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A new composite, Co—Sn metal oxide
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The structural and morphological evolution of cobalt—tin (Co—Sn) metal composite oxides, synthe-
sized by the decomposition of CoSn(OH)s precursor at various temperatures, were investigated by X-ray
diffraction (XRD) and high-resolution transmission electron microscopy (HRTEM). The precursor was
also studied by thermal analysis (TG/DTA). The electrochemical performance of nanosized Co—Sn com-
posite metal oxides was investigated to evaluate their suitability for use as anode materials for Li ion
batteries. The results revealed that the samples heat-treated at low temperatures consisted of amorphous
CoSnQ;, and the samples heat-treated at high temperatures comprised crystalline Co,SnO,4 and SnO,. The
charge capacity and cyclability were sensitive to the structure and composition of the electrode active
materials. The samples heat-treated in the phase transition temperature range exhibited relatively worse
electrochemical properties.
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1. Introduction

Graphite based anode materials are widely used in commercial lithium ion batter-
ies, owing to their excellent charge and discharge cycling behaviour. However, the
theoretical Li storage capacity of graphite is limited to 372 mAh/g [1]. Recently, there
has been considerable interest to develop alternative anode materials for lithium ion
batteries. Tin oxides have been considered the most promising anode materials for
lithium ion batteries, due to their high volumetric and gravimetric capacities [2—4].
According to Courtney and Dahn [5], the reaction of tin oxides with lithium can be
described in two steps; for SnO,, they are:

SnO, + 4Li" + 4e — 2Li,O + Sn (1)

"Corresponding author, e-mail: hgxlu@163.com



240 F. HUANG et al.

Sn+xLi" +xe- — Li,Sn  (0<x<4.4) )

Initially, tin oxides are reduced to form small clusters of tin metal, dispersed in
a Li,0 framework. Li" ions are then reversibly inserted in tin to form Li/Sn alloys.
Alloying of Li with tin causes a large volume expansion, leading to cracking of the
electrode, and a rapid loss of capacity [5]. The oxides permit the use of Li,O as a ma-
trix, constraining the volume expansion and contraction [6] during cycling. The cy-
cling performance is enhanced if the active material is finely dispersed in the matrix
[7]. Idota et al. [2] suggested a new class of tin-based amorphous composite oxide
containing SnO as the active centre for lithium insertion and other glass forming ele-
ments such as B, P, Al as an oxide network structure; during charge and discharge, the
cyclability of the glass materials had been improved largely.

Recently, Irvine et al. [3, 8, 9] prepared Zn,SnO,, Mg,SnO,4, Co,SnO, and
Mn,SnO, spinel metal composite oxides by milling and solid-state reaction at high
temperatures. Huang and Yuan [10—13] synthesized a series of amorphous MgSnOs,
CoSn0O;, MnSnO; and ZnSnO; composite metal oxides by the liquid precipitation
method and studied their electrochemical properties, in order to try and assess their
potential for use as anode materials for lithium ion batteries. In this paper, we report
the structural/morphological characteristics and lithium insertion properties of Co—Sn
composite metal oxides synthesized from the precursor CoSn(OH), by heat-treatment
at various temperatures.

2. Experimental

Analytical chemical reagents of Na,SnO; and CoSO, were used. Solutions of
Na,SnO; and CoSO, in 1:1 molar ratio were mixed under continuous stirring. The

pink precipitates were washed with distilled water to remove Na" and SO;™ ions, and

then dried in an oven at 120 °C to obtain the pink CoSn(OH)s precursor. The chemical
stoichiometric equation can be expressed as:

COSO4 + NaZSnO3 +3 H2O — COSH(OH)ﬁ + Na2804 (3)

The precursor powder was heated subsequently at various temperatures for 4 h in
air to form Co—Sn metal composite oxide.

Thermogravimetric and differential thermal analyses (TG/DTA) were carried out
using a Shimadzu DT-40 thermal analyzer at the heating rate of 10 °C/min in air. XRD
was measured on a Shimadzu XRD-6000 diffractometer (Cu-K,, radiation) with the
scanning rate of 4°/min, to investigate the phase evolution of CoSn(OH) precursor
upon heat-treatment at various temperatures. Microstructure (JEM-2100F) of samples
was studied by the high-resolution transmission electron microscopy (HRTEM).

The electrochemical cells consisted of a working electrode made of a nanosized
Co—Sn metal composite oxides and a counter electrode made of lithium foil. The cells
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were assembled in an Ar-filled glove box with both moisture and oxygen concentra-
tions below 5 ppm. The working electrodes were prepared by pressing a film com-
posed of Co—Sn composite metal oxide powders, acetylene black and polytetrafluoro-
ethylene (PTFE) binder (weight ratio of 85:10:5) onto a stainless steel current collec-
tor. The electrolyte was 1 M LiClO4 in a mixture of ethylcarbonate (EC) and dimethyl
carbonate (DMC) (1:1 in volume ratio), Cellgard 2400 polyethylene was used as the
separator. The cells were discharged and charged between 0-2 V versus Li'/Li at the
constant current of 50 mA/g using the Arbin BT 2000 testing system.

3. Results and discussion

3.1. Thermal analysis of the CoSn(OH)¢ precursor

The transformation of CoSn(OH)s precursor during heat-treatment was revealed
by DTA and TG data. Figure 1 shows that a sharp endothermic peak occurred on the
DTA curve at the temperature of about 300 °C.
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Fig. 1. DTA and TG curves of the CoSn(OH)g precursor

It also can be seen from the TG curve that the weight loss of the precursor was
about 19% in this temperature range, which was due to the reaction:

CoSn(OH)s — CoSnO; + 3H,0 )

The weight loss calculated according to Eq. (4) was 19.3%, which is consistent
with the experimental result. A small broad exothermic peak was observed on the
DTA curve at the temperature of about 660 °C , but no weight loss was observed from
the TG curve at temperatures above 350 °C. This indicates that the phase transition
from the amorphous to the crystalline state occurred at this temperature.
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3.2. Structural and phase change during heat-treatment

Figure 2 shows the XRD patterns of the CoSn(OH)s precursor (Fig. 2a) and the fi-
nal products heat-treated at various temperatures (Fig. 2b). From Figure 2a, it can be
seen that there is no evidence of any other phases, as all the diffraction peaks can be
indexed for the tetragonal phase CoSn(OH)s (JCPDS card NO. 20-1455).
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Fig. 2. The XRD patterns of the precursor CoSn(OH), (a),

and of the final products heat-treated at various temperatures (b).
SnO, peaks are marked with asterisks
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For the samples heat-treated at 350 °C and 500 °C, only one broad peak, related to
amorphous CoSnQOjs, can be observed, and there is no diffraction line assigned to any
crystalline phases. This indicates that amorphous or amorphous-like CoSnO; formed
at these temperatures. The XRD patterns shown in Fig. 2b changed sharply after heat-
treatment at 600 °C; three diffraction peaks of crystalline SnO, were observed, indicat-
ing that a phase transition from an amorphous state to a crystalline state occurred dur-
ing the heat treatment process. However, the XRD peaks of the samples heat-treated at
700 °C were completely different from those of the samples heat-treated at lower tem-
peratures with the appearance of the characteristic peaks of spinel Co,SnOy. It sug-
gests that the amorphous CoSnO; was decomposed spinel Co,SnO, and tetragonal
phase SnO, when the samples were heated to 700 °C, which is consistent with the
results of TG/DTA measurements. In addition, upon further increase in the heat-
treatment temperature to 800 °C, the diffraction peaks become stronger and sharper,
indicating an increase in the amount of the crystalline phases.

Fig. 3. HRTEM images of Co—Sn metal
composite oxides heat-treated at:
a) 500 °C, b) 600 °C, and c) 700 °C
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Considering all these observations, a three-step process during CoSn(OH)s heat
treatment at various temperatures may be proposed:

CoSn(OH), (crystalline) — CoSnO; (amorphous) + 3H,O ®))
2CoSn0O; (amorphous) — Co,SnO, (amorphous) + SnO, (crystalline) (6)
C0,Sn0, (amorphous) — Co,SnQ, (crystalline) @)

These results are consistent with the HRTEM images (Fig. 3a—) showing the
structure of nanosized Co—Sn composite oxides samples. The samples after heat-
treatment at 500 °C are amorphous CoSnQOs, existing as cotton wadding agglomerates.
When the heat treatment temperature was increased to 600 °C, the amorphous CoSnOs
was transformed crystalline SnO, with the Ilattice parameter of tin oxide
(dwi{311} =2.61 ]—\) and amorphous Co0,SnO, as indicated as some anomalous ar-
ranged crystal lattice in the Fig. 3b. 700 °C, more crystalline particles were separated
out from the cotton wadding agglomerates with some of the particles showing the
lattice parameter of tin oxide (djy{311} = 2.61 A) and others the lattice parameter of
spinel Co,SnOy (d;{111} = 2.98A). Therefore, the structure and crystal phase of the
Co—Sn composite metal oxides are strongly dependent on the heat-treatment tempera-
ture of the CoSn(OH)¢ precursor.

3.3. Electrochemical performance

First discharge curves of the Li /Co—Sn composite metal oxides cells prepared from
the products of CoSn(OH)s heat-treated at various temperatures are shown in Fig. 4.
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Fig. 4. The first discharge curves of Co—Sn composite
oxides heat-treated at various temperatures



Co—Sn metal oxide anode for lithium ion batteries

0 400 800 1200 1600 2000
Capacity [mAh-g™']
25
c)
2.0
EZ1.5.
(0]
[=2)
£
2 1.04
0.54
00 T T T T T T T T T T
0 400 800 1200 1600 2000

Capacity [mAh-g™']

Fig. 5. The first three cycles of Li/Co—Sn
composite oxides heat-treated at various
temperatures: a) 350 °C, b) 500 °C, c) 600 °C,
d) 700 °C, e) 800 °C
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Two voltage plateaus at about 1.35 V and 0.8 V, respectively, can be observed in
the first discharge curves for the samples heat-treated at 350 °C and 500 °C. With the
increase in heat-treatment temperature, only one voltage plateau can be observed, at
about 0.95 V, for the samples heat-treated at 600 °C and 700 °C, and two voltage pla-
teaus, at about 0.95 V and 0.4 V, respectively, for the sample heat-treated at 800 °C.
Therefore, this suggests that the formation and voltage of the plateau is closely related
to the heat-treatment temperature. Figure 5 shows the voltage profiles of the Li/Co—Sn
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composite metal oxide cells with CoSn(OH); heat-treated at various temperatures for
the first three cycles between 0 and 2.0V. For all the samples, the first discharging
curves are different from the subsequent discharging curves. After the first cycle, the
plateau at about 1.35 V and 0.8 V for the samples heat-treated at 350 °C and 500 °C
and the plateau at about 0.9 V for the samples heat-treated at 600 °C, 700 °C and
800 °C all disappeared in the subsequent discharge curves, And the disappearance of
the plateau should be responsible for the irreversible capacity [4, 5, 11, 12]. One volt-
age plateau located at about 0.5 V can be observed clearly in the charging curves for
all the samples.

Table 1. Electrochemical properties of the nanosized Co—Sn composite metal oxides
formed by heat treatment of CoSn(OH)¢ precursor at various temperatures

Heat-treating temperature [°C]

Property
350 500 600 700 800

The first discharge capacity [mAh/g] 1739 1716 1718 1612 1581

The first charge capacity [mAh/g] 782 731 655 758 788
Capacity loss in the first cycle [%] 55.0 574 61.9 53.0 50.1
Ry [%0] 45.4 394 32.7 48.3 50.5

Table 1 shows the relationship between the electrochemical properties of all
Co—Sn composite metal oxides and the heat treatment temperature of CoSn(OH)s. It
can be seen that as the heat treatment temperature increases, the first discharge spe-
cific capacity of Co—Sn composite oxides anodes decreases. However, the lowest ini-
tial charge specific capacity obtained was as high as 655 mAh/g for the sample heat-
treated at 600 °C. This is much higher than the theoretical capacity of graphite
(372 mAh/g). However, for the Co—Sn composite metal oxide anodes, the problem
associated with other tin oxide based systems exists, i.e. about half of the initial lith-
ium capacity is lost due to irreversible changes in the oxide matrix. To help quantify
the cycling stability of various samples, a parameter called the capacity retention index
Ryo1s defined. This parameter is the capacity in the 20th charge cycle divided by the
capacity in the first charge cycle. Cells that cycle without capacity loss, therefore, will
have Ry equal to unity [14]. As can be seen in Table 1, the samples heat-treated at
the phase transition temperature (600 °C) exhibited poorer cycling performance. Tak-
ing into account all the above results, it is certain that the samples heat-treated at phase
transition temperature range exhibit relatively worse electrochemical properties.

The differential capacity plots obtained at the first cycle for all Co—Sn composite
metal oxide samples heat-treated at various temperatures are shown in Fig. 6. Two
cathodic peaks at about 1.35 V and 0.8 V, respectively, can be observed for the sam-
ples heat-treated at 350 °C and 500 °C. Only one cathodic peak occurring at about
0.95V can be observed for the samples heat-treated at higher temperatures
(600 °C, 700 °C and 800 °C). Compared with the results published in Refs [3, 14], it



Co—Sn metal oxide anode for lithium ion batteries 247

can be concluded that the change in cathodic peaks positions is due to the formation of
the spinel Co,SnO,4 phase seen from XRD patterns.
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For all the samples, there are two anodic peaks located at about 0.5 V and 1.25 V,
respectively, suggesting that, besides the alloying reaction involving Sn and Li, Co
also participated in the electrode reaction [15]. All the anodic and cathodic peaks in
differential capacity plots are consistent with the voltage plateaus in the charge and
discharge curves. In addition, the shape of cathodic peaks for the 350 °C and 500 °C
heat-treated samples is different from the shape of cathodic peaks for the samples
heat-treated at higher temperatures. At the stage of phase transition from amorphous to
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crystalline state or at the formation stage of the new phase, non uniform particle distri-
bution results in worse electrochemical characteristics. Therefore it is believed that the
phase transition is responsible for the worse electrochemical performance of the cells.

4. Conclusions

A series of nano-sized Co—Sn composite metal oxides have been prepared by heat
treatment of CoSn(OH)e precursor at various temperatures. With the increase in tem-
perature, CoSn(OH)s decomposes to form amorphous CoSnO; firstly, which is pro-
gressively converted to crystalline Co,SnO,and SnO,. The electrochemical character-
istics of these composite oxides as anode materials for lithium ion batteries are closely
related to their structure and composition. In the phase transition process, slight
changes in temperature can greatly alter the electrochemical performance. The Co—Sn
composite oxides show good possibilities as anode materials for lithium ion batteries.
Future work should focus on the reaction processes involving lithium and anode mate-
rials, and on reducing the problem of irreversible changes.
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