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Abstract 

Single-phase bi-metal oxides and sulfides have attracted considerable research interest recently for battery application 

because of their outstanding electrochemical properties, but there are few reports on single-phase bi-metal hydroxides in 

battery research. Herein, we pioneer the electrochemical study of ZnSn(OH)6 nanocubes for lithium-ion battery application. 

The ZnSn(OH)6 nanocubes, synthesized by a facile hydrothermal method, can deliver a favorable specific discharge 

capacity of 599.3 mA h g-1 at 500 mA g-1 after 200 cycles and maintain good rate capability even at 2 A g-1. The excellent 

electrochemical performance of these ZnSn(OH)6 nanocubes can be attributed to the synergetic Li storage capability of Zn 

and Sn elements with diverse electrochemical reactions, the small uniform nanocubes (30−50 nm) that alleviate the 

pulverization and cracking of the electrode and shorten electron/ion transport paths, and the good mechanical properties 

of ZnSn(OH)6, which facilitate maintenance of the structural integrity of the electrode during the Li+ extraction/insertion 

process. Therefore, with these outstanding advantages, the ZnSn(OH)6 nanocubes could be one of the most promising 

anodes for advanced lithium-ion batteries. Copyright © 2018 VBRI Press. 
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Introduction 

Recently, lithium-ion batteries (LIBs) have become the 

primary energy supplies for high-technology portable 

devices and are being actively applied to propel electric 

vehicles[1]. Although graphite anodes have been widely 

used in LIBs for commercial mobile devices, their 

relatively low theoretical capacity (372 mA h g-1) has 

restricted their practical battery application[2].  

Therefore, it is quite an urgent matter to explore novel 

battery materials with larger theoretical capacity to 

satisfy the increasing demand for energy storage[3].  

 In past decades, transition metal oxides (TMOs) 

have been considered as a class of popular anode 

material for LIBs because of their high theoretical 

capacity, natural abundance, and environmental 

friendliness. Their practical use was limited, however, by 

their inherent low electrical conductivity and large 

volume expansion during cycling[4]. SnO2 has a 

theoretical capacity of approximately 790 mA h g-1, with 

SnLix (0 ≤ x ≤ 4.4) intermediate phases formed through 

the cycling process[5]. Nevertheless, the large volume 

variation (≥ 250%) during alloying/dealloying processes 

was one of the obvious disadvantages of tin-based oxides, 

eventually leading to severe electrode pulverization and 

poor electrochemical performance[6]. To overcome this 

issue, tin-based oxides were often combined with 

carbonaceous materials[7], although the introduction of 

carbon materials, including graphene and carbon 

nanotubes, will not only reduce the total energy density, 

but also lower the initial coulombic efficiency of the 

whole electrode.[8] ZnO has a high theoretical capacity of 

approximately 978 mA h g-1 and low volume variation 

(~109 %) for LIBs, which can ensure the integrity of the 

electrode structure, although cracking or fracturing was 

observed at points of high strain in the reacting interface 

through in-situ testing, indicating that ZnO has poor 

plasticity.[9] In this context, ZnSnO3, combining the 

advantages of ZnO and SnO2, has been considered as one 

of the most promising candidates for LIBs, owing to its 

larger theoretical capacity (1317 mAh g−1), better 

electrical conductivity (SnO2: 1.3 × 102 S cm−1, ZnSnO3: 

2.5 × 102 S cm−1), moderate volume expansion (∼191%), 

broad operating potential, element abundance, and 
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diverse morphology[10, 11]. Although ZnSnO3 has been 

extensively studied for LIBs, its corresponding 

hydroxide, that is, ZnSn(OH)6 (ZSH) with a typical 

perovskite structure, has not been studied yet as an anode 

for LIBs[12].  
 In this work, the lithium storage capability of ZSH 

is reported for the first time. Uniform ZSH nanocubes 

(30−50 nm) were synthesized via a facile hydrothermal 

method, and they exhibited higher specific capacity and 

longer cycling lifespan than amorphous ZnSnO3  

(A-ZSO) anode for LIBs. The outstanding 

electrochemical performance of ZSH anode can be 

ascribed to the unique nano-cubic structure and the 

synergistic effects of Zn and Sn elements. Our results 

indicate that bi-metal hydroxides can also be a class of 

promising anodes for LIBs, which are comparable to bi-

metal oxides or sulfides in electrochemical performance.  

        

Experimental 

Synthesis of uniform ZSH nanocubes 

0.43 g Zn(Ac)2∙2H2O was dissolved into 15 mL  

de-ionized (DI) water under continuous stirring, and then, 

1.2 g sodium citrate was added. After that, 15 mL of  

0.13 mol L-1 K2SnO3∙3H2O solution was added into the 

above solution. The mixture was then transferred into a 

50 mL Teflon-lined stainless-steel autoclave and heated 

at 180°C for 12 h. The final product was separated by 

centrifugation and washed with DI water and ethanol 

several times, and then dried at 80°C overnight in a 

vacuum oven. The obtained material was marked as ZSH.  

By contrast, another sample was prepared by the 

same procedure without adding sodium citrate. 

Synthesis of amorphous ZnSnO3 

The amorphous ZnSnO3 (A-ZSO) was obtained by 

annealing ZSH at 450°C in argon. 

Synthesis of ZnO and SnO2 

0.43 g Zn(Ac)2∙2H2O was first dissolved into 15 mL DI 

water. 0.64 g NaOH was added into the solution with 

continuous stirring, and then the mixture was transferred 

into a 50 mL Teflon-lined stainless-steel autoclave and 

heated at 180°C for 12 h.  

0.59 g K2SnO3∙3H2O was dissolved into 15 mL DI 

water. After stirring for several minutes, a certain amount 

of urea was added into the solution, and then the mixture 

was transferred into a 50 mL Teflon-lined stainless-steel 

autoclave and heated at 200°C for 24 h. 

Electrochemical measurements 

In order to measure the electrochemical performance, the 

working electrode was fabricated by mixing the active 

material, acetylene black carbon powder, and sodium 

carboxymethyl cellulose (CMC) powder in a weight 

ratio of 7: 2: 1. The mixture was then mixed with DI 

water to form a homogeneous slurry, which was then 

uniformly coated on the surfaces of copper substrates 

and dried at 100°C for 12 h in a vacuum oven. The 

CR2025 cells were fabricated in a glove box 

(SG1200/750TS-H) filled with argon, and the electrolyte 

was 1 M LiPF6 in a 1: 1: 1 (volume ratio) mixture of ethyl 

carbonate (EC), diethyl carbonate (DEC), and dimethyl 

carbonate (DMC). Li foil was used for the counter 

electrodes. The galvanostatic charge-discharge tests 

were conducted on a Land battery measurement system 

(Wuhan, China), and the voltage range was 0.01 − 3 V 

vs. Li/Li+ at room temperature. The cyclic voltammetry 

(CV) curves and electrochemical impedance spectra 

(EIS) were collected on an electrochemical workstation 

(CHI 660d). 

Characterization 

The obtained materials were characterized by X-ray 

diffraction (XRD) with Cu Kα radiation at a scanning 

rate of 5° min-1 (D/MAX-IIIC, Rigaku, Japan). The 

morphologies of the samples were investigated by field 

emission scanning electron microscopy (SEM, JEOL 

JSM-7500FA). X-ray photoelectron spectroscopy (XPS) 

was conducted on an ESCALAB 250Xi photoelectron 

spectrometer using monochromatic Al Kα radiation 

under vacuum at 2 × 10−6 Pa. The thermal properties of 

the as-prepared samples were characterized by 

thermogravimetric analysis (TGA; DIAMOND TG/DTA, 

PERKIN ELMER, USA) under N2 atmosphere over a 

temperature range of 30–800 °C with a heating rate of 

20°C min-1. Fourier transform infrared spectroscopy 

(FT-IR) was conducted on a MAGNA-IR 750 

(NICOLET iS10, USA). 
 

Results and discussion 

The crystal structures and chemical compositions of the 

obtained products could be measured by X-ray 

diffraction (XRD). As shown in Fig. 1a, all the peaks of 

the XRD diffraction patterns of ZSH can be well 

matched with ZnSn(OH)6 (JCPDS No.20-1445), and the 

distinct diffraction peaks indicate that they are well-

crystallized. The inset of Fig. 1a describes ZSH as 

belonging to the class of perovskite-structured 

hydroxides, whose metal atoms are octahedrally 

coordinated with oxygen atoms to form Zn(OH)6 and 

Sn(OH)6 polyhedra, and these polyhedra share common 

oxygen atoms to construct the structural framework[13]. 

By contrast, the A-ZSO obtained by calcinating ZSH 

shows a broad diffraction peak at approximately 33.5°, 

corresponding to amorphous ZnSnO3[10, 14]. In 

addition, the XRD diffraction pattern of a sample 

obtained without sodium citrate is displayed in Fig. S1 

in the Supporting Information, but it was composed of 

ZnSn(OH)6 and Zn2SnO4[15]. FT-IR investigations were 

carried out to further investigate the structure of the 

products, as is shown in Fig. 1b. The broad peak at 

around 3220 cm-1 reflects the bending and stretching 

vibrations of -OH groups in ZSH. The four bonds at 

around 540 cm-1, 665 cm-1, 1175 cm-1, and 2339 cm-1 are 

attributed to the vibrations of the M (metal)-OH or  

M-OH-M groups in ZSH. The peak of A-ZSO at  

~1540 cm-1, which is very weak after calcination is 

attributed to the vibrations of adsorbed water[16]. Peaks 
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for vibrations of M-O or M-O-M groups in A-ZSO are 

observed at ~585 cm-1 and 1110 cm-1. The peak at ~3425 

cm-1 in the spectrum of A-ZSO can be attributed to the 

physical adsorption of H2O molecules on the surface[17]. 

Moreover, the peaks of the -OH groups in the samples 

nearly disappeared after calcination, while the peaks of 

metal–oxygen bonds at around 500−600 cm-1 became 

enhanced. These results indicate that the ZSH consists of 

M-OH and M-OH-M groups, while the A-ZSO contains 

M-O and M-O-M groups. The thermal behavior of ZSH 

was investigated through thermogravimetric (TG) 

analysis (Fig. 1c). The ZSH underwent a sharp weight 

loss between 200°C and 400°C, and retained 79.6% of 

its original weight under N2 atmosphere, which is quite 

close to the theoretical weight loss of 81.1% to form 

ZnSnO3. As the temperature continued to rise, no further 

weight loss was observed, indicating the complete 

decomposition of the ZSH and the simultaneous 

formation of A-ZSO above 400°C[18].  

In order to investigate the relationship between the 

mechanical properties and the electrochemical properties 

of ZSH, stress-strain tests were carried out. For 

comparison, ZnO and SnO2 were also synthesized, and 

the corresponding XRD patterns are shown in  

Fig. 1d and Fig. 1e. The ZSH, ZnO, and SnO2 were 

respectively mixed with DI water in the same 

proportions to form a homogenous slurry, and then cut 

into the same shape after drying, with a thickness of 

about 30 μm, width of 15 mm, and length of 27 mm. The 

selected tensile curves (Fig. 1f) corresponding to the 

useful part of the specimensare quite different, indicating 

that the ZSH has better plasticity than ZnO and SnO2. 

The detailed experimental results obtained from stress-

strain measurements are summarized in Table 1. 

 

Fig. 1. (a) X-ray diffraction patterns of the two samples and the 
standard card; (b) FTIR spectra of the ZSH and A-ZSO, respectively; 

(c) TG curves of ZSH; (d, e) X-ray diffraction patterns of the ZnO, SnO 

and the standard cards; (f) Typical nominal tensile stress-strain curves 
of ZSH, ZnO and SnO2, respectively. 

Table 1. Results of the stress-strain measurements. 

Sample Elongation at 

break   (%)  

Tensile strength 

(MPa) 

ZnSn(OH)6 6.09 122.91 

ZnO 2.78 103.21 

SnO2 5.06 105.76 

 

The XPS survey spectrum of the ZSH cubes 

demonstrates that the sample primarily includes Zn2+, 

Sn4+, and O2- (Fig. 2a). There are two major peaks with 

binding energies at 1022.9 and 1045.7 eV (Fig. 2b), 

which correspond to the binding energies of Zn 2p3/2 and 

Zn 2p1/2 [19]. Two strong peaks at around 495.1 and 

486.7 eV (Fig. 2c) are assigned to Sn 3d3/2 and Sn 3d5/2, 

and the values correspond to the binding energies of the 

Sn4+ ion[20]. The peak of O 1s at 531.5 eV (Fig. 2d) 

corresponds to the -OH within the ZnSn(OH)6 and 

adsorbed -OH, and the other one at around 530.2 eV is 

assigned to the oxygen in metal oxide (e.g. Sn-O-Zn) 

[21]. The ratio of Sn : Zn : O given by the quantification 

of peaks is 7.27 : 8.36 : 49.39, indicating that the molar 

ratio of Sn: Zn: O is near 1 : 1 : 6, which is close to the 

stoichiometric ratio of pure ZnSn(OH)6[22].  

 

 

Fig. 2. XPS spectra of ZnSn(OH)6 nanocubes: (a) Survey spectrum;  

(b) Zn region; (c) Sn region; (d) O region. 

 

The microstructure of the samples was examined by 

field-emission scanning electron microscopy (FE-SEM). 

Uniform ZSH cubic crystallites (30 − 50 nm) can be 

observed in Fig. 3a. After annealing (Fig. 3b), however, 

the size of the cube-like A-ZSO particles increased to 

approximately 100 nm.  

When compared with the ZSH, the particle shapes 

and the morphology of the sample without sodium citrate 

are irregular, and two different morphologies (sheet-like 

and cubic-like) are displayed in Fig. S2. Fig. 3c and  

Fig. 3d show typical transmission electron microscope 

(TEM) images of ZSH. A single cube of ZSH can be seen 

in Fig. 3c and Fig. 3d, which possesses a relatively 

smooth surface. High-resolution TEM (HRTEM) images 

and the corresponding fast Fourier transform-electron 

diffraction (FFT-ED) pattern of ZSH are shown in  

Fig. 3e and Fig. 3f. The corresponding inverse FFT 

(IFFT)-ED pattern (Fig. 3g) generated from Figure 3e 
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manifests lattice fringes with a spacing of 0.273 nm, 

which is in good agreement with the exposed {220} 

crystal facets of cubic ZnSn(OH)6. 

 

 

Fig. 3. (a, b) SEM images of ZSH and A-ZSO, respectively; TEM 

images of ZSH (c, d), with the corresponding inverse FFT (IFFT)-ED 
patterns (e, f and g), respectively. 

 

Cyclic voltammetry (CV) curves of the ZnSn(OH)6 

cubes and the A-ZSO are displayed in Fig. S3(a, b), and 

the first two cycles of the two samples are displayed in 

Fig. 4a. For ZSH, in the first cycle, there are one 

inconspicuous cathodic peak at ~ 1.3 V and two main 

cathodic peaks located at 0.05 and 0.43 V, owing to the 

multistep electrochemical lithiation process with the 

formation of the solid electrolyte interphase (SEI) layer, 

the initial reduction of ZnSn(OH)6 to metallic Zn and Sn, 

the further alloying phases of LixZn and LiySn, and the 

generation of LiOH [23], [24]. The two main anodic 

peaks located at about 0.68 and 1.12 V could correspond 

to the delithiation processes of LixSn and LiyZn, and the 

decomposition of LiOH[25]. The weak anodic peak at 

about 1.59 V could correspond to the oxidation of Sn and 

Zn[26]. In the case of the A-ZSO, the two main cathodic 

peaks located at 0.13 and 0.46 V were attributed to the 

formation of alloys, Li2O, and the SEI layer. The 

delithiation processes of LixSn and LixZn, and the 

decomposition of Li2O were similar to what occurs in 

ZSH. The CV curves of the following 2nd and 5th cycles 

of the ZSH matched very well, indicating that the 

electrode has good electrochemical reversibility. 

In order to research the electrochemical properties 

of the samples, the cycling performances of the samples 

were investigated under the same test conditions.  

Fig. 4b and Fig. 4c shows the discharge/charge profiles 

of the ZSH and A-ZSO at 500 mA g-1 in the potential 

window of 0.01 − 3.0 V. The initial discharge and  

charge capacities of ZSH (Fig. 4b) were 1585.8 and  

986.7 mA h g-1, respectively. There is a big capacity loss 

in the second cycle, however, which is attributed to the 

initial irreversible formation of LiOH, the inevitable 

formation of the solid electrolyte interphase (SEI) layer, 

and electrolyte decomposition[27]. The discharge/ 

charge profiles of the sample prepared without sodium 

citrate are displayed in Fig. S4, and the initial discharge 

and charge capacities was 1360.8 and 941.4 mA h g-1, 

respectively. Compared with amorphous ZnSnO3 and the 

sample prepared without sodium citrate (Fig. S5a), the 

ZSH exhibited better long-term cycling stability and 

better capacity retention (Fig. 4d). The first cycle 

coulombic efficiency (CE) of ZSH was about 62.3%, and 

the average coulombic efficiency was almost 100% from 

the second cycle, manifesting better stabilization of the 

SEI layer and of the structure of the whole electrode.  

It was found that the capacities of the A-ZSO and the 

sample prepared without sodium citrate decreased 

rapidly at 500 mA g-1, and dropped quickly from  

625.8 to 345.9 mA h g-1 and 476.3 to 268.2 mA h g-1 after 

50 cycles, respectively. For ZSH, a capacity of 599.3 mA 

h g-1 can still be retained after 200 cycles, manifesting 

the long lifespan of the cell based on ZSH nanocubes. 

 

Fig. 4. Electrochemical performance: (a) Cyclic voltammograms of the 

first two cycles of ZSH and A-ZSO with the potential window from 
0.01 V to 3.0 V; (b,c) Galvanostatic charge-discharge profiles of ZSH 

and A-ZSO for selected cycles at a current density of  

0.5 A g-1with the potential window from 0.01 V to 3.0 V; (d) Cycling 

performances of ZSH and A-ZSO at the charge/discharge current 

density of 0.5 A g-1; (e) Rate performance of ZSH and A-ZSO at the 

discharge/charge current densities of 0.05, 0.1, 0.5, 1 and 2 A g-1;  
(f) EIS spectra of ZSH and A-ZSO, with the inset showing the 

equivalent circuit. 

The rate capability of these samples was measured 

at different current densities of 50, 100, 500, 1000, 2000, 

and 100 mA g-1. Compared with the A-ZSO and the 

sample prepared without sodium citrate, the ZSH 

exhibited a high capacity of 1248.9, 854.1, 639.9, 526.1, 

478.5, and 809.7 mA h g-1 at these different current 

densities, respectively (Fig. 4e and Fig. S5b). 

Electrochemical impedance spectroscopy (EIS) 
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measurements of the ZSH and A-ZSO anodes were 

carried out. An equivalent electrical circuit model was 

used to fit the Nyquist plots (Figure 4f), which were each 

composed of one semicircle in the high and medium 

frequency region and a sloping line in the low-frequency 

region. In the equivalent circuit, Re is the electrolyte 

resistance; R(sf+ct) is the resistance corresponding to the 

surface film and charge transfer; Rb is the bulk resistance; 

and Wo is the Warburg resistance. On the basis of the 

fitted results, the value of R(sf+ct) for ZSH was 76.33 Ω, 

which is lower than that for A-ZSO (99.08 Ω) [28].  

These results indicate that the ZSH electrode 

possesses much better electrochemical properties and 

rate capacity than the A-ZSO. Firstly, relatively small 

particles (30−50 nm) of ZnSn(OH)6 can extend the 

electrode/electrolyte contact area, which can accelerate 

the electron/ion transfer rate. Secondly, relatively good 

mechanical properties can stabilize the whole electrode 

during the Li+ extraction/insertion process. Moreover, 

the interlaced charge-discharge voltage platform can 

effectively buffer the volume expansions during the 

cycling process and stabilize the whole electrode. 
  

Conclusion  

In summary, ZSH nanocubes have been successfully 

synthesized by a facile and mild hydrothermal method, 

and their electrochemical performance in LIBs was 

studied for the first time. When applied as an anode 

material, the ZSH electrode exhibited a discharge 

capacity of 599.3 mA h g-1 after 200 cycles at the current 

density of 500 mA g-1, and it exhibited a discharge 

capacity of 526.1 mA h g-1 even at 1 A g-1. Moreover, the 

coulombic efficiency was almost 100% from the second 

cycle. The enhanced electrochemical performance might 

be due to its relatively small particles (30−50 nm), 

relatively good mechanical properties, and its interlaced 

charge-discharge voltage platform. Thus, the ZSH bi-

metal hydroxide has great potential for advanced LIB 

application. 
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Fig.S1 X-ray diffraction patterns of the sample prepared without 

sodium citrate; 

 

Fig.S2 SEM images of the sample prepared without sodium citrate; 

 

 

Fig.S3 (a) Cyclic voltammograms of ZSH with the potential window 

from 0.01 V to 3.0 V; (b) Cyclic voltammograms of A-ZSO with the 
potential window from 0.01 V to 3.0 V; 

 

 
 

 

 
 

 

 
 

 

 
 

 
Fig.S4 Galvanostatic charge-discharge profiles of the sample prepared 

without sodium citrate for selected cycles at a current density of 0.5 A 
g-1 with the potential window from 0.01 V to 3.0 V; 

 

Fig.S5 (a) Cycling performances of the sample prepared without 

sodium citrate and ZSH at the charge/discharge current density of 0.5 

A g-1; (b) Rate performance of the sample prepared without sodium 
citrate and ZSH at the discharge/charge current densities of 0.05, 0.1, 

0.5, 1 and 2 A g-1; 
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