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A sonochemical method has been devloped to fabricate hierarchical TiO2/CdS hollow sphere heterostructures 

with excellent photocatalytic activity.  
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A facile and efficient strategy for the synthesis of 

hierarchical TiO2/CdS hollow sphere (HS) heterostructures 

has been developed. Evaluation of the TiO2/CdS HS 

heterostructures for the degradation of rhodamine B (RhB) 10 
and methyl orange (MO) revealed that they exhibit excellent 

photocatalytic activity under visible light irradiation. 

Over the past decades, nanostructured titanium dioxide (TiO2) 

have been intensively investigated as a n-type semiconductor 

photocatalytic material which has been widely used in industrial 15 
production such as photocatalysis, solar cells, bactericidal agents 

and self-cleaning technologies.1-3 They ascribed these various 
applications to its low cost, high catalytic activity  and 

nontoxicity.4-7 Besides, it has been established that the structure 

of the photocatalyst surface plays a very important role for 20 
selectivity and photocatalytic activity in which most catalysis is 

carried out when the reactants are adsorbed onto the catalyst 
surface. Meanwhile, in order to enhance its specific surface area 

and catalytic activity, many controllable synthesis efforts have 

already been made to synthesize particles with well-defined sizes 25 
and shapes, such as monodisperse nanoparticles, hierarchical 

microspheres, hollow spheres, nanorods, nanotubes and porous 
network, etc.8-12 Among these nanostructures, TiO2 hollow sphere, 

a special core-shell nanostructures, have attracted increasing 

interest to researchers due to its properties of low density, large 30 
surface area, surface permeability, etc.13-15  

However, as a wide bandgap semiconductor (Eg = 3.2 eV for 
anatase phase), TiO2 HS can only be excited under UV irradiation 

with a wavelength shorter than 387 nm. And another major 

limiting factor is the high recombination rate of the 35 
photogenerated electron-hole pairs.1 Therefore, an effective 

method have been pursued to extend the response of 
photocatalysts into visible-light region and improve the 

photocatalytic performance of TiO2 nanostructures by combining 

with some narrow band gap semiconductors, for instance 40 
cadmium sulfide (CdS), so that it can be responsive to the solar 
spectrum.13,16-18 It’s well known that CdS is  an intrinsic 

semiconductor with a narrow band gap of 2.42 eV which could be 

excited by visible light to produce electrons and holes.2 Previous 

studies have shown that in TiO2/CdS coupled system, 45 
heterojunctions between TiO2 and coupled CdS nanoparticles 
have been formed and the conduction band (CB) of CdS is about 

0.5 eV more negative than that of TiO2. In other words, TiO2 

facilitates photoinduced charge transfer. Under visible light  

irradiation, the extra photogenerated electrons produced by the 50 

valence band (VB) of CdS transfer to the CB of TiO2. 

Simultaneity, there are no any holes generated in the CB of TiO2 

and thus the recombination between electrons and holes was  

inhibited in the TiO2/CdS composite. As a result, this coupled 

system can induce a large light-harvesting efficiency and supply 55 
more reaction active sites to improve the photocatalytic 

performance of the catalyst.  

Up to now, a large number of techniques have been reported to 

combine TiO2 with CdS, for instance, electrochemical deposition, 

spray pyrolysis deposition, successive ionic layer adsorption 60 
reaction and solvothermal method.19,20 In spite of these efforts, 

the hierarchical TiO2/CdS HS heterostructures prepared by the 

sonochemical method at a considerably low temperature was 

rarely reported. In this communication, a novel sonochemical 

method was designed to couple with CdS on the surface of 65 
SiO2/TiO2 core-shell nanospheres (see ESI for detail †).14,21 In the 

process of coupling, different ammonia contents were taken into 

account which directly influence to the contents of S2- ion 

participated in the reaction, and the resulting hierarchical 

TiO2/CdS HS prepared with 1.75 mL and 2.0 mL  of ammonia 70 
were denoted as D-B and E-B, respectively.  

 
Fig. 1 Schematic diagram illustrating the sy nthetic route of TiO2/CdS hollow  
sphere heterostructures. 

The overall procedure for fabricating TiO2/CdS HS 75 
heterostructures is schematically illustrated in Fig.1. SiO2  

nanospheres capped with TiO2 and CdS were synthesized by a 
versatile multistep route. Firstly, SiO2 nanospheres (NS) have 

been prepared from the catalytic hydrolysis of tetraethoxysilicate 

(TEOS) using modified Stöber method.22 Under the condition of 80 
the ammonia catalysis, the hydrolysis reaction of TEOS has some 

advantages, such as a faster rate of hydrolysis and thoroughly 
hydrolyzate, etc.. These were favorable for the formation of 
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monodisperse silica spheres. Next, nanocrystalline TiO2 interlayer 

was coated on the surface of SiO2 core by the hydrolysis of tetra-

n-butyl titanate (TBOT) in deionized water under vigorously 
stirring. Furthermore, the sonochemical method was then used to 

prepare CdS deposited on SiO2/TiO2 core-shell nanospheres. With 5 
the irradiation of ultrasound, ammonia of solution hydrolysis to 

produce -OH which would react with thiourea and therefore 

release S2- ions, the interaction between S2- ions and free Cd2+  
ions in the solution was then occurred and continually formed 

CdS nanoparticles on the surface of SiO2/TiO2 core-shell 10 
nanospheres.23 Finally, the innermost SiO2 nanospheres were 

corrupted by a certain concentration of NaOH solution, in which 

the hierarchical TiO2/CdS HS heterostructures were formed.  
 

 15 
 

 

 
 

 20 
 

 

 
 

 25 
 
 
Fig. 2 X-ray  diffraction patterns of  the samples D-B, E-B together with the 
pure CdS and TiO2.  

Fig. 2 shows the XRD patterns of TiO2/CdS HS 30 
heterostructures together with those of the pure CdS and TiO2. 

The as-prepared D-B and E-B samples exhibit similar X-ray 
diffraction patterns, and the peaks at 2θ values of 24.83°, 26.52°, 

28.21°, 43.77°, 47.93°, 51.95°, 54.74° and 75.58° were in good 

agreement with the (100), (002), (101), (110), (103), (311), (201) 35 
and (105) crystal planes of hexagonal structure CdS (JCPDS No. 

65-3414), respectively.24 In addition, the diffraction peaks at 
37.80°, 53.89° and 62.69° in the XRD pattern of TiO2/CdS HS 

can be attributed to the (004), (105) and (204) crystal planes of 

anatase TiO2 (JCPDS No. 21-1272), respectively.25 Besides, four 40 
distinct diffraction peaks observed at 25.28°, 48.05°, 55.06° and 

76.02° in the D-B and E-B samples, corresponding to the (101), 
(200), (211) and (301) crystal planes of anatase TiO2, can be 

found overlapping with (100), (103), (201) and (105) crystal 

planes of hexagonal CdS, respectively, owing to the positions of 45 
these peaks are quite similar. All the XRD patterns of TiO2/CdS 

HS samples exhibit diffraction peaks corresponding to both 
anatase TiO2 and hexagonal CdS, and no other impure peaks can 

be observed, suggesting a two-phase composition of TiO2 and 

CdS in these heterostructures. Furthermore, the composition and 50 
functional groups of TiO2/CdS HS heterostructures composites 

were further characterized by FT-IR spectroscopy (Fig. S1, ESI †),  
and the average crystallite size of the CdS and TiO2 composite 

nanoparticles were also calculated from the peak width of the 

(002) plane of hexagonal CdS and the (101) plane of anatase TiO2 55 
by Scherrer’s formula,26 and these details can be observed in 

Table S1(ESI †).  
Fig. 3 shows the typical SEM images of the hierarchical 

TiO2/CdS HS resulting from the coating of TiO2 and CdS onto the 

SiO2 nanospheres. As shown in Fig. 3, some spheres (i.e., W1) 60 
were complete, yet others (i.e., B1) were broken, which 

demonstrate the formation of hollow structures. After capping 
TiO2 and CdS, the quite smooth surface of the SiO2 nanospheres 

(Fig. S2, ESI †) became relatively rough with an average 

diameter of 300 nm (shown in Fig. 4(b)), indicating that the 65 
successful fabrication of the hybrid nanostructures. The same 

statement can be obtained from the data of Energy Dispersive X- 

a b

c d

B1W1

B1

B1

W1 W1
 

 
Fig. 3 SEM images(a-d) of the hierarchical TiO2/CdS HS samples with 70 
v arious magnif ications: (a and b) D-B sample, (c and d) E-B sample. 

ray Spectrum (EDX, Fig. S3, ESI †), which shows that the as-
prepared samples contain O, Ti, as well as S and Cd. The contents 

of CdS calculated according the atomic concentration was about 

4.15% and 6.17% for D-B and E-B samples, respectively.  75 
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Fig. 4 TEM images (a-d) pattern of as-prepared samples: (a and b) D-B 

sample, (c and d ) E-B sample. 

The TEM images (Fig. 4) further verify that the as-prepared 80 
samples were the hierarchical TiO2/CdS HS heterostructures in 
which different color contrast can be seen obviously between the 

central and fringe region of the spheres. As shown in Fig. 4(b), 

the thickness of TiO2 shells is about 30 nm and interstitial voids 

about 237 nm in diameter. This value agreed well with the SEM 85 
observations. Furthermore, the selected area electron diffraction 
(SAED) patterns (inset of Fig. 4(b and d)) of the hierarchical 

TiO2/CdS HS illustrate that the crystalline structure can be 

indexed to the expected crystal lattice of CdS and TiO2. In 

addition, the HR-TEM image (Fig. S4, ESI †) revealed that the 90 
lattice spacings of the hierarchical TiO2/CdS HS were 0.335 nm 
and 0.352 nm which correspond to the (002) plane of hexagonal 

CdS and the (101) plane of anatase TiO2, respectively. It further 

confirmed the interfacial junction between CdS and TiO2 in 

which CdS was closely attached on the surface of TiO2 shells.  95 
As shown in Fig. 5(a), the nitrogen adsorption-desorption 

isotherms of both D-B and E-B were similar and all of them were 

type-IV with hysteresis loops according to the IUPAC 

classification,11 indicating that the presence of well-developed 

mesoporosity structure. In addition, an obvious absorption 100 
hysteresis loop located at 0.33< P/Po < 0.99 with a flat “S”-shape 

was observed in the isotherms of D-B and E-B, which could be 

categorized as type-H3 hysteresis loop, suggesting the existence 

of slit-like pores.11,19 The BET surface area, pore volume and 

average pore sizes of two samples were summarized in Table S1 105 
(ESI †).  As calculated by the Brunauer-Emmett-Teller (BET) 
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method, such the hierarchical TiO2/CdS HS (D-B) gives rise to a  

 

 
 

 5 
 

 

 
 

 10 
Fig. 5 (a) Nitrogen adsorption-desorption isotherms of  D-B and E-B samples; 

(b) the corresponding pore size distributions curv e of  the hierarchical 

TiO2/CdS HS. 

BET surface area of 104.48 m2/g and a relatively large pore 

volume of 0.18 cm3/g, compared with 90.04 m2/g and 0.12 cm3/g 15 
for the E-B sample. It can be seen from the Fig. 5(b) that the pore 

size analysis from the adsorption branch of both samples 
exhibited similar narrow pore size distributions ranging from 2.13 

nm to 4.74 nm. However, the average pore size (7.04 nm) of the 

D-B sample was larger than that of the E-B sample which was 20 
5.29 nm. As well known, the hierarchical TiO2/CdS HS occupied 

a large surface area, which could supply more reaction active 
sites and effectively promote the separation efficiency of the 

electron-hole pairs, resulting in a higher quantum efficiency of 

photocatalytic reaction. Meanwhile, the hollow sphere structures 25 
and its big specific surface area would reduce multiple scattering, 

leading to the improvement of the light harvesting.27,28  
 

 

 30 
 
 

 

 

 35 
 

 

 

 
 40 
 

 
 
Fig. 6 UV-v is diffuse ref lection spectra f or samples D-B, E-B, pure CdS and 

TiO2.  45 
To investigate the optical properties, the UV-vis absorption 

spectra of hierarchical TiO2/CdS HS samples with different 

ammonia amounts together with those of pure TiO2 and CdS as  

comparison were shown in Fig. 6. It has been observed that the 

pure TiO2 exhibits photoresponse in the UV region with a 50 
wavelength below 388 nm due to its big energy band gap 
(3.2eV).15 In comparison with pure TiO2, the absorption edge of 

D-B and E-B samples were drastically extended to around 555 

nm and 575 nm, respectively. It’s well known that CdS has a 

narrow energy band gap and thus exhibits better visible light  55 
response ability. The expansion of absorption edge of the 
hierarchical TiO2/CdS HS heterostructures was mainly  resulted 

from the photosensitization of CdS rather than the formation of 

discrete energy levels.29-31 Moreover, the light absorption edge of 

D-B sample showed a bit narrower than that of the pure CdS and 60 
E-B which extended to approximately 575 nm. The causes of this  
phenomenon might be attributed to the stronger combination and 

more uniform heterojunctions between CdS and TiO2 crystallites. 

According to the relevant literature, within a certain range, the 

photosensitizing effect of CdS could be improved with the 65 
gradually increasing of the amount of CdS, consequently, 
resulting in the expansion of visible light absorption range. In this  

work, since the coupling amount of CdS in D-B sample was less 

than that in E-B sample and pure CdS, as a result of leading to the 

poor photosensitization of CdS in D-B sample.29 Furthermore, 70 
quantum-size effect also has certain influence on the expansion of  

the light absorption range. With the decreasing of the particle size, 

the absorption of CdS quantum dots appears obvious blue shift.  

Obviously, after coupling with anatase TiO2, the crystal size of 
hexagonal CdS in D-B sample was calculated to be 17.98 nm, 75 
which was smaller than that of E-B sample (about 28.04 nm) and 

pure CdS (about 26.52 nm) (Table S1, ESI †). The absorption 

band of D-B sample was blue shifted probably resulting from the 

size quantization effects in D-B sample.26,32-35 

 80 
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Fig. 7 XPS spectra of as-prepared D-B and E-B samples. (a) The whole 
surv ey spectrum; (b) Ti 2p XPS spectrum; (c) O1s XPS spectrum; (d) Cd 3d 110 
XPS spectrum and (e) S 2p XPS spectrum.  

The X-ray photoelectron spectroscopy (XPS) was performed to 

further investigate the elemental composition and surface 

chemical state of the obtained hierarchical TiO2/CdS HS samples. 
As depicted in the whole XPS survey spectrum (Fig. 7(a)), the 115 
elemental composition on the surface of as-prepared D-B and E-

B samples can be found to be S, C, Cd, Ti and O elements, which 

correspond to the values of the binding energy 162.3 eV, 284.6 eV, 

404.8 eV, 458.4 eV and 531.4 eV, respectively.16,36,37 The XPS 
spectrum for the C1s peak might be attributed to the adventitious 120 
carbonaceous species formed in the process of preparation. The 

high-resolution XPS spectra of the Ti 2p region on the surface of 

the obtained hierarchical TiO2/CdS HS samples were shown in 

Fig. 7(b). The binding energies of Ti 2p3/2 and Ti 2p1/2 in those 
samples were 458.4 eV and 464.1 eV, respectively, which was a 125 
characteristic of  Ti4+ on the surface of  the hierarchical TiO2/CdS 

HS.38 O 1s XPS spectra were shown in Fig. 7(c), in which the two 

asymmetric peaks centered at 529.6 eV and 531.5 eV were 

associated with the lattice oxygen of TiO2 and the surface 
adsorbed components of hydroxyl group  (-OH), respectively.39,40 130 
As shown in Fig. 7(d), two sharp peaks observed at binding 

energies of 411.6 eV and 404.9 eV can be assigned to the 

characteristic of Cd 3d3 /2 and Cd 3d5 /2, respectively. Furthermore, 

a spin-orbit separation of 6.7 eV between Cd 3d3/2 and Cd 3d5 /2  
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further confirmed the existence of Cd2+ on the surface of the 

hierarchical TiO2/CdS HS samples.41 Fig. 7(e) intuitively 

demonstrates the S 2p XPS spectrum of as-prepared D-B and E-B 
samples. The double peaks located at 161.2 eV and 162.4 eV 

could be attributed to the characteristic doublets of S 2p3/2 and S 5 
2p1/2, which indicated that the chemical state of S element mainly 

in the form of S2- exists on the surface of hierarchical TiO2/CdS 

HS samples. In a word, the XPS results further proved that the 
co-existence of CdS and TiO2 in the hierarchical TiO2/CdS HS. 
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Fig. 8 (a) Plots of  the decomposition of  RhB solution concentration v ersus  

irradiation time by  different samples under v isible-light irradiation (λ≥420 nm),  

RhB (■), commercial TiO2(●), P25 TiO 2 (▲), SiO2/TiO 2(▼), CdS(◄), E-B(►)  
and D-B(○). The original concentration of  RhB solution is 15 mg/L. (b) 

Recy cling tests of RhB photodegradation on D-B and E-B samples under 15 
v isible light irradiation f or 90 min. 

The photocatalytic activity of the hierarchical TiO2/CdS HS 
has been evaluated by using the RhB solution of 15mg/L as the 

model pollutant under visible light irradiation and ambient  

conditions. For comparison, the photocatalytic activities of pure 20 
commercial TiO2, P25 TiO2, CdS and SiO2/TiO2 as well as  

without photocatalyst (the blank test) were also tested in the same 
system. As depicted in Fig. 8(a), the degradation of RhB by the 

pure commercial TiO2 and the blank test were almost negligible 

after 210 min of visible light irradiation. Although commercial 25 
P25 TiO2 and SiO2/TiO2 could not respond to visible light, RhB 

could also be decomposed by the two samples and the 
degradation efficiencies reached to 72.8% for P25 TiO2 and 

30.7% for SiO2/TiO2, respectively, after 120 min photoreaction. 

The causes of the phenomenon could be attributed to the 30 
photosensitization mechanism of RhB. It was worth noting that 

the different photocatalytic activity between commercial P25 
TiO2 and SiO2/TiO2 might be caused by two aspects: On the one 

hand, the commercial P25 TiO2 particles were composed by two 

kinds of crystal shape: anatase and rutile TiO2.
17 On the other 35 

hand, under the same photocatalytic reaction conditions, the 

quantity of TiO2 in the SiO2/TiO2 catalyst is less than that of P25 
TiO2. Also, after 120 min visible light irradiation, more than 

57.2% and 90.5% of RhB could be degraded in the presence of 

pure CdS and D-B sample, respectively. In contrast, the E-B 40 
sample exhibited a silghtly higher photocatalytic activity than D-

B sample, and the degradation efficiencies was about 94.2% 
within 120 min visible light irradiation. As shown in Fig. S5 (ESI 

†), the trend that the absorption peak blue-shifts and broadens  

caused by de-ethylation of RhB also depicted the concentration 45 
diminution of RhB with increasing irradiation time.28  

Fig. S6 (ESI †) shows the results of the photodegradation of 
MO solution by the as-synthesized catalysts, which further 

confirmed that the hierarchical TiO2/CdS HS samples possess 

good photocatalytic performance under visible light irradiation.  50 
Interestingly, the P25 TiO2 sample almost shows no MO 

degradation ability because the MO is more stable and possesses 
lower photosensitization. Furthermore, the photocatalytic activity 

of the resulting hierarchical TiO2/CdS HS prepared with different  

ammonia amount was also tested, and the results were shown in 55 
Fig. S7, (ESI †). It can be seen that the varying amount of 

ammonia have obvious effect on the photocatalytic activity of 

photocatalysts, the E-B sample shows the highest activity among 

the four hierarchical TiO2/CdS HS samples. In short, the 

improvement of visible-light adsorption, larger surface area, the 60 
synergic effect within the heterojunctions between CdS and TiO2 

crystallites and the unique morphologies and nanostructures of 

the hierarchical HS were supposed to be responsible for the 

efficient charge separation and the highly efficient photocatalytic 

activity of the hierarchical TiO2/CdS HS.26-29,42  65 
In order to investigate the stability and recyclability of the as-

prepared hierarchical TiO2/CdS HS, recycling tests of the visible-

light-driven photodegradation activity of RhB were performed for 

certain times on the recycled D-B and E-B samples. As shown in 

Fig. 8(b), in the first round of illumination, D-B and E-B samples  70 
exhibited excellent visible light photocatalytic activity  for RhB 

and the degradation ratio up to 74.5% and 80.4%, respectively. As 

can be seen that, from the second recycling test experiment, the 

recycled D-B sample showed higher stability and recyclability as 

well as the catalytic activity than that of E-B during the per 75 
decolorized reaction. However, after three runs of 

photodegradation of RhB, both D-B and E-B samples were 

partially lost their photocatalytic activity  and the degradation 

efficiency only amounts to 32.33% and 14.20%, respectively, 

within 90 min visible light reaction. During the cycling tests, the 80 
photocorrosion reaction of CdS and the catalyst mass loss 

account for the gradual decrease of photocatalytic activity. 15,16,43-

45 Therefore, how to improve the stability and photocatalytic 

properties of hierarchical TiO2/CdS HS materials become the 

focus of our next research. 85 
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Fig. 9 Scheme illustrating the principle of  charge-transf er and the photocatal- 
ytic processes on the interf ace of the hierarchical TiO2/CdS HS under v isible 

light irradiation. 

Based on the above discussion, the as-prepared hierarchical 90 
TiO2/CdS HS showed the excellent photocatalytic performance in 

the degradation of organic compounds, such as RhB. The 

degradation mechanism of organic pollutants over the 

hierarchical TiO2/CdS HS was further explored and schematically 

illustrated in Fig. 9. Under the excitation of visible light, charge 95 
carriers were produced on the semiconductor of CdS due to its 

narrow energy band gap of 2.42 eV and then the photo-excited 

electron on the VB of CdS can be promoted to the CB of itself. 

It’s well known that the CB of anatase TiO2 was about 0.5 eV 

more positive than the bands of CdS. This matchable energy band 100 
position and intimate interfacial contact between CdS and TiO2 

facilitated a readily transfer of photo-excited electrons to the CB 

of anatase TiO2 away from the CB of CdS while holes were still 

stranded in the surface of CdS nanoparticles. As a result, the 

recombination between electrons and holes was subsequently 105 
suppressed, allowing more opportunities for electrons and holes 

to participate in the oxidation-reduction reactions. On the one 

hand, the electrons would be trapped by adsorbed O2 to form 

superoxide radical (•O2
−) and hydrogen peroxide (H2O2),

46 and 

then the two substances would work together to create a new 110 
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active species, namely the hydroxyl radical (•OH) which was  

very strong oxidants capable of effectively decomposing RhB. On 

the other hand, in situ generated holes in CdS could directly 
oxidize RhB molecules which adsorbed on the surface of the 

hierarchical TiO2/CdS HS heterostructures. Moreover, because 5 
the EVB of CdS (+1.42 eV vs. SHE) was more positive than 

E(H2O/O2) (+1.23 eV vs. SHE), if organic pollutants adsorption 

was insignificant, the holes might react with H2O adsorbed on 
surface of the photocatalyst, and generate hydroxyl radical (•OH), 

which simultaneously assisted in the decomposition of organic 10 
substances.19,23,36,47 Hence, we believed that because of the 

synergistic effects between the generation of hydroxyl radical and 

holes, the TiO2/CdS HS show the enhanced visible light catalytic 
activity for RhB degradation. 

In addition to the synergy of the •OH and holes, the RhB may 15 
be excited by visible light irradiation due to the 

photosensitization, and which also contributes to the higher 

activity. As depicted in Fig. 9, under the excitation of visible light, 
the electrons on the LUMO level of the photoexcited RhB dye 

(RhB*) were generated and rapidly injected into the CB of CdS 20 
or TiO2.

48,49 Meanwhile, RhB dye was converted to the cationic 

dye radical (RhB•+),26 which might be reduced by superoxide 

radical (•O2
−), transformed and decomposed into intermediate 

products and finally mineralized to CO2 and H2O. However, the 

photocatalytic reaction mentioned above would not become the 25 
dominant factor because of the interaction between superoxide 

radical (•O2
−) and hydrogen peroxide (H2O2).

50 

Conclusions 
In summary, we have successfully synthesized the hierarchical 

TiO2/CdS HS by a novel sonochemical method. E-B sample 30 
exhibited a higher photocatalytic activity for degrading RhB 

under the excitation of visible light than D-B sample. The as-

prepared hierarchical TiO2/CdS HS occupy good light-absorption 

ability, superior surface properties and favourable photogenerated 

charge-separation efficiency which might have promising 35 
applications in the cleanup of environment.  
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