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A B S T R A C T

Hollow nanostructures are of great scientific and technological importance for extensive applications in pho-
tocatalysis, drug delivery, wastewater treatment, etc. In this study, we have developed a facile hydrothermal
method for the large scale fabrication of alloyed ZnxCd1-xS double-shell (DS-ZnxCd1-xS) hollow nanospheres
using hierarchically porous ZnS nanospheres as sacrificial templates and the reagent Cd(Ac)2 as a Cd source. The
growth mechanism of double-shell hollow nanospheres has been studied and illustrated by investigating the
morphological evolution of the inter-mediated products. Moreover, the chemical composition and void space
between the double-shells of the as-obtained alloyed ZnxCd1-xS hollow nanospheres can be regulated by adding a
certain amount of Cd(Ac)2. The optical properties and band structures have been investigated using UV–vis
diffuse reflectance spectroscopy (DRS), Mott-Schottky analysis and valence-band (VB) X-ray photoelectron
spectroscopy, respectively. When evaluated for their photocatalytic properties, the as-prepared alloyed
Zn0.46Cd0.54S double-shell (DS-Zn0.46Cd0.54S) hollow nanospheres exhibit excellent hydrogen production, and a
H2 evolution speed of up to 4.11mol h−1 g−1 is reached under irradiation of visible light (λ > 420 nm).

1. Introduction

Hollow nanostructures have attracted extensive attention due to
their great structural advantages, such as low density, high specific
surface area and high loading capacity [1–7], which have led to pro-
mising potential applications in drug delivery [8–11], catalysis
[12–18], energy storage and conversion [19–24], and so on. Thus,
considerable efforts have been made to design and construct various
hollow nanostructures by means of different synthetic strategies, for
instance, chemical vapor deposition [25,26], layer-by-layer coating
technique [27–33], the template-engaged replacement reaction
[34–36], and surfactant micellar templating [37–42]. In general, tem-
plating has been recognized as one of the most important techniques for
fabricating hollow nanostructures after removing the templates via
reaction or etching techniques, which involves using hard, soft or self-

sacrificial templates. Lou and co-workers developed a sequential ion-
change strategy to prepare onion-like NiCo2S4 with unique hollow
structured shells using a precursor of onion-like metal oxide particles,
which exhibit superior electrochemical performance for hybrid super-
capacitors with outstanding cycle life and enhanced energy/power
densities due to their unique shell architecture and robust matrix [43].
Recently, Lou et al. fabricated multi-shelled various alloy oxide hollow
spheres through a penetration-solidification-annealing method, in-
cluding CoMn2O4, Co1.5Mn1.5O4, MnCo2O4, ZnMn2O4, ZnCo2O4, and
NiCo2O4 [44]. Wang et al. developed a sequential templating approach
to fabricate metal ferrite (MFe2O4, M=Zn, Co, Ni, Cd) [45], ZnO [46],
TiO2 [47], Co3O4 [48], α-Fe2O3 [49], MnOx [50], SnO2 [51], V2O5 [52],
and (Co2/3Mn1/3)(Co5/6Mn1/6)2O4 [53] multi-shelled hollow nano-
spheres utilizing carbonaceous microspheres as sacrificial templates.

Transition metal sulfides have received significant attention as
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promising electrode materials with high-performance for energy sto-
rage devices. Meanwhile, binary alloy sulfides possess higher capacity,
chemical stability and higher electrochemical activity than single metal
sulfides [54–56]. More recently, Lou et al. demonstrated a moderate
anion exchange method to fabricate ternary ball-in-ball-like hollow
nanostructures of NiCo2S4 for enhanced electrochemical pseudocapa-
citive properties [57]. Despite the many efforts concentrated on syn-
thesizing highly complex binary alloy sulfides, developing a facile
process to synthesize hollow binary alloy sulfides with high quality on
the large scale is still a challenging task.

Herein, we demonstrate a simple synthetic strategy for the large-
scale fabrication of alloyed double-shell (DS-ZnxCd1-xS) hollow nano-
spheres via a sacrificial template route and hierarchically porous ZnS
nanospheres used as hard templates. In the proposed process, a layer of
CdS promptly formed at the surface of hierarchically porous ZnS na-
nospheres, whereas small nanoparticles of ZnS disassemble from the
hierarchically porous ZnS nanospheres and dissolved gradually. The
pre-synthesized CdS layer will convert to ZnxCd1-xS via a solution-
crystallization process, resulting in the formation of double-shell hollow
nanostructures of ZnxCd1-xS, and the proposed synthetic strategy is il-
lustrated in Scheme 1. Furthermore, the synthetic mechanism of the DS-
ZnxCd1-xS hollow nanospheres has been extensively studied. Benefiting
from the extraordinary structural features, the as-obtained alloyed DS-
Zn0.46Cd0.54S hollow nanospheres exhibit excellent hydrogen produc-
tion under visible-light illumination (λ > 420 nm).

2. Materials and methods

All chemicals were of analytical grade and used without further
purification

2.1. Scalable synthesis of AA-[Zn(OH)4]2− complex nanospheres

In a typical synthesis route, 7.2 mmol of CTAB and 0.72mmol of AA
were added into a 250ml round-bottom flask and dissolved using
150ml deionized water. Subsequently, 2.7 mmol of Zn(NO3)2∙6H2O and
2.7 mmol of HMTA were introduced into the solution with vigorously
stirred for 30min before being heated and maintained at 85 °C for 10 h.
The resulting milky white suspension was washed three times with
deionized water and absolute ethanol, and then dried at 50 °C for 24 h.
Finally, the AA-[Zn(OH)4]2− complex was obtained.

2.2. Scalable fabrication of hierarchically porous ZnS complex

Briefly, hydrogen sulfide gas was produced from dilute H2SO4 and
excess Na2S·9H2O using a simple experimental installation, which was
introduced into a vacuum bottle containing the as-obtained AA-[Zn
(OH)4]2− powder complex. The vacuum bottle was heated to 60 °C and
maintained for 4 h. Then, the sample was washed several times with
deionized water and absolute ethanol and dried at 60 °C.

2.3. Preparation of ZnxCd1-xS double-shell hollow nanospheres

Typically, to synthesize Zn0.46Cd0.54S double-shell hollow nano-
spheres, 0.24 g of as-obtained hierarchically porous ZnS and 4.86mmol
of cadmium acetate were loaded in a 250ml beaker containing 60ml of

distilled water and stirred for 20min to form a milky solution. Then,
40.5 mmol of a thiourea aqueous solution was dropped into the above
mixture. After stirring for 10min, the mixture was put into a 100ml
Teflon-lined stainless-steel autoclave, sealed and maintained at 140 °C
for 4 h. Subsequently, cooling down to room temperature naturally, and
the final product was collected by centrifugation and washed with
distilled water and absolute ethanol several times. Analogously, the as-
prepared ZnxCd1-xS (x= 1.0, 0.59 and 0.32) products have been syn-
thesized from different amounts of cadmium acetate while the other
conditions were kept constant. Atomic absorption spectroscopy (AAS)
has been used to decide the accurate mole ratio of Zn/Cd.

2.4. Characterizations

Morphology of these products was investigated using field-emission
scanning electron microscopy (FESEM) and transmission electron mi-
croscopy (TEM), respectively. The field-emission scanning electron
microscopy (FESEM) images were recorded on a SU8020 (Hitachi,
Japan); transmission electron microscopy (TEM) and high-resolution
transmission electron microscopy (HRTEM) images were obtained
using a JEM-2100 F (JEOL, Japan). Powder X-ray diffraction (XRD)
patterns were determined by using an X’Pert PRO MPD X-ray dif-
fractometer (PANalytical B.V., Holland) equipped with graphite
monochromated Cu Kα radiation. X-ray photoelectron spectra (XPS)
were performed on an ESCALAB250Xi X-ray photoelectron spectro-
meter (Thermo Scientific, American). UV–vis absorption spectra were
recorded by using a Hitachi U-5100 spectrophotometer (Hitachi High-
Technology Corporation). Fluorescent spectra were studied with a
fluorescence spectrometer (Edinburgh FLS980, UK). The UV–vis diffuse
reflectance spectra (UV–vis DRS) of the as-obtained solid samples were
taken using a CARY 5000 (Agilent Technology Corporation). Fourier
transform infrared (FTIR) spectra of the as-prepared samples were
collected by a Nicolet 67 (Thermo Nicolet, American). The mole ratio of
Zn/Cd was measured by using AA800 atomic absorption spectrometer
(AAS, Perkin Eimei, American). The nitrogen sorption isotherm was
conducted by using an automatic volumetric adsorption apparatus
(Micromeritics ASAP 2020).

3. Results and discussion

First, AA-[Zn(OH)4]2− complex nanospheres were prepared from Zn
(NO3)2∙6H2O, l-ascorbic acid (AA), Cetyltrimethylammonium bromide
(CTAB) and hexamethylenetetramine (HMTA) at 85 °C on a large scale
and converted to ZnS via gas sulfidation. Fig. 1a, b reveals TEM images
of the as-obtained AA-[Zn(OH)4]2− complex, indicating that the pro-
duct completely consisted of monodisperse nanospheres approximately
230 nm in diameter, which could be further verified by the FE-SEM
image displayed in Fig. S1. From Fig. 1c, the XRD pattern of the as-
prepared AA-[Zn(OH)4]2− complex demonstrates that the AA-[Zn
(OH)4]2− precursor is amorphous. Fig. 1d displays TEM image of the
product after sulfidation of the AA-[Zn(OH)4]2− complex product. In
addition, the as-prepared ZnS composite nanospheres were comprised
of small nanoparticles several nanometres in size and with a porous
structure, which is derived from the aggregation and hydroxyl elim-
ination of the AA-[Zn(OH)4]2− complex during the sulfidation process
(Fig. 1e). The ZnS nanoparticles possess an average diameter of 5.8 nm,

Scheme 1. Schematic illustration of the syn-
thetic strategy of the ZnxCd1-xS double-shell
hollow nanospheres.
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which is estimated from XRD data (Fig. 1c) according to the Scherrer
equation (Rm = kλ/β1/2cosθ), which agrees well with the morpholo-
gical analysis. As shown in Fig. S2, Brunauer-Emmett-Teller (BET)
surface area analysis indicates that the ZnS composite nanospheres
have a specific surface area of 60.32m2 g-1, implying ZnS nanospheres
with hierarchically porous structures, which can be further verified by
thermal gravimetric analysis (TGA) due to the removal of some organics
after sulfidation of the AA-[Zn(OH)4]2- complex product (Fig. S3) [58].
Fig. 1f shows the TEM image of the as-prepared final sample obtained
from 0.24 g of as-obtained hierarchically porous ZnS nanospheres,
4.86mmol of cadmium acetate and 40.5mmol of thiourea at 140 °C for
4 h, which is composed of double-shell hollow nanospheres with a total
diameter of 360 nm and a shell thickness of several nanometres; the
distance between the double-shells is approximately 32 nm, as observed
from the TEM image. From the high-resolution TEM image of the se-
lected outer shell section, as shown in Fig. 1g, the lattice fringes of 3.36
and 3.16 Å can be easily indexed to the (002) and (110) crystal planes
of hexagonal ZnxCd1-xS. Moreover, the lattice fringes are slightly
smaller than the interplanar distance of pure CdS, demonstrating the
formation of alloyed ZnxCd1-xS nanostructures. The XRD pattern for the
final sample also confirmed the formation of hexagonal alloyed ZnxCd1-
xS (Fig. 1c). The energy dispersive spectroscopy (EDS) line scan for the
elemental distribution is shown in Fig. 1h, indicating that the hollow
nanospheres have a double-shell structure. Fig. S4 shows scanning
transmission electron microscopy (STEM)-EDS analysis of the as-pre-
pared sample, which illustrates that the elements of Zn, S and Cd in-
gredient homogeneously distribute, implying the formation of alloyed
DS-Zn0.46Cd0.54S hollow nanospheres. XPS of the as-prepared DS-
Zn0.46Cd0.54S hollow nanospheres verifies the elements in the final
samples, including Zn, Cd, S and their chemical states (Fig. S5). The
accurate chemical composition was investigated using AAS, and the
alloyed double-shell hollow nanosphere has a Zn/Cd mole ratio of 0.46/
0.54. Hence, based on the above analysis of the morphology, phase and
chemical composition, DS-Zn0.46Cd0.54S hollow nanospheres have been

synthesized using the present synthetic strategy.
The morphological evolution of the as-prepared DS-Zn0.46Cd0.54S

hollow nanospheres in the preliminary stages was used to confirm the
proposed synthetic mechanism for the formation of double-shell hollow
nanospheres, as revealed by these TEM images shown in Fig. 2a–c.
Fig. 2a shows the TEM image of the sample obtained at 140 °C for 0.5 h
in which hollow nanospheres with similar size have been clearly ob-
served. In fact, many small nanoparticles several nanometres in size
have been observed to exist in the inner hollow nanospheres. As de-
monstrated in Fig. S6, the STEM image and the elemental mapping
images show that the shell is comprised of Zn, S and Cd elements. All
these demonstrated that a thin layer of ZnxCd1-xS was coated on the
surface of the ZnS nanospheres at the earlier stage to form a tight
hollow nanostructure. As a result, the dissolution and crystallization of
ZnS nanoparticles made Zn2+ incorporate into the lattice of CdS to form
ZnxCd1-xS alloyed shell and alloyed ZnxCd1-xS nanoparticles. The hier-
archically porous ZnS nanospheres were comprised of many small na-
noparticles several nanometres in size, which was stabilized by l-as-
corbic acid molecules (AA), as displayed by the FTIR spectra (Fig. S7).
The ZnS nanospheres should be disassembled into small nanoparticles
(Fig. S8) under hydrothermal conditions owing to the dissolution and
crystallization of ZnS nanoparticles, which promptly undergo coating
with a lamina of CdS or ZnxCd1-xS on the surface, and the ZnS porous
nanospheres promptly disintegrated in the earlier stage. With a pro-
longed reaction time, the small nanoparticles of ZnxCd1-xS or ZnS would
gradually dissolve and crystallize on the inner or outer surface of a
preformed thin layer of CdS or ZnxCd1-xS. Meanwhile, the inner CdS or
ZnxCd1-xS shell would dissolve and recrystallize by means of a diffusion
mass transfer process to gradually form void interspace, resulting in the
formation of double-shell hollow nanospheres (Fig. 2c). The XRD pat-
terns of the intermediated products are revealed in Fig. 2d, in which all
the diffraction peaks can be readily indexed to hexagonal ZnxCd1-xS,
implying that ZnS porous nanospheres promptly converted to the
ZnxCd1-xS composition by reacting with Cd2+ and thiourea. Three

Fig. 1. (a, b) TEM images of AA-[Zn(OH)4]2− composite nanospheres; (c) XRD patterns of the as-obtained products; (d, e) TEM images of ZnS composite nanospheres;
(f, g) TEM and HRTEM images of DS-Zn0.46Cd0.54S hollow nanospheres; (h) the STEM image of DS-Zn0.46Cd0.54S hollow nanospheres and EDS line scan for the
elemental distribution.
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peaks located at 27° for hexagonal alloyed ZnxCd1-xS can be analysed
using a Gaussian curve, and the diffraction angles shifted slightly to
higher values, demonstrating Zn ions doped the CdS lattice to form a
stable ZnxCd1-xS alloy (Fig. 2e) [59]. The chemical composition of the
intermediated product was studied using XPS and AAS, respectively.
The chemical composition of the intermediated product, shown in
Table S1 and Table S2, demonstrates that the formed mechanism of DS-
Zn0.46Cd0.54S hollow nanospheres can be illustrated by the proposed
strategy shown in Scheme 1.

In this case, the chemical composition can be modulated by con-
trolling the concentration of Cd(Ac)2. Fig. 3a–c shows the TEM images
of the as-synthesized double-shell hollow spheres obtained from dif-
ferent amounts of Cd(Ac)2 and other reaction factors were kept the
same. The precise Zn/Cd mole ratios were determined as 0.59/0.41
(Fig. 3a) and 0.32/0.68 (Fig. 3c) by AAS when the quantity of Cd(Ac)2
was adjusted to 2.43mmol and 6.48mmol, respectively. As shown in
Fig. 3d, the distance between the double-shells varied and is dependent
on the shell thickness of the CdS or ZnxCd1-xS formed in the early stage.
According to the formation mechanism of the double-shell hollow na-
nospheres, the amount of Cd(Ac)2 acts a crucial role in forming the
double-shell hollow nanospheres, which determine the reaction and
formation speed or thickness of CdS or ZnxCd1-xS layer at the early
stage. When the quantity of Cd(Ac)2 was decreased to 1.62mmol and
other reaction conditions were held constant, no double-shell hollow
nanospheres were obtained, and only hollow nanospheres and some
nanoparticles were clearly observed (Fig. S9a), which can be ascribed to
the slow formation speed of the CdS or ZnxCd1-xS thin layer. If the
concentrations of Cd(Ac)2 and thiourea were increased greatly, CdS
nanoparticles not a CdS layer formed at the surface of the ZnS nano-
spheres. As shown in Fig. S9b, there are many small nanoparticles with
an approximately average size of 20 nm obtained when the quantity of
Cd(Ac)2 and thiourea was simultaneously increased to 6.48mmol and
60.8 mmol while other conditions were kept constant. Meanwhile,
ethylene glycol was chosen as a system for the solvothermal reaction,
and the amount of thiourea was reduced to 16.2mmol to retard the
reaction speed while other factors were kept constant, resulting in the

successful synthesis of uniform high quality single-shell Zn0.43Cd0.57S
(SS-Zn0.43Cd0.57S) hollow nanospheres approximately 290 nm in dia-
meter and 35 nm in shell thickness (Fig. S10a). As shown in Fig. S10b-e,
the three elements of S, Zn, and Cd are identified in all the hollow
nanospheres, indicating that all three elements are homogeneously
distributed throughout the as-obtained SS-Zn0.43Cd0.57S hollow nano-
spheres. The nanostructure of the as-prepared SS-Zn0.43Cd0.57S hollow
nanospheres was further confirmed by XRD. As revealed in Fig. S10f,
the pattern of the sample also confirmed the formation of hexagonal
alloyed SS-Zn0.43Cd0.57S hollow nanospheres. To determine the micro-
structure of the DS-Zn0.46Cd0.54S and SS-Zn0.43Cd0.57S hollow nano-
spheres, BET measurements have been conducted (Fig. S11). The spe-
cific surface area of the DS-Zn0.46Cd0.54S with 36.99m2 g−1 is similar
with that of SS-Zn0.43Cd0.57S (36.57 m2 g−1), indicating DS-
Zn0.46Cd0.54S and SS-Zn0.43Cd0.57S with similar nanostructures com-
prised of small nanoparticles which will provide reaction sites for the
photocatalysis [60,61].

The optical physical properties of the as-synthesized ZnxCd1-xS
hollow nanospheres were evaluated using UV–vis absorbance spectra.
Fig. S12 shows that the wide UV–vis absorption peaks of the as-ob-
tained ZnxCd1-xS hollow nanospheres were located at 373, 382, 394 and
442 nm, which can be assigned to the alloyed ZnxCd1-xS nanostructures
with different Zn/Cd ratios compared to those in the UV–vis absorption
spectra of single ZnS and CdS [62–64]. The UV–vis DRS of the as-ob-
tained double-shell hollow nanospheres are displayed in Fig. 4a, which
agree well with the UV–vis absorption spectra. In addition, DS-ZnxCd1-
xS hollow nanospheres possessed a stronger light absorbance within the
range of 550–800 nm than SS-Zn0.43Cd0.57S hollow nanospheres due to
the increase in the shell layer number, which could efficiently heighten
the visible light harvesting capacity [65,66]. The band-gap energy of
the as-obtained ZnxCd1-xS hollow nanospheres at 300 K has been esti-
mated from the Kubelka-Munk function [F(R)hν]2 versus the photon
energy (hν) [67]. As shown in Fig. 4b, the evaluated band-gap energy of
the as-synthesized ZnxCd1-xS (x= 0.59, 0.46, 0.43, 0.32) hollow na-
nospheres are 2.47, 2.39, 2.40, and 2.26 eV, respectively.

To better figure out band structures of the as-prepared products,

Fig. 2. (a–c) TEM images of the samples collected in the early stages of formation of DS-Zn0.46Cd0.54S hollow nanospheres; (d, e) XRD patterns of the as-obtained
products.
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Mott-Schottky measurement was further performed [68,69]. From the
Mott-Schottky plots (Fig. S13), the conduction band (CB) of all the
samples became more negative with the increase in the amount of Cd2+

ions. A more negative CB has a stronger reducing capacity, which
contributes to an improved ability towards photocatalytic water re-
duction. From the results of the Mott-Schottky and UV–vis DRS, the CB
and valence band (VB) energy levels for ZnxCd1-xS hollow nanosphere
photocatalysts are further illustrated in Fig. S14.

The photocatalytic performance of all the samples was illustrated by
the hydrogen evolution reaction with co-catalysts Pt under visible-light
irradiation (λ > 420 nm). As shown in Fig. 5a, different samples were
used as photocatalysts to produce H2. Obviously, the photocatalytic
activity is in the order of SS-Zn0.43Cd0.57S < DS-Zn0.59Cd0.41S < DS-
Zn0.32Cd0.68S < DS-Zn0.46Cd0.54S. The H2 evolution rate of DS-
Zn0.46Cd0.54S is 4.11mol h−1 g−1, which is nearly 2.22, 1.71, and 3.07
times higher than that of the DS-Zn0.59Cd0.41S (1.85 mol h−1 g−1), DS-
Zn0.32Cd0.68S (2.40mol h−1 g−1) and SS-Zn0.43Cd0.57S (1.34mol
h−1 g−1), respectively (Fig. 5b). Additionally, DS-Zn0.46Cd0.54S hollow

nanospheres could maintain their inherent photocatalytic activity
without evident inactivation during three cycles (Fig. 5c), displaying
excellent stability and reusability [70–75]. The FESEM and TEM images
of the DS-Zn0.46Cd0.54S hollow nanospheres collected after nine cycles
have been shown in Fig. S15, which also confirms that these DS-
Zn0.46Cd0.54S hollow nanospheres are kept with similar size and
morphologies even under irradiation for 54 h, demonstrating the good
chemical stability of the as-prepared sample. The photocatalytic
quantum yield (QY) of DS-Zn0.46Cd0.54S was further investigated under
different monochromatic light irradiation wavelengths (Fig. 5d). There
is an obvious reduction in the QY with the increase of irradiation wa-
velength, which is in great agreement with the UV–vis DRS of the as-
obtained DS-Zn0.46Cd0.54S hollow nanosphere photocatalysts. The na-
nostructure with a double-shell cloud provides more reaction sites for
the reduction of water molecules, and it might serve as an efficient
photon trapping agent for high light absorption, resulting in a greatly
enhanced H2 evolution rate [76]. Moreover, simulated calculations
were also conducted to illustrate the enhanced ability of the absorption

Fig. 3. (a–c) TEM images of as-prepared ZnxCd1-xS hollow nanospheres with different chemical composition obtained using different amounts of Cd(Ac)2: (a)
2.43 mmol; (b) 3.24mmol; and (c) 6.48mmol; (d) The dependence curve of the distance between of the two shells versus amount of Cd(Ac)2.

Fig. 4. (a) UV–vis diffuse reflectance spectra (DRS) of the as-obtained DS-ZnxCd1-xS hollow nanospheres; (b) Kubelka-Munk plots showing the bandgap energy of the
as-obtained ZnxCd1-xS hollow nanospheres.
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and utilization of light in the presence of DS-Zn0.46Cd0.54S hollow na-
nospheres [77]. As shown in Fig. S16, compared with the model of SS-
Zn0.43Cd0.57S hollow nanospheres, the transmittance rate of the model
of DS-Zn0.46Cd0.54S hollow nanospheres in the range of 370 nm–700 nm
was obviously weakened while the reflectance and absorbance in-
creased significantly. Meanwhile, the model of DS-Zn0.46Cd0.54S hollow
nanospheres has a resonance with double spherical shell, which led to a
strong electric field local area and the strongest field was 493 V/m (Fig.
S17b). In addition, the electric field of the model of SS-Zn0.43Cd0.57S
hollow without resonance was relatively weakened; resulting in the
strongest field strength of the electric field was 260 V/m (Fig. S17a). On
the basic of above analysis, the results of simulated calculations is
consistent with the photocatalytic performance of ZnxCd1-xS hollow
nanospheres.

The photoluminescence (PL) spectrum is important to disclose the
efficiency of photogenerated electron-hole pairs, carrier trapping, mi-
gration, transfer, separation and recombination, because PL emission
mainly arises from the recombination of photoinduced electrons and
holes for semiconductors [78]. Fig. 6a exhibited the PL emission spectra
of ZnxCd1-xS hollow nanospheres with the excitation wavelength of
360 nm. The peak intensity of DS-ZnxCd1-xS hollow nanospheres is
weaker than that of SS-Zn0.43Cd0.57S hollow nanospheres owing to their
thin shell with plentifully embedded mesopores that enhance the effi-
ciency of charge transport across the surface, which suggests that the
double-shell structure contributes to radiative recombination of pho-
togenerated electron-hole pairs. Among all the samples, DS-
Zn0.46Cd0.54S hollow nanospheres display a drastically quenched PL
peak that indicates the lowest photogenerated electron-hole re-
combination rate and thereby demonstrates the greatest photocatalytic
hydrogen evolution activity.

Photoelectrochemical measurements are conducted to better un-
derstand and confirm the charge separation of these samples [79,80].

Fig. 6b Shows the transient and the periodic on/off photocurrent re-
sponses of the ZnxCd1-xS hollow nanospheres photocatalyst loaded on
fluorine doped tin oxide (FTO) electrodes measured under visible-light
irradiation (λ > 420 nm). Apparently, for DS-Zn0.46Cd0.54S hollow
nanospheres sample, dramatically improvements of photocurrent den-
sity than other samples was observed, which can be attributed to both
the efficient light utilization and the elevated separation efficiency of
photogenerated electron-hole pairs [81,82]. It is noteworthy that at-
tenuation trend of photocurrent value was consistent with the ability of
hydrogen evolution. Furthermore, DS-Zn0.46Cd0.54S hollow nano-
spheres remain a relative constant photocurrent value, which is con-
sistent in the steady of photocatalytic performance.

Moreover, electrochemical impedance spectrum (EIS) were also
used to evaluate the charge (photogenerated electrons and holes)
transfer and recombination process for catalysts [83]. The EIS mea-
surements (Fig. 6c, d) further demonstrate that the arc radius of DS-
Zn0.46Cd0.54S is smaller than those of DS-Zn0.59Cd0.41S, DS-
Zn0.32Cd0.78S and SS-Zn0.43Cd0.57S photocatalysts under visible-light
and dark, respectively. Thus, the as-obtained DS-Zn0.46Cd0.54S double-
shell hollow nanospheres possess more effective charge transfer and
lower possibility of charge recombination,

Basing on the above characterization analysis and results, the pos-
sible underlying mechanism resulting in the high H2 evolution rate is
proposed in Scheme 2 for the DS- ZnxCd1-xS photocatalyst with co-
catalysts Pt under visible-light irradiation (λ > 420 nm). The double
shell morphology displayed a higher total visible range absorption re-
sulting from the multiple reflections and scattering of incident light in
the double shell. Under visible light irradiation, these electrons in the
VB of DS-ZnxCd1-xS hollow nanospheres were excited to the CB while
the photogenerated holes remained in the VB, producing electron-hole
pairs [84]. The mesopores in the thin double shells effectively reduce
the transfer distance between the interior and the surface of the

Fig. 5. (a, b) Time-dependent photocatalytic H2 evolution and H2 evolution rates from water over different samples. (c) Stability and reusability test under visible-
light irradiation (λ > 420 nm) for 18 h, (d) QY along with the UV–vis absorption spectrum of DS-Zn0.46Cd0.54S.
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catalyst, which drastically facilitates the charge separation efficiency.
Meanwhile, the DS-prepared alloyed DS-ZnxCd1-xS hollow nanospheres
in this work possess a higher specific surface area that provides more
reaction sites for the reduction of water molecules to generate H2.

4. Conclusions

In conclusion, a sacrificial template strategy has been developed to
fabricate alloyed ZnxCd1-xS double-shell hollow nanospheres under
hydrothermal condition using hierarchically porous ZnS nanospheres as
hard templates. The formation mechanism and morphological evolution
of the alloyed ZnxCd1-xS double-shell hollow nanospheres have been
studied carefully and can be attributed to the formation of alloyed
hollow nanospheres via the solution-crystallization process of small

nanoparticles of ZnS or ZnxCd1-xS. In addition, the chemical composi-
tion and void space for the double-shell hollow nanospheres can be
modulated by controlling the concentration of Cd(Ac)2. As expected,
the as-prepared alloyed ZnxCd1-xS double-shell hollow nanospheres
exhibit excellent hydrogen production, and the H2 evolution rate
reaches as high as 4.11mol h−1 g−1. We believe the synthetic strategy
that has been reported could be extended to construct other metal
sulfide hollow nanostructures for various applications.
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