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Zn2SnO4-based anodematerials have recently attracted considerable attention due to their high capacity and low
price for lithium-ion batteries. However, their performance is affected by temperature and temperature-depen-
dent characters have not been investigated sufficiently. In this regard, we tested the electrochemistry perfor-
mance of Co-doped Zn2SnO4–graphene–carbon (Co–ZTO–G–C) nanocomposite anode at various temperatures
(−25, 25 and 60 °C) and analyzed the main limitations and improvements of its low- and high-temperature be-
havior. Cyclic voltammetry (CV) and electrochemical impedance spectroscopy (EIS) results demonstrated that
severe concentration polarization, the absence of Zn2SnO4/Zn(Sn) redox couple and large charge-transfer resis-
tance Rct limited its low-temperature performance. Further electrochemical performance analysis indicated that
the doped Co could effectively decrease Rct of the nanocomposite and improve its capacity at low temperature. It
also suggested that graphene and carbon layer contributed to maintaining its capacity during high-temperature
cycles. Field emission scanning electron microscopy (FESEM) and X-ray diffraction (XRD) results revealed that
the performance degeneration of the nanocomposite at elevated temperature was mainly attributed to severe
volume expansion/contraction of Zn2SnO4 nanoparticles and destruction of Zn2SnO4 cubic structure. The XRD re-
sults also showed that the cubic structures of Zn2SnO4 at all temperatureswere destroyed after cycling, which led
to cyclic performance degeneration of the Co–ZTO–G–C nanocomposite.

© 2017 Elsevier B.V. All rights reserved.
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1. Introduction

Owing to its high energy and power density, long life cycle and envi-
ronmental friendliness [1,2], rechargeable lithium-ion battery (LIB) has
been widely employed as energy source for portable supplies. Litera-
tures show that the performance of LIB is sensitive to its operating tem-
perature [3–5]. When working at low (b0 °C) or elevated temperatures
(40–80 °C), LIB may not perform very well. Temperature has been long
considered as a popular research interest, because it is related to the
performance, lifespan and safety of LIB [6]. At low temperature, espe-
cially under −20 °C, the energy and power densities of LIB decrease
significantly, which is mainly caused by the large charge-transfer resis-
tance at electrode-electrolyte interface, and the limited lithium ion dif-
fusion in the electrode, electrolyte and the solid-electrolyte-interphase
(SEI) film [7,8]. In addition, the lithiation process is typically more diffi-
cult than the delithiation process in the anode at low temperature,
which results in the formation of lithium dendrites on the anode

electrode surface. The formed lithium dendrites will lead to the subse-
quent growth of the SEIfilm and even cause safety issues [9]. At elevated
temperature, electrode materials degenerate increasingly, and the elec-
trolyte decomposition and undesirable electrolyte-electrode interfacial
reaction are accelerated greatly [6]. These factors would decrease the
capacity, shorten battery life and even provoke the onset of thermal
runaway [10]. In short, the low- and high-temperature performance of
LIBs greatly depends on anode materials [9,11,12]. Therefore, anode
electrode materials should be the focus of the research on widening
the operating temperature range of LIBs.

As the conventional anodematerial, graphite suffers from low capac-
ity, limited rate performance and poor safety at temperatures below
−20 °C and above 50 °C [10,13,14]. On one hand, various methods
have been used to improve the electrochemistry performance of graph-
ite at low and elevated temperatures, such asmild oxidation [15], metal
doping [16], design and assembly of electrode [7] and coating [17]. On
the other hand, plenty of studies attempted to look for alternative
anode materials with high cyclic capacity and rate capability for Li-ion
batteries [18–23]. Among them, the temperature-dependent characters
of carbon [6], Li4Ti5O12 [24,25], Li3VO4 [26] and the oxides (TiO2, SiO)
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[10,13,27] have been reported. However, the reports about the perfor-
mance of zinc tin oxide anodes at low and elevated temperatures are
few. Zinc stannate (Zn2SnO4) is a promising candidate anode, owing
to its excellent high theoretical capacity (1231mAh g−1), high electrical
conductivity and low price [28,29]. But it is well known that the large
volume changes restrict its application. To improve its performance,
Zn2SnO4 is combined with carbonaceous to increase its conductivity
and reduce its volume expansion during alloying/dealloying process
[30,31]. Doping is another strategy to enhance its electrochemical per-
formance by improving the conductivity of electron and ion in the
Zn2SnO4 nanoparticles [32,33]. Recently, our group has prepared the
Co-doped Zn2SnO4–graphene–carbon (Co–ZTO–G–C) nanocomposite
through a facile one-step hydrothermalmethod. The reversible capacity
of the hybridwas up to 699mAhg−1 at 0.1 C after 50 cycles. The formed
carbon layer and graphene subtract acted as the carbonaceous media.
Co was a dopant. Although the electrochemical performance of the
Co–ZTO–G–C nanocomposite at normal temperature has been investi-
gated [33], its performance analyses at low and elevated temperatures
are still valuable.

In this study, we analyzed the factors affecting the electrochemistry
performance of Co–ZTO–G–C nanocomposite anode for LIBs at−25, 25
and 60 °C. The L+ intercalation/deintercalation mechanism of Co–ZTO–
G–C nanocomposite at all temperatures was firstly obtained by cyclic
voltammetry (CV). Furthermore, the effects of each component of Co–
ZTO–G–C nanocomposite, such as the doped Co, graphene and carbon
layer, on its cyclic durability and electrochemical impedance were in-
vestigated to understand the contribution of each component to its elec-
trochemistry performance at various temperatures. Finally, X-ray
photoelectron spectroscopy (XPS), field emission scanning electronmi-
croscopy (FESEM) and X-ray diffractometer (XRD) were employed to
analyze the surface composition, morphology and crystal structure of
the Co–ZTO–G–C nanocomposite electrodes after cycles, respectively.
This was for further understanding the degradation mechanism of its
electrochemistry performance at various temperatures.

2. Experimental

2.1. Sample synthesis

The synthesis of sample was according to a previous report [33]. All
of the reagents used in our experiments were analytically pure. In a typ-
ical fabrication, 5ml of ethylene glycolmixedwith 15ml of 1.8mgml−1

graphene oxide aqueous suspension was used as a solvent. 1.5 mmol
Zn(CH3COO)2·2H2O with 0.3 mmol Co(CH3COO)2·4H2O and 1.5 mmol
Na2SnO3·3H2O were separately dissolved into the above mixed sol-
vents. Subsequently, the two solutions were mixed uniformly by vigor-
ous stirring. Afterward, ammonia solution was added into the hybrid
to adjust its pH to around 9, which was followed by adding 1 mmol
L-ascorbic acid. After stirring, the mixed liquor was transferred into a
Teflon-lined autoclave and heated at 180 °C for 12 h. After cooling
down to the room temperature, the precipitate was collected by centri-
fugation, washedwith deionizedwater and ethanol for three times, and
dried at 60 °C. The final products were obtained by heat treatment at
450 °C for 3 h in N2 atmosphere and denoted as Co–ZTO–G–C. With
the same synthesis procedure of the Co–ZTO–G–C, the composites pre-
pared without adding Co(CH3COO)2·4H2O were named ZTO–G–C;
those prepared without adding ammonia solution and L-ascorbic acid
were named Co–ZTO–G; and those prepared without graphene oxide
were named Co–ZTO–C. In addition, commercial graphite (99.8%, Alfa
Aesar Chemical Co. Ltd., China) was used as a reference.

2.2. Electrochemical measurements

CR2025 half-coin cells were used. For the preparation of theworking
electrode, active materials, acetylene black (AB) and polyvinylidene
fluoride (PVDF) binder in a weight ratio of 70:20:10 were

homogeneously dispersed in N-methyl-2-pyrrolidone. The mixture
was loaded onto a Cu foil uniformly. After drying in vacuum at 60 °C,
Cu foil was cut into wafer (6 mm in diameter) as working electrode.
The cells were assembled in an argon-filled glove box with 1 M LiPF6
in ethylene carbonate (EC), ethylmethyl carbonate (EMC) and dimethyl
carbonate (DMC) (1:1:1 vol.) as electrolyte, Celgard 2300 as separator,
and Li foil as counter and reference electrodes. In this electrochemical
test, the weight of active material on the electrode was about 1.0 mg.

The galvanostatic charge/discharge and rate performances were re-
corded on Land battery measurement instrument (LAND CT2001A,
Wuhan Jinno Electronics Ltd., China) in a potential range of 0.01–3 V
(vs. Li+/Li) at−25, 25 and 60 °C. The cyclic voltammetry (CV) and Elec-
trochemical impedance spectra (EIS) were performed on a CHI650D
electrochemical workstation (Shanghai Chenhua Instruments Ltd.,
China) at −25, 25 and 60 °C. The measured cells in CV and EIS were
fresh without cycling.

2.3. Material characterizations

The surface composition and oxidation state of the electrodes were
characterized by X-ray photo-electron spectrometry (XPS) recorded
on an ESCALAB 250 spectrometer. The morphologies of electrode sur-
face were observed by a field emission scanning electron microscope
(FESEM, JSM-6700F, Japan). The crystalline phases of the anode after cy-
cles were tested by X-ray diffractometer (XRD, DMax/2500P, Rigaku,
Japan) utilizing Cu Kα radiation (λ = 1.5406 Å). Samples of XPS, SEM
and XRD for investigations were prepared by dismounting the cell in
the glove box, subsequently cleaning the anode electrodewith dimethyl
carbonate, and drying it in air. The measured cells were in charged
(delithiated) state.

The synthesis and structure characterization of Co–ZTO–G–C nano-
composite have been reported by our group [33]. The ultrafine (3–
5 nm) Co-doped Zn2SnO4 nanoparticles showed cubic structure with a
space group Fd3m. The carbon layerwas formed from the carbonization
of L-ascorbic acid during the hydrothermal process. The graphene nano-
sheets were crumpled and embedded in the composite. In Co–ZTO–G–C
nanocomposite, the totalweight percentage of carbon, including carbon
layer and graphene nanosheets, was about 12.5%. The integralmorphol-
ogies of Co–ZTO–G–C nanocomposite pristine electrode, which was
composed of Co–ZTO–G–C nanocomposite, AB and PVDF, are shown in
Fig. 1.

3. Results and discussion

Fig. 2a, b and c show the charge/discharge curves of Co–ZTO–G–C
nanocomposite obtained at 0.1C in the potential range of 0.01–3.0 V at
−25, 25 and 60 °C respectively. The nanocomposite delivered initial
discharge and charge specific capacities of 625 and 196 mAh g−1 at
−25 °C, 1395 and 870 mAh g−1 at 25 °C, and 1552 and 965 mAh g−1

at 60 °C, respectively. After the first cycle, its capacity at−25 °C retained
23%of that operating at the room temperature. At the same current den-
sity, the capacity of commercial graphite after the first cycle at −20 °C
was only 12% of that at 20 °C [34]. At 25 and 60 °C, the first discharge
specific capacities of the nanocomposite exceeded the theoretical ca-
pacity of Zn2SnO4 (1231 mAh g−1), which might be caused by the for-
mation of SEI layer, the insertion of lithium ions into graphene, carbon
layer and acetylene black, and interfacial storage [35]. Apparently, its
initial discharge and charge specific capacities increased with the in-
creasing temperature. Fig. 2d displays the coulombic efficiency of Co–
ZTO–G–C nanocomposite at various temperatures. The initial coulomb
efficiencies of the nanocomposite were 31%, 62% and 61% at −25, 25
and 60 °C, respectively. Its initial coulomb efficiency at −25 °C was
only half of that at 25 °C. Its initial coulombic efficiency at 60 °C was
equivalent to that at 25 °C, indicating that elevated temperature did
not greatly increase the irreversible reaction between the Co–ZTO–G–
C nanocomposite electrode and electrolyte. From the second cycle, its
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