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Uniform hollow, yolk-shell and double-shell Zn2SnO4/SnO2 

nanoparticles with cubic morphologies have been synthesized 

using “etching – second growth – annealed” methods. Due to high 

light-harvesting efficiency and low recombination rate of photo-

generated electron–hole pair, double-shell structures of 

Zn2SnO4/SnO2 nanoparticles show an obvious improvement of 

photocatalytic activity. 

Owing to environmentally friendly teachnology for the conversion 

of solar energy into chemical energy, sunlight-driven semiconductor 

photocatalysts have attracted worldwide attentions for their 

potentials in environmental and energy application.
1-6

 In this 

context, intensive efforts have been devoted to design suitable 

materials to improve the photocatalytic efficiency, including the 

degree of light absorption, charge separation and surface reactivity. 

Recent progresses show that hollow structure materials present 

enhanced photocatalytic efficiency due to their multireflections of 

light, organic adsorption and porous characteristics.
7-14

 Specifically, 

multiple-shell hollow structures with higher light adsorption 

efficiency exhibit superior performance to their conventional simple 

single-shelled counterparts in photocatalytic application.
15-18

 As a 

result, many types of multi-shelled hollow structures metal oxide 

semiconductors have been fabricated through different synthesis 

methods.
19-25

 For example, Qi et al. prepared triple-shelled CeO2 

hollow microspheres by using carbonaceous microspheres as hard 

templates, the performance in photo induced oxygen generation is 

12 times higher than normal CeO2 nanoparticles under UV 

irradiation.
20

 Jang group fabricated multi-shell TiO2 hollow 

nanospheres by employing silica spheres sacrificial template, it also 

shows an improvement in photocatalytic activity.
21

  

Although hollow structure can enhance light-harvesting 

capabilities, high recombination rate between photo-generated 

electrons and holes is another major factor to reduce  

photocatalytic efficiency. Coupling of different semiconducting 

oxides with multi-bandgap or multi-junction has been widely 

studied and proved to have high quantum yield of electron-hole 

pair separation. Therefore, researcher are currently more focused 

on the design and fabrication of hollow structures with complexity 

composition to further improve their applications.
26-29

 For example,  

Lou group developed a new “penetration-solidification-annealing” 

method to synthesize various mixed-metal-oxide multi-shelled 

hollow spheres.
28

 Despite these advance to date, the development 

hollow structure with hybrid nanostructures remains as a significant 

challenge until now. 

As an attractive n-type dual semiconducting oxide, Zn2SnO4 (ZTO) 

has high electron mobility, slower rate of electron–hole 

recombination and a longer lifetime of electrons than TiO2.
30 

When 

it couples with SnO2 and used as photocatalytic materials, SnO2 

could act a sink for the photogenerated electrons because the 

conduction band (CB) position of ZTO is higher than that of SnO2, 

which helps to increase the spatial separation of electron and hole, 

and thus enhance the efficiency of corresponding photocatalysis.
31-

32
 Recently, Lu et al. synthesized uniform ZTO/SnO2 single-shell 

hollow spheres by calcining ZnSn(OH)6 solid spheres in air, it shows 

good application in dye-sensitized solar cells.
33

  However, it is still 

desirable to develop new efficient strategies to fabricate multi-

shelled and non-sphered ZTO/SnO2 hybrid nanostructures with 

high-performance photocatalytic activity. 

Herein, we develop a etching and re-growth strategy to 

synthesize uniform cubic ZTO/SnO2 single-shell, yolk-shell and 

double-shell hollow structure. When evaluated as photocatalytic 

materials, the double-shell hollow structure exhibits higher 

sunlight-driven photodegradation efficiency than other hollow 

structures. 
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Fig. 1 (a) Schematic illustration of the formation mechanism of hollow 

Zn2SnO4/SnO2 single-shell microboxes; SEM and TEM images of (b) 

ZnSn(OH)6 solid cubes; (c) ZnSn(OH)6 single-shell microboxes; (d) ZTO/SnO2-

SSNB; (e) Scanning TEM image; (f-h) elemental mapping images. 

Our strategy for the formation of single-shell ZTO/SnO2 single-

shell microboxes  is shown in Fig. 1a (the experimental detail are 

provided in the SI). In the first step, ZnSn(OH)6 as the precursor are 

prepared by a facile solvothermal method. As show in Fig. 1b, the 

synthesized uniform ZnSn(OH)6 cubes with smooth surface have a 

mean size of about 800 nm (length or width of particles), TEM 

image indicates the cubes are solid structures. According to the FTIR 

spectroscopy (Fig. S1), we can clearly see the sulfonic acid group 

peak. It indicates that the surface of particles adsorbs of sodium 

dodecylbenzenesulfonate (SDBS) in the process of crystal growth. 

Therefore, we think that SDBS adsorotion plays an important role in 

the formation of anisotropic ZnSn(OH)6 solid cubes (see SI file). The 

Zn2Sn(OH)6 solid cubes can be easily converted to single-shell 

ZnSn(OH)6 microboxes by a simple NaOH etching process. The 

typical powder X-ray diffraction (XRD) shows that the products are 

still cubic-phase ZnSn(OH)6 (JCPDS no. 00-020-1455) after etching 

treatment (Fig. S2). The morphologies of products are observed by 

field emission scanning electron microscopy (FE-SEM) and 

Transmission electron microscopy (TEM). As shown in Fig. 1c, the 

morphologies of products are uniform single-shell microboxes after 

etching process. TEM images (insert of Fig. 1b, Fig. S3) further 

confirm the hollow structure by the obvious contrast dark edges 

and the pale centre, and the shell thicknesses of the microboxes are 

in the range of 80 - 120 nm. The shell thickness can be controlled by 

changing the amount of NaOH, while the concentrations of the 

other reactants remain uncharged. Thicker shells would be achieved 

when less amount of NaOH are used(Fig. S4). After the annealing 

treatment at 450 
o
C, there exists a large weight loss (Fig. S5) and an 

obvious phase transition from Zn2Sn(OH)6  to mixed ZTO and SnO2 

phase (Fig. S2). The whole process of chemical reaction are shown 

in the supplementary information. From the SEM and TEM images 

(Fig. 1d), the morphology is preserved as highly uniform hollow 

single-shell nanoboxes. However, the diameter of ZTO is only 

around 700 nm, which is significantly smaller than that of ZnSn(OH)6 

microboxes because of the shrinkage during calcination process. 

The nitrogen adsorption/desorption isotherm of the ZTO/SnO2 

shows type II curve with Brunauer-Emmett-Teller (BET) specific 

surface area of  30 m
2
·g

-1
. To have a better understanding of the 

product composition, the scanning TEM (STEM) image with EDX 

elemental mapping and line scans are recorded in Fig. 1 e-h, Fig. S7. 

it can be seen that Zn, Sn and O elements are co-existence and 

homogeneous dispersion within the microboxes. 

 

Fig. 2 (a) (d) Schematic illustration of the formation mechanism of Zn2SnO4 

yolk-shell (a), and double-shell Structure (d); TEM image of yolk-shell 

structure, (b) ZnSn(OH)6; (c) Zn2SnO4/SnO2; TEM images of double-shell, (e) 

ZnSn(OH)6; (F) Zn2SnO4/SnO2. 

Apart from single-shelled hollow particles, the solution synthesis 

of multishelled functional materials with non-sphered and hybrid 

nanostructures are fundamental challenge for synthetic chemistry 

due to a significant increase in structural complexity. The “etching-

annealed” strategy can be further extended for the synthesis of 

Zn2SnO4/SnO2 yolk-shell and double-shell structures. The synthesis 

process for making these unique structure is designed based on the 

repeated deposition of ZnSn(OH)6 layers onto pre-grown seed 

particles such as microcubes and microboxs and subsequent 

alkaline etching and annealed process (Fig. 1a, d). When solid cubes 

are used as the seeds, TEM image (Fig. 2b) shows that the cubic 

morphology is perfectly retained and the formed ZnSn(OH)6 cubes 

have a yolk –shell interior structure with a solid/hollow yolk. While 

the seeds change to single-shell microboxes, the double-shell 

microboxes with a porous/hollow yolk structures have been 

obtained (Fig. 2e). The crystal structure and phase purity are not 

altered in these hollow architectures as shown in XRD patterns (Fig. 

S8, S9).  In the formation process  of yolk-shell and double-shell 

structures, the dissolution of ZnSn(OH)6 crystals mainly occurs 

between the passivated outer surface of seed particles and newly 
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deposited crystal layers, which are leading to the formation of yolk-

shell and double-shell particles. However, the solid and hollow 

cubic shape of the seed particles can be well preserved during the 

new shell generated. After annealing treatment, ZnSn(OH)6 

precursor is completely converted to ZTO/SnO2 hybrid 

microstructures (Fig. S8, S9, S10 ). The complex interior structure 

(yolk-shell, double-shell) are perfectly retained (Fig. 2c, f). The 

formation of core-shell structure possess higher BET surface areas 

(yolk-shell particles: 40 m
2
 g

-1
; double-shelled microboxes: 52 m

2
 g

-1
) 

than that of single-shell ZTO/SnO2 microboxes (Fig. S11). Clearly, 

the high BET surface, unique structure and composition are 

beneficial for enhanced the photocatalytic properties. 

 

Fig. 3 (a) UV-vis diffuse absorption spectra of single-shell, yolk-shell and 

double-shell samples. The inset shows schematic illustration of multiple light 

reflections within the hollow structures; (b) Nyquist plots of three different 

hollow structures, inset is the schematic diagram of photocatalytic 

degradation over ZTO/SnO2 catalyst under sun-light irradiation. 

It is known that the optical properties of a semiconductor, which 

mainly include energy level and intensity of light absorption, are key 

factors in determining its photocatalytic activities. The UV-vis 

diffuse absorption spectra of single-shell, yolk-shell and double-

shell samples are measured using a UV-vis spectrophotometer with 

an integrating sphere. As shown in Fig. 3a, all the samples exhibit 

spectral response near in visible range owing to the synergistic 

effect by charge-transfer transition between ZTO and SnO2 

conduction or valence in the hybrid sample.
32

 Compared with 

single-shell, yolk-shell structures, double-shell structures exhibit 

higher light absorption, indicating that the incident light can be 

significantly scattered within the particles due to the double-shell 

structures, and the corresponding schematic is shown in the inset of 

Fig. 3a. Good performances of photocatalysis also depend on the 

high electrons and holes transport and separation efficiency. To 

investigate the differences in electron transport and recombination 

behaviors of the samples, the resistances are obtained through the 

corresponding Nyquist plots of the impedance data as shown in Fig. 

3b. The semicircle in the EIS spectra is ascribed to the contribution 

from the charge transfer resistance (Rct) and constant phase 

element at the photocatalyst/electrolyte.
34

 The Rct values of single-

shell, yolk-shell and double-shell structures are 394,  306 and  250 Ω 

respectively. The low Rct indicate the coupled system of 

semiconductors may slow down the recombination of 

photogenerated electrons and holes due to more efficient 

separation of electrons and holes (inset Fig. 3b). The above result 

also demonstrates that the transport of charge carriers (electron 

and hole) in double shell ZTO/SnO2 is more facile than other hollow 

structures (yolk-shell and single-shell hollow structure). Considering 

the high BET surface, light-harvesting capabilities and improving 

mass transfer, double-shell ZTO/SnO2 microboxes may exhibit high 

photocatalytic activity. 

 

Fig. 4 (a) UV-vis absorption spectra of RhB as a function of sun-light 

irradiation time for double-shell ZTO/SnO2 microboxes, the inset is 

corresponding photographs of RhB irradiated by sun light for different 

periods of time; (b) photocatalytic degradation curves of RhB over different 

photocatalysts; (c) plot of ln(Ct/C0) as a function of time over different 

samples; (d) cycle stability of double-shell ZTO/SnO2 catalysts.  

Rhodamine B (RhB) is a common dye in the triphenylmethane 

family, which contains four N-ethyl groups at either side of the 

xanthene ring.
35

 The photocatalytic activity of the hollow structure 

materials is evaluated by RhB degradation under sun light 

irradiation. As shown in Fig. 4a, when double-shell ZTO/SnO2 

microboxes are used as photocatalyst, the degradation could be 

almost finished within 120 min, and the photographs indicate that 

the solution change to be colourless after 120 min (inset Fig. 4a). 

The normalized temporal concentration changes (Ct/C0) of RhB 

during the photocatalytic process are proportional to the 

normalized maximum absorbance (At/A0), which can be derived 

from the change in the RhB absorption profile at a given time 

interval.  Fig. 4b clearly shows that the photocatalytic activity of 

double-shell structure is higher than that of yolk-shell and single-

shell structures. A linear relation of ln(Ct/C0) versus reaction time is 

observe, implying that the photocatalytic reaction can be 

considered as a pseudo-first-order reaction (Fig. 4c). The double-

shell ZTO/SnO2 catalyst shows the fastest reaction rate, and the 

apparent kinetic rate constant is estimated to be 2.41*10
-2

 min
-1

. In 

order to evaluate the catalytic stability, we carried out the cycle 

performance of double-shell structure ZTO/SnO2 catalysts for 

degradation RhB under solar-light  irradiation (Fig. 4d). The results 

reveal that the double-shell structures possesses outstanding 

catalytic stability and maintains  above 95% in photodegration RhB 

after five cycle tests. After photocatalytic measurement, different 

structures Zn2SnO4/SnO2 samples (single-shell, yolk-shell and 

double shell structures) have been characterized by SEM (Fig. S12). 

From the SEM images, we can see that the morphology of 

structures remain unchanged after photocatalytic measurement. 

Therefore, the enhanced photocatalytic activity of double-shell 
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structures should be mainly ascribed to increased light absorption 

due to enhanced multiple light reflections within the complicated 

interior cavity and reduced electron-hole pair recombination owing 

to the ZTO/SnO2 hybrid nanostructures, which can be confirmed by 

UV-vis absorption and EIS measurements. Furthermore, the 

increased BET surface areas of double-shell structure should also 

contribute to the improvement of its photocatalytic performance. 

In summary, we have developed a new and efficient strategy for 

synthesis of uniform ZTO/SnO2 hollow cubes with complex interior 

structures (including single-shell, yolk-shell and double-shell 

structures). According to the UV-vis and EIS measurements, the 

double-shell ZTO/SnO2 microboxes exhibit high light-harvesting 

capabilities and high electrons and holes transport and separation 

efficiency. As a result, owing to the specific structure, double-shell 

structures manifest super photocatalytic  activity and  stability  

under the sun-light irradiation. 
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Uniform hollow, yolk-shell and double-shell Zn2SnO4/SnO2 nanoparticles with cubic morphologies have been 

synthesized using  “etching – second growth – annealed”  methods. Double-shell structures of Zn2SnO4/SnO2 

nanoparticles show an obvious improvement of photocatalytic activity. 
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