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a b s t r a c t

Compound Zn2SnO4 was synthesized by a hydrothermal method in which SnCl4·5H2O, ZnCl2 and
N2H4·H2O were used as reactants. Composite Zn2SnO4/C was then synthesized through a carbothermic
reduction process using the as-prepared Zn2SnO4 and glucose as reactants. The structure, morphology
and electrochemical properties of the as-prepared products were investigated by means of X-ray diffrac-
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tion, transmission electron microscopy and electrochemical measurements. The first discharge capacity
of pure Zn2SnO4 was about 1634 mAh g−1, with a capacity retain of 404.9 mAh g−1 in the 40th cycle at a
constant current density of 60 mA g−1 in the voltage range of 0.05–3.0 V. Comparing to the pure Zn2SnO4,
some improved electrochemical properties were obtained for composite Zn2SnO4/C. Its first discharge
capacity was about 1436.8 mAh g−1, with a capacity retain of 563.5 mAh g−1 in the 40th cycle.
node
lectrochemical properties

. Introduction

For lithium ion batteries, graphite is the most widely used mate-
ial as anode so far. The theoretical capacity of graphite is about
72 mAh g−1 [1]. Once new material with higher capacity is devel-
ped, energy density of lithium ion batteries will be improved.
in-based material exhibits higher capacity than graphite. For
xample, the theoretical capacity of SnO2 can reach 1494 mAh g−1,
nd its reversible theoretical capacity can also reach 781 mAh g−1,
aving obvious advantage over graphite. Especially, various tin-
ased alloys, such as Cu–Sn [2,3], Al–Sn [4], Sn–Ni [5], Sn–Sb [6],
n–Mo [7], etc., have been studying as a group of candidate mate-
ials for anode materials because their low cost and high energy
ensities. However, the poor capacity retention of these new mate-
ials during cycling as well as the large irreversible capacity during
he first discharge/charge cycle has limited its commercial appli-
ation [8–11]. Some improving measures are being considered to
ake, such as yielding nanomaterials with different shapes, and
omposite materials with carbon.

Recently, the reverse-spinel Zn2SnO4 attracts researchers’ more
ttention since it has good electrochemical properties. For exam-

le, Rong et al. [12] synthesized the cube-shaped Zn2SnO4 by
ydrothermal synthesis, and the anode revealed a reversible capac-

ty of 580 mAh g−1 after the 50th cycles. Zhu et al. [13] synthesized
everse-spinel Zn2SnO4 by hydrothermal synthesis. Its first dis-
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charge and charge capacity were 1903.6 and 1045.5 mAh g−1,
respectively. But after 20 cycles, the capacity decayed rapidly
to 644.7 mAh g−1, with an average capacity fade rate of 3.3%
per cycle. Hou et al. [14] synthesized inverse spinel structure
Zn2SnO4 by a solid state reaction. Galvanostatic cycling showed
2054 mAh g−1 of initial discharge capacity and 1025 mAh g−1 of ini-
tial charge capacity. After 50 cycles, the specific charge capacity
remained 689 mAh g−1 with a coulombic efficiency of approxi-
mately 98.8%, indicating excellent cycling stability and reversibility
of this material. During the past few years, Zn2SnO4 has been
successfully synthesized by various methods and showed good
electrochemical properties. Nevertheless, the electrochemical fea-
tures of Zn2SnO4/C composite have rarely reported.

In this study, a hydrothermal method is used to prepare pure
Zn2SnO4, and then the as-prepared Zn2SnO4 react with glucose to
produce composite Zn2SnO4/C. The carbon in composite can dis-
sociate the metallic Sn and Zn particles and improve conductivity.
So the electrochemical properties of composite Zn2SnO4/C can be
improved.

2. Experimental

2.1. Synthesis procedures

At first, a hydrothermal method was employed to synthesize Zn2SnO4. In this

process, analytical grade reagents SnCl4·5H2O, ZnCl2 and N2H4·H2O were used
as reactants. Tin chloride and zinc chloride were dissolved in distilled water to
form transparent solutions under magnetic stirring. N2H4·H2O was added dropwise
into the mixture with the mole ratio of ZnCl2:SnCl4:N2H4·H2O of 2:1:8. N2H4·H2O
immediately reacted with ZnCl2 and SnCl4 solutions and a slurry like white precip-
itate of the hybrid complex was formed. The final mixture was transferred into a

dx.doi.org/10.1016/j.jallcom.2010.07.042
http://www.sciencedirect.com/science/journal/09258388
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Fig. 1. XRD patterns of the as-prepared Zn2SnO4 and Zn2SnO4/C composite.

eflon-lined stainless steel autoclave with a filling capacity of 80%. The autoclave
as maintained at 180 ◦C for 24 h, and cooled naturally to room temperature. The

olid products were concentrated and separated from the solvent by centrifugation,
insed with distilled water and ethanol, and then dried at 80 ◦C for 12 h.

After pure Zn2SnO4 was obtained, the composite Zn2SnO4/C was then prepared
hrough a carbothermic reduction process. The as-prepared Zn2SnO4 and glucose
C6H12O6) were mixed together with a weight ratio of Zn2SnO4:C6H12O6 = 85:15.
his mixture was put into distilled water under magnetic stirring, and then dried at
0 ◦C. At last, the dried mixture was calcined at 600 ◦C for 2 h under Ar atmosphere
o obtain composite Zn2SnO4/C.

.2. Analysis of the active materials

The phase identification of the prepared samples was carried out by X-ray
iffraction (XRD) using a Multiflex X-ray powder diffractometer (Rigaku Co. Ltd.). X-
ay profiles were measured between 10◦ and 80◦ (2� angle) with a monochromatic
u K� radiation source. Transmission electron microscopy (TEM, FEI Tecnai 12) was
lso employed to characterize the as-prepared samples.

.3. Electrochemical test

The working electrode was prepared by mixing the active material, conducting
arbon black, and binder (PVDF) at a weight ratio of 70/15/15. N-Methylpyrrolidone
NMP) was added as a solvent to form a homogeneous slurry. The slurry was cast
niformly on a copper foil. After dried at 120 ◦C for 12 h, a circular electrode with
diameter of 13 mm was punched from the copper foil and used as the working

lectrode with active material weight load of 4.52 mg/cm2. Li foil as counter and
eference electrodes. The electrolyte was 1 M LiPF6 in a mixture of ethylene carbon-
te (EC)/diethyl carbonate (DMC)/ethylene methyl carbonate (EMC) (1:1:1 volume
atio). The cells were assembled in an argon-filled dry box. And charge–discharge
ests were performed in the voltage range of 0.05–3.0 V at the current density of
0 mA g−1. CV was conducted at a scan rate of 0.1 mV s−1 between 0.05 and 3.0 V
ersus Li/Li+. Electrochemical impedance measurement was carried out by applying
n ac voltage of 5 mV over the frequency range from 0.01 Hz to 100 kHz.

. Results and discussion

Fig. 1 shows the XRD patterns of the as-prepared Zn2SnO4 and
omposite Zn2SnO4/C samples. It can be seen that all main diffrac-
ion peaks of the two samples are consistent with the (JCPDS, Card
o. 24-1470) data of pure reverse spinel Zn2SnO4. The hydrother-
al reaction mechanism can be described as follow:

nCl4 + 2ZnCl2 + 8N2H4·H2O = Zn2SnO4 + 8N2H5Cl + 4H2O (1)

The appropriate conditions such as synthesized temperature,
eaction time and stoichiometric proportion of reactants will make

he above reaction take place completely. From the XRD patterns,
he conditions taken in this study are appropriate. In addition,
iffraction peaks intensity of composite Zn2SnO4/C is stronger than
hat of pure phase Zn2SnO4 because composite Zn2SnO4/C has been
eat-treated at 600 ◦C.
Fig. 2. TEM images of the product (a) as-prepared Zn2SnO4; (b) Zn2SnO4/C compos-
ite.

Fig. 2(a) and (b) displays TEM images of the as-prepared
Zn2SnO4 and Zn2SnO4/C samples, respectively. It can be seen that
Zn2SnO4 particles have irregular shapes and consisted of a num-
ber of small crystallites with a diameter between 20 and 30 nm.
Composite Zn2SnO4/C particles also exhibit irregular shapes but
the particle size is a bit larger.

The charge-discharge curves of Zn2SnO4 and Zn2SnO4/C sam-
ples are shown in Figs. 3 and 4, respectively. For pure phase
Zn2SnO4, its first discharge capacity is about 1634 mAh g−1, and
first charge capacity is around 709.7 mAh g−1. There is almost no
capacity above the 1.0 V in the first discharge curve and a wide plat-
form at around 1.0–0.5 V can be observed. The irreversible capacity
in the first discharge is up to 924.3 mAh g−1, which is different from
the subsequent discharge. The reason is that the following reactions
take place:

4Li+ + Zn2SnO4 + 4e = Sn + 2Li2O + 2ZnO (2)

8Li+ + Zn2SnO4 + 8e = 2Zn + Sn + 4Li2O (3)

xLi+ + Sn + xe = LixSn (0 ≤ x ≤ 4.4) (4)

yLi+ + Zn + ye = LiyZn (y ≤ 1) (5)

The maximum amount of Li inserted into per mole Zn2SnO4 is
14.4 based on Eqs. (2)–(5), indicating the theoretical capacity of

Zn2SnO4 is much larger than that of SnO2. The large irreversible
discharge capacity after the first cycle is probably due to severe
side reaction with the electrolyte to form Li2O and solid electrolyte
interphase (SEI) film, especially for the nano-Zn2SnO4 particles
with the small size and larger surface area. From the second cycle
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Zn2SnO4 collapses when metallic Sn and Zn form, corresponding to
Eqs. (2) and (3). The fine metallic Sn and Zn granular will aggregate.
Lithium and Tin can form some alloys such as Li2Sn5, LiSn, Li2Sn5,
Li7Sn3, Li2Sn5, Li5Sn2, Li13Sn5, Li7Sn2, Li22Sn5 [15], and lithium and
ig. 3. Charge-discharge curves of product (a) as-prepared Zn2SnO4; (b) Zn2SnO4/C
omposite.

fterward, all the potential plateaus do not show a wide steady
latform like the initial discharge, but display more inclined shape.
he discharge platforms are different from the first discharge. Fig. 5
hows the XRD patterns of pure Zn2SnO4 electrode and Zn2SnO4
lectrode after one charge-discharge cycle. It can be seen that the

n2SnO4 particles are reduced to Zn and Sn in the discharge process.
here is an obvious tendency for capacity to reduce. For exam-
le, the discharge capacities in the 20th and 40th cycle are 539.1
nd 404.9 mAh g−1, respectively. The reverse spinel structure of

Fig. 4. Cycling performance of products.
Fig. 5. XRD pattern of Zn2SnO4 electrode before and after the first charge–discharge.
Fig. 6. SEM images of as-prepared Zn2SnO4 electrode. (a) Before cycle; (b) after the
40th cycle.
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Fig. 7. Cyclic voltammograms of product at 1st, 2nd and 3rd cycles.

inc can form some alloys such as Li2Zn5, LiZn2, Li2Zn3, LiZn [16]. So
eaction equations (4) and (5) indicate that the amount of Li form-
ng alloy with Sn and Zn are more than zero and less than 6.4. With
hese alloys forming, the volume will expand. For example, when
ithium and Tin form Li22Sn5, the volume will increase to 359%
17]. The SEM images of the Zn2SnO4 electrode and the one after
he 40th cycle are shown in Fig. 6. It can be seen that pulverization
nd agglomeration occur between the active particles after 40th
ycles, which will result in poor contact between the active parti-
les and increase the electrode resistance. So the capacity decays
apidly.

For composite Zn2SnO4/C, its first discharge capacity is about
436.8 mAh g−1, and first charge capacity is around 880.5 mAh g−1.
he irreversible capacity is only 556.3 mAh g−1. Compared with the
ure Zn2SnO4, the Zn2SnO4/C composite has lower initial capacity.

t exhibits better cycle ability than pure Zn2SnO4. In the 20th and
0th cycle, its capacities are 634.8 and 563.5 mAh g−1, respectively.
he better electrochemical properties of composite Zn2SnO4/C are
scribed to the carbon component. It can make metallic Sn or Zn
ranular separated from each other. So the volume expansion of
i–Sn and Li–Zn alloys can also be restrained during cycling. In
ddition, the carbon component also provides a highly conductive
edium for electron transfer during the lithiation and de-lithiation

rocess. So good electrochemical performance can be maintained.
The comparison of cycle ability between Zn2SnO4 and

n2SnO4/C is shown in Fig. 4. The capacity retain rate of composite

n2SnO4/C is obviously better than that of pure phase Zn2SnO4.

To further confirm the electrode change in structure, the XRD
atterns of the pure Zn2SnO4 material and the Zn2SnO4 specimen
aken from the electrode at the charged state and discharged state
Fig. 8. (a) The Nyquist complex plane impedance plots of product after 40 cycles
and the corresponding equivalent circuit and (b) the relationship between Zre and
ω−0.5 in the low frequency region.

after one cycle is presented in Fig. 5. Three phases, inversed spinel
Zn2SnO4, Zn and Sn, are detected at the charged state. It is found
that most Li–Sn and Li–Zn alloy can be reversibly decomposed. In
the case of the discharged state, the diffraction peaks of inversed
spinel Zn2SnO4 disappear, but Zn and Sn exist. It proves that in the
discharge process the Zn2SnO4 particles are reduced to Zn and Sn.
And meanwhile, amorphous Li2O as well as Li–Sn and Li–Zn alloy
are also generated.

Cyclic voltammograms of product at 1st, 2nd and 3 rd cycles are
shown in the Fig. 7. It can be seen from Fig. 7(a), the cathodic peak of
pure Zn2SnO4 at first cycle is observed at 0.10 V, corresponding to
multi-step electrochemical lithium reaction process and the first
discharge curve. Meanwhile, two main anodic peaks are located
at 1.27 and 0.56 V, corresponding to the delithiation process. In
the second cycle, the cathode peaks shift to 0.76 V. The redox cou-
ple indexed as 0.76 V/1.27 V corresponds to the reversible reaction
in Eqs. (2) and (3). In the following cycles, there is no substantial
change for peak potentials and curve shape, which remains similar
to those in the second cycle. There are some differences in cyclic
voltammogram between pure Zn2SnO4 and composite Zn2SnO4/C.
For composite Zn2SnO4/C, the redox couple corresponding to Eqs.
(2) and (3) is at 0.80 V/1.37 V. Another oxidation peak appears at
0.67 V.

Fig. 8(a) shows the Nyquist complex plane impedance plots

of product after 40 cycles and the corresponding equivalent cir-
cuit. It can be seen that they all comprise two semicircles in
high and medium-frequency ranges as well as a line inclined
at approximate 45◦ angle to the real axis in the low frequency
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egion. The AC impedance spectrum can be fitted by the equiv-
lent circuit diagram. Re is the electrolyte resistance, and CPE1
nd Rf are the constant phase element and resistance of the sur-
ace film and contact, respectively; CPE2 and Rct are the constant
hase element and charge-transfer resistance, respectively; W is
he Warburg impedance related to the diffusion of lithium ion
nto the bulk of composite electrodes. The charge-transfer resis-
ance of pure Zn2SnO4 and composite Zn2SnO4/C were 16.88 and
1.52 �, respectively. The charge-transfer resistance of compos-

te Zn2SnO4/C anode decreases significantly after 40th cycles in
omparison with that of pure Zn2SnO4, which indicates a smaller
lectrochemical reaction resistance due to the carbon improved
lectronic contact between the active particles.

The diffusion coefficient of lithium ion can be calculated form
he plots in the low-frequency region according to the following
quation [18]:

= R2T2

2A2n4F4C2�2
(6)

here R is the gas constant, T is the absolute temperature, n is the
umber of electron per molecule oxidized, A is the surface area,
is Faraday’s constant, C is the concentration, D is the diffusion

oefficient, and �w is the Warburg factor which has relationship
ith Zre as follows:

re = Rct + Re + �wω−0.5 (7)

he relationship between Zre and ω−0.5 in the low frequency region
s shown in Fig. 8(b). The diffusion coefficient of lithium ion in the

n2SnO4 and Zn2SnO4/C were calculated according to Eq. (6), were
.40 × 10−12 and 1.74 × 10−10 cm2 s−1, respectively. It is clear that
he diffusion coefficient of lithium ion was greatly increased by
arbon adding, suggesting that carbon adding contributes to the
nhancement of conductivity.

[

[
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[
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4. Conclusions

In summary, pure reverse spinel Zn2SnO4 and composite
Zn2SnO4/C were synthesized by hydrothermal method and car-
bothermic reduction process. The composite Zn2SnO4/C showed
a better electrochemical performance than pure phase Zn2SnO4,
with a much higher capacity (563.5 mAh g−1) after 40 cycles. The
carbon component could buffer the volume expansion of Li–Sn and
Li–Zn alloys and provided a highly conductive medium for electron
transfer, improving the cycle capability of anode material Zn2SnO4.
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