAs are shown 
in Scheme 1.

2.2  Characterizations

The crystal structure and phase component were investi-
gated using X-ray diffraction (XRD, Rigaku-D/max-2500 
diffractometer, Japan). The geometrical morphologies and 
microstructures were determined by a field emission scan-
ning electron microscope (FE-SEM, JEOL 7800F, Japan) 
and transmission electron microscope (TEM, FEI Tenai G2 
F20, USA). The elemental compositions and chemical status 
were analyzed by X-ray photoelectron spectroscopy (XPS, 
Thermo Scientific ESCALAB 250Xi A1440 system, USA). 
UV–Vis diffuse reflectance spectra (UV–Vis DRS) were 
obtained on a spectrometer (Perkin-Elmer Lambda 900, 
USA) using magnesium oxide as a standard. The Raman 
spectra of the samples were measured (Horiba-Jobin-Yvon 
LabRAM ARAMIS). The optical properties were observed 
by photoluminescence spectra (PL, Renishaw inVia micro-
PL spectrometer) at room temperature. Electron spin res-
onance (ESR) was performed on the ESR spectrometer 
(Brucker, A300).

2.3  Photocatalytic experiment

Rhodamine B (RhB) water solution was used as a target 
pollutant to explore the photocatalytic activities of samples 
under simulated sunlight which was provided by a 300 W 
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Xe lamp (CEL-HXF300). In a typical procedure, the sam-
ple was immersed into a rectangular quartz cuvette contain-
ing 2 mL RhB water solution (2 mg L−1). Prior to irradi-
ation, the reaction system was placed in dark for 15 min 
to set up the equilibrium of adsorption–desorption. After 
a certain period of time, the absorbance spectrum of RhB 
water solution was analyzed by UV–Vis spectrophotometer 
(UV-5800PC, China). Repeated photocatalytic tests were 
executed under the identical experiment circumstance to 
investigate the reusability of the photocatalyst. The photo-
catalyst was only washed with deionized water after cycling 
photocatalytic experiment, and then was used for the next 
cycle of degradation.

3  Results and discussion

Figure 1 shows the SEM images of pure  TiO2 and all  TiO2@
CdS NRAs. All samples are rod-like and grew on Ti sub-
strate. Figure 1a shows the SEM image of pure  TiO2 NRAs. 
All  TiO2 rods display smooth surface and the average diam-
eter is approximately 80 nm. Furthermore,  TiO2 nanorods 
are cubic and the top facets are pyramid. Figures 2b-d show 
the SEM images of  TiO2@CdS-3,  TiO2@CdS-6 and  TiO2@
CdS-9, respectively. Clearly, the diameters of  TiO2@CdS 
NRAs increase with the increasing of SILAR cycle times, 
and the surfaces of all  TiO2@CdS nanorods are getting 
rough.

Figures 2a, c, e and g show the TEM images of a sole 
 TiO2,  TiO2@CdS-3,  TiO2@CdS-6 and  TiO2@CdS-9 rod, 
respectively. Those TEM images reveal that the mean length 
of those nanorods is around 350 nm. The profile of pure 
 TiO2 nanorod is smooth, while the outlines of all  TiO2@

CdS nanorods are rough. This is in good coincident with the 
SEM observation from Fig. 1. The HRTEM image of pure 
 TiO2 in Fig. 2b exhibits that the lattice fringes of 0.325 and 
0.295 nm are separately consisting with the (110) plane and 
(001) plane of rutile  TiO2. Meanwhile, the HRTEM result 
also indicates that  TiO2 nanorod is single-crystalline nature, 
and grew along <001> direction. The interplanar distance 
of 0.206 (Fig. 2d), 0.291 (Fig. 2f, h) and 0.336 nm (Fig. 2f, 
h) are matching to the (220), (200) and (111) planes of cubic 
CdS, respectively. In addition, Figs. 2d, f and g show that 
the CdS shell thickness of  TiO2@CdS-3,  TiO2@CdS-6 and 
 TiO2@CdS-9 are separately about 4 nm, 11 nm and 18 nm, 
respectively.

Figure 3 presents the XRD patterns of Ti foil, pure  TiO2 
and all  TiO2@CdS NRAs. Besides some peaks belonging 
to Ti (JCPDS card No. 87-0713) foil, four main diffraction 
peaks at 27.4°, 41.2°, 54.3° and 69.0° of pure  TiO2 NRAs 
are observed in Fig. 3b, which are separately correspond-
ing to the (110), (111), (211) and (301) planes of rutile 
 TiO2 (JCPDS card No. 21-1276). Figures 3c–e show the 
XRD patterns of  TiO2@CdS-3,  TiO2@CdS-6 and  TiO2@
CdS-9 NRAs, respectively. No obvious characteristic peaks 
originating from CdS are detected in Figs. 3c, d, suggest-
ing that the thickness of CdS shell layer are relatively thin 
in  TiO2@CdS-3 and  TiO2@CdS-6 NRAs. Three diffraction 
peaks at about 26.5°, 43.9° and 52.1° in Fig. 3e belonging to 
(111), (220) and (311) planes of cubic CdS (JCPDS card No. 
26-0339) are detected clearly in the sample of  TiO2@CdS-
9, implying that the thickness of CdS shell layer in  TiO2@
CdS-9 is higher than other samples. This result confirms the 
SEM and TEM results.

Since the characteristic peaks of CdS in XRD are not 
obvious, Raman spectra were used to characterize all 

Scheme 1  Synthetic procedure 
of rutile  TiO2 NRAs and  TiO2@
CdS on Ti substrate
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samples in order to better explain the composition of phases. 
The Raman spectra of  TiO2 and all  TiO2@CdS NRAs are 
presented in Fig. 4. The characteristic vibration Raman 
peaks at 246, 437 and 607 cm−1 ascribed to the  Eg and  A1g 
active mode vibrations of rutile phase  TiO2 [39, 40]. In 
addition, a clear vibration peak at about 301 cm−1 can be 
noticed for the  TiO2@CdS NRAs, which corresponding to 
the fundamental longitudinal optical (LO) phonon of CdS 
cubic phase [41]. Raman spectroscopy results complement 
the shortcomings of XRD.

Figure 5 shows the XPS spectrum of  TiO2@CdS-6 NRAs. 
The full spectrum in Fig. 5a clearly displays the peaks of 
Ti, O, Cd, S and C elements. The emergence of C peak 
originates from the signal of carbon of XPS device [42]. 
Figure 5b exhibits Ti 2p XPS spectrum. Two peaks located 
at 458.5 eV and 464.2 eV are assigned to the Ti  2p3/2 and 
the Ti  2p1/2 binding energies, respectively. The peak split-
ting between the Ti  2p3/2 and Ti  2p1/2 is 5.7 eV, indicating 
the existence of  Ti4+ state in  TiO2@CdS-6 NRAs [43, 44]. 
Figure 4c shows two main peaks at 529.7 eV and 532.1 eV. 
The first peak originates from crystal lattice oxygen of 
 TiO2 [45, 46]. And the second peak belongs to oxygen in 
hydroxyl groups (–OH) [47]. As shown in Figs. 4d, the bind-
ing energies of Cd  3d5/2 and Cd  3d3/2 located at 405.1 eV and 
411.8 eV, respectively, indicating that Cd exists in the form 
of  Cd2+ [48–50]. For the spectrum of S 2p (in Fig. 4e), two 
peaks at 161.3 eV and 162.8 eV are separately accounted 
for S  2p3/2 and S  2p1/2, indicating that S element existed in 
the form of  S2− [51, 52]. In short, the XPS result further 

confirms that Ti, O, Cd and S elements exist simultaneously 
in  TiO2@CdS-6 NRAs.

Figure 6 shows the UV–Vis DRS of pure  TiO2, CdS 
nanoparticle,  TiO2@CdS-3,  TiO2@CdS-6 and  TiO2@
CdS-9 NRAs. Pure  TiO2 NRAs exhibit absorption in the 
wavelength below 410 nm due to the intrinsic band gap of 
rutile  TiO2. The UV–Vis DRS of  TiO2@CdS-3 and pure 
 TiO2 NRAs are similar. This is because the thickness of CdS 
shell layer in  TiO2@CdS-3 NRAs is very thin. Compared 
to pure  TiO2 NRAs, the absorption of  TiO2@CdS-6 and 
 TiO2@CdS-9 NRAs has a weak red shift. Furthermore, both 
 TiO2@CdS-6 and  TiO2@CdS-9 display obviously enhanced 
light absorption abilities in the visible region comparing to 
pure  TiO2 NRAs. The absorption intensity in the visible 
region of  TiO2@CdS-9 is stronger than that of  TiO2@CdS-6 
owing to the relatively thick CdS shell layer in  TiO2@CdS-9 
NRAs. The band gap (Eg) value is calculated on the basis 
of the formula: αhν = (hν − Eg)n [53]. As shown in Fig. 6b, 
the Eg values of  TiO2, CdS,  TiO2@CdS-3,  TiO2@CdS-6 
and  TiO2@CdS-9 are 3.02, 2.15, 3.01, 2.99 and 2.95 eV, 
respectively. This indicates that these Eg values of  TiO2@
CdS core–shell heterostructure NRAs strongly depend on 
the CdS shell thickness.

Photoluminescence (PL) technology is an important 
means to study semiconductor impurities and defects, and 
has important application value in the field of photocataly-
sis. Figure 7 showed PL spectra of all samples excited in 
325 nm. The main emission peaks of these samples cover 
500–600 nm region. And the deep-level emission came 

Fig. 1  SEM images of a  TiO2, 
b  TiO2@CdS-3, c  TiO2@CdS-6 
and d  TiO2@CdS-9 NRAs
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from the surface defects of samples [54]. The fluorescence 
intensity in Fig. 7 shows that  TiO2@CdS-6 has the highest 
PL intensity. Obviously, it is reasonable to modify  TiO2 
NRAs by CdS, which can drastically increase the PL inten-
sity of pure  TiO2. The results show that the higher the 
defect concentration, the capture of photoelectrons leads to 
the improvement of carrier separation efficiency. That is to 

say, with a high surface defect concentration of CdS, it can 
be used as an electron trap and photocatalytic reactive site 
to capture part of the electrons transported by  TiO2 and 
participate in the reaction, and the other part is involved in 
luminescence. Therefore, the higher defect concentration 
is beneficial to the photocatalytic reaction [55, 56].

Fig. 2  TEM and HRTEM 
images of a, b  TiO2, c, d  TiO2@
CdS-3, e, f  TiO2@CdS-6 and g, 
h  TiO2@CdS-9 NRAs
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In order to prove that the heterojunction between the  TiO2 
and CdS is benefit for the photocatalytic performance, the 
 TiO2@SiO2 and  TiO2@SiO2@CdS-6 NRAs were prepared 
and the SEM images of these nanocomposites were shown 
in Figs. S1 and S2. And the photocatalytic activity of  TiO2@
CdS was compared with pure  TiO2 and  TiO2@SiO2@CdS 
NRAs. In the photocatalytic experiment,  SiO2 is inert and 
the CdS becomes the bare layer in  TiO2@SiO2@CdS-6. The 
photocatalytic activities of  TiO2,  TiO2@SiO2@CdS-6, and 
all  TiO2@CdS NRAs are evaluated by the photodegradation 
experiments of RhB aqueous solution under simulated solar 
light irradiation, and the corresponding results are shown 
in Fig. 8a. Obviously, blank experiment reveals that the 
photolysis of RhB aqueous solution can be omitted in the 
absence of photocatalyst. After 120 min irradiation, 38.0% 
and 53.1% RhB water solution are photodegraded by pure 

 TiO2 NRAs and  TiO2@SiO2@CdS-6, respectively. Whereas 
84.7%, 96.6% and 92.2% RhB water solutions is photode-
graded using  TiO2@CdS-3,  TiO2@CdS-6 and  TiO2@CdS-9 
as photocatalyst, respectively. The photocatalytic activities 
of the prepared samples under simulated solar light irra-
diation show the following order:  TiO2@CdS-6 > TiO2@
CdS-9 > TiO2@CdS-3 > TiO2@SiO2@CdS-6 > TiO2. 
Namely, all  TiO2@CdS NRAs exhibit higher photocatalytic 
activity than pure  TiO2 NRAs and  TiO2@SiO2@CdS-6. In 
addition, the photocatalytic activities of  TiO2@CdS NRAs 
strongly depend on the thickness of CdS shell.

The reaction rate constant (k,  min−1) is investigated via 
the first order kinetic kinetics equation ln(C0/C) = kt [57, 58]. 
And C0 and C on behalf of the real-time and initial con-
centrations of RhB, respectively. Figure 8b illustrates the 
k values of  TiO2 and all  TiO2@CdS NRAs. It is quite clear 
that  TiO2@CdS-6 NRAs owns the biggest k value among 
all as-synthesized samples, while the pure  TiO2 NRAs pos-
sesses the smallest k value. And the k value of  TiO2@CdS-6 
NRAs is around 6.6 and 3.6 times than that of pure  TiO2 
NRAs and  TiO2@SiO2@CdS-6 NRAs, respectively. As 
shown in Fig. 8c, we can notice that the efficiency of the 
 TiO2@CdS-6 degradation curve for RhB dye ranges from 0 
to 120 min under simulated solar light irradiation. The true 
color change of RhB aqueous are inset in Fig. 8c. As the 
reaction time goes on, the color of RhB aqueous solution 
becomes lighter. The reusability of  TiO2@CdS-6 NRAs is 
evaluated in recycling reaction. The corresponding result is 
shown in Fig. 8b. According to Fig. 8b, the photocatalytic 
efficiency reaches to 93.7% after five successive cycles, dem-
onstrating that  TiO2@CdS-6 NRAs exhibit good reusability. 
This result also indicates that CdS nanoparticles are firmly 
attached to  TiO2 nanorods.

It is widely accepted that mainly three reactive species 
including hydroxyl radicals (·OH), photogenerated hole  (h+) 
and superoxide anion radical (·O2−) are involved during the 
photocatalytic reaction. In order to explore the mechanism 
of photodegradation reaction, the trapping experiments of 
reactive species are executed using the  TiO2@CdS-6 NRAs 
as photocatalyst. Three quenchers, ethylenediaminetetraace-
tate (EDTA), tert-butyl alcohol (t-BuOH) and benzoquinone 
(BQ) are employed to capture  h+, ·OH, and ·O2−, respectively 
[59–61]. The result in Fig. 9 shows that three quenchers lead 
to the fast deactivation of  TiO2@CdS-6 NRAs. After adding 
BQ, EDTA and t-BuOH, the degradation rate of RhB water 
solution decreases from 96.6% to 36.0% (BQ), 24.2% % 
(EDTA) and 42.9% (t-BuOH), respectively, indicating that 
·O2−,  h+ and ·OH play the important roles in the photocata-
lytic process.

Electron spin resonance (ESR) spectra were applied 
to further investigate the superoxide and hydroxyl radi-
cals generated under simulated solar light. 5,5-Dimethyl-
1-pyrroline N-oxide (DMPO), as a trap agent, is dispersed 

Fig. 3  XRD patterns of (a) pure Ti foil, (b)  TiO2, (c)  TiO2@CdS-3, 
(d)  TiO2@CdS-6 and (e)  TiO2@CdS-9 NRAs

Fig. 4  Raman spectra of  TiO2 and  TiO2@CdS NRAs
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in a methanol and water solution [35, 62]. As illustrated 
in Fig. 10a, b, no obvious DMPO–·O2− and DMPO–·OH 
signals are detected under darkness. However, characteris-
tic peaks of DMPO–·O2− and DMPO–·OH were observed 
under simulated solar light irradiation. This indicating that 
the presence of ·O2− and ·OH radicals after simulated solar 
light irradiation. The ESR analysis is consistent with the 
results of species trapping experiments.

The superior photocatalytic activity of  TiO2@CdS NRAs 
is attributed to the synergistic effect of  TiO2 and CdS, which 
is favorable for the segregation of photoinduced electron–hole 
pairs. Figure 11 illustrates the possible photocatalytic mecha-
nism of  TiO2@CdS NRAs, and there are two possible ways 
for the transfer of photoinduced carriers. Under simulated 
sunlight illumination, both  TiO2 and CdS can be excited to 
produce photoinduced electrons and holes. Usually, the pho-
toinduced electrons from CdS will migrate to  TiO2, and the 
holes of  TiO2 will move to CdS because of the stepwise band 

Fig. 5  XPS spectra of  TiO2@CdS-6 NRAs: a survey spectrum, b Ti 2p, c O 1s, d Cd 3d and e S 2p

Fig. 6  a UV–Vis DRS and b 
plot of (αhν)2 versus (hν) of 
 TiO2 and all  TiO2@CdS NRAs

Fig. 7  Room-temperature PL spectra of  TiO2 and all  TiO2@CdS 
NRAs
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edge structure in  TiO2@CdS heterostructure, as shown the 
mechanism a in Fig. 11. However, the photoinduced electrons 
of  TiO2 cannot reduce  O2 to form ·O2

− because the conduction 
band (CB) of  TiO2 is lower than the standard redox potential of 
 O2/·O2

−. Similarly, photoinduced holes on CdS surface cannot 
oxidize  H2O to produce ·OH radicals because the valence band 
(VB) of CdS is higher than the standard potential of  OH−/·OH 
and  H2O/·OH [63]. According to the trapping experiments of 
reactive species,  h+, ·OH and ·O2− are involved during the 

photocatalytic reaction. So, the photocatalytic reaction obeys 
the mechanism b rather than mechanism a in Fig. 11. This is 
to say, the photoinduced electrons in CdS tend to keep in the 
CB of CdS, and the photoinduced holes in  TiO2 remain in the 
VB of  TiO2. Meanwhile, the photoinduced electrons in the CB 
of  TiO2 combine with the photoinduced holes in VB of CdS. 
This is the typical Z-scheme mechanism [32, 64]. In this case, 
the recombination of photoinduced electron–hole pairs are 
impeded efficiently and the lifetime of charge carrier in  TiO2@
CdS core–shell heterostructure is prolonged. Consequently, the 
photocatalytic activity of  TiO2@CdS heterostructure NRAs 
is higher than that of pure  TiO2 NRAs. In addition,  TiO2@
CdS-6 NRAs exhibits the best photocatalytic activity among 
all  TiO2@CdS NRAs. Namely, the optimal thickness of CdS 
shell is 11 nm.  TiO2@CdS-3 NRAs shows the worse photocat-
alytic activity than  TiO2@CdS-6 NRAs because the thickness 
of CdS shell layer in  TiO2@CdS-3 NRAs is relatively thin. For 
 TiO2@CdS-9 NRAs, the excessively thick CdS shell not only 
hinders the  TiO2 absorption of sunlight but also restrains the 
migration of charge carriers between CdS and  TiO2 in  TiO2@
CdS NRAs heterostructure.

4  Conclusions

Core–shell structure  TiO2@CdS nanorod arrays with dif-
ferent CdS shell thicknesses were fabricated via solvother-
mal way and subsequent successive ionic layer adsorption 

Fig. 8  a Photodegradation 
of RhB water solution and b 
− ln(C0/C) versus irradiation 
time for different photocatalysts, 
c  TiO2@CdS-6 degradation 
curve and color change, d 
repeated photocatalytic experi-
ments of  TiO2@CdS-6 NRAs

Fig. 9  Trapping experiment of active species using  TiO2@CdS-6 as 
photocatalyst
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and reaction (SILAR) method. The photocatalytic result 
showed that the photocatalytic activities of all  TiO2@
CdS NRAs were drastically enhanced compared to that 
of pure  TiO2 NRAs under simulated sunlight irradiation. 
The Z-scheme heterostructure formed by  TiO2@CdS pro-
motes the transport and separation of photogenerated car-
riers between the interfaces of the two materials, greatly 
improving the photocatalytic efficiency. Among all  TiO2@
CdS NRAs, the thickness CdS shell of 11 nm exhibited the 
highest photocatalytic activity and good reusability, and 
their degradation rate constant were about 6.6 times than 
that of pure  TiO2.
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