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The SnO,-nanometer graphite flakes composite has been prepared by a one-step microwave-
hydrothermal method. The nanometer graphite flakes and SnO, nanoparticles form a three-
dimensionally structure. The SnO, nanoparticles with the size of 3.3 nm uniformly distribute on the
curly graphite flakes. The SnOj-nanometer graphite flakes composite exhibits excellent
electrochemical performances in lithium-ion batteries. The first discharge/charge capacity is
1739.9/973.5 mA h g* at a current density of 100 mA g, and the discharge specific capacity remains
656.6 mA h g™ after 100 cycles. The discharge specific capacities at the current densities of 300 and
500 mA g™ are 635.2 and 477.3 mA h g™ after 400 cycles, respectively, and all the specific capacities
at different current densities begin to increase after the 50" cycle. Its cycling performance is drastically
enhanced.

Keywords: nanometer graphite flakes; SnO2; microwave-hydrothermal; lithium-ion batteries; anode
materials

1. INTRODUCTION

Lithium-ion batteries are widely used as the power sources for mobile communication devices,
portable electronic devices and electrical vehicles, owing to their high energy density, working
voltage, and light weight [1-2]. The electrochemical performances of lithium-ion batteries are
determined by both cathode materials and anode materials. Graphite is the most common commercial
anode material for lithium-ion batteries with a limited theoretical capacity of 372 mA h g™, which
cannot meet the demand for high specific capacities [3-4]. To meet increasing demand and expand the
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range of application, much effort has been made to explore new anode materials. Metal and metal
oxides, such as Si, Sn, NiO, SnO,, Fe;04, Co304, have attracted much attention because of their high
theoretical lithium storage capacity [5-7]. However large volume change during charge and discharge
processes makes the electrochemical active particles crack and lose the electrical contact, which results
in fast decline of reversible capacity. In order to overcome this problem, many methods have been
developed to buffer or prevent volume changes, such as CNTs-encapsulation [8-9], formation of core-
shell nanostructures [10], decrease of particle size, and preparation of carbon-coating composite [11].
The preparation of carbon-coating composite has been suggested an effective way to improve the
cycling performance. The carbon in composite can not only buffer the volume changes of metal or
metal oxide nanoparticles and prevent them from aggregating to large particles, but also increase
electronic conductivity of composites due to its good electronic conductivity [12]. In recent years, a
new kind of carbon material, graphene, has gained special attention due to its two-dimensional
nanostructure with superior electronic conductivity and high surface area [13]. Graphene-containing
composites, such as SnO,/graphene, Fe;O4/graphene, NiO/graphene, ZnO/graphene, Co40s/graphene,
MnQO,/graphene, Mn3O4/graphene, TiO,/graphene, have sparked enormous research for applications in
lithium-ion batteries [14]. These graphene-based composites as anode materials exhibit high capacities
and excellent electrochemical performances in lithium-ion batteries. SnO; is considered as one of the
most promising anode material substitutes due to its high theoretical specific capacity (782 mA h g™)
and low potential for lithium alloying [15-17]. Several varieties of graphene/SnO, nanoparticle
composites have been reported as anode materials for LIBs, such as flower-like SnO,, SnO, nanorods,
SnO; hollow nanosphere composites, ternary hybrids of graphene/SnO,/Au, SnO,-graphene-carbon
nanotube mixtures and graphene/carbon nanosphere composites [18-24]. Extensive attention has been
focused on graphene and SnO, composites, while relatively little attention has been paid to nanometer
graphite flakes and SnO, composites. The theoretical specific capacity of nanometer graphite flakes is
lower than graphene, but the preparation of nanometer graphite flakes is more simple and easy to
control. In addition, It is difficult to prepare graphene used a large flake graphite (particle size is larger
than 150 pum) as raw material because of low oxidation efficiency and poor exfoliation degree.
Therefore most of the researches used graphite powder as raw material to prepare graphite oxide [25-
27]. The application of large flake graphite in lithium-ion batteries has been restricted greatly.
Therefore, easy, efficient and general methods for the synthesis of nanometer graphite flakes used
large flake graphite as raw material and SnO,-nanometer graphite flakes composite with excellent
electrochemical performance are of great significance. Herein, we report a one-step microwave-
hydrothermal method for synthesis of SnOj;-nanometer graphite flakes composite used large flake
graphite as raw material. The nanometer graphite flakes after high-power ultrasonic broken and
stripping are precursor materials, and the reaction is completed in a microwave reactor (Anton Paar
Synthos 3000). The feature of the method is quick heating, easily controlled pressure and temperature,
high yield rate, and good homogeneity. Prepared nanometer graphite flakes are thinner, and SnO,
nanoparticles attached to graphite flakes uniformly. The application of SnO,-nanometer graphite flakes
composite in lithium-ion batteries is investigated. The natural flake graphite composite shows high
specific capacity and excellent cycling stability performance for lithium-ion batteries..
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2. EXPERIMENTAL

2.1 Preparation of materials

The expanded graphite was synthesized from natural large flakes graphite by the method
reported in our previous work [28]. 2 g SnCl4.5H,0 was added to 120 mL deionized water, followed
by stirred for 10 min; 40 mL polyethylene glycol (MW=400) was added to SnCl4*5H,0 solution, the
pH was adjusted by ammonia; Then 0.5 g expanded graphite was added to SnCls*5H,O solution,
followed by high power ultrasonic treatment for 60 min; The supernatant solution was transferred to
high pressure Teflon vessels of the microwave reaction system. The system power, temperature,
pressure and reaction time were 1000 W, 180 °C, 20 bar and 60 min, respectively. The product was
cleaned several times by centrifugation with ethanol and deionized water, and dried at 120 ‘C for
several hours. The solid product was annealed under 500 C for 2 h in Ar atmosphere. As comparison,
nanometer graphite flakes were prepared with the microwave-hydrothermal method under the same
parameters without the addition of SnCl,+5H,0 and ammonia. Pure SnO, nanoparticles were prepared
by the microwave-hydrothermal method under the same parameters without the addition of expanded
graphite.

2.2 Characterization of materials

The materials were characterized by scanning electron microscope (SEM, Quanta 200F),
transmission electron microscopy (TEM, FEI TECNAI G2 F20), X-ray diffraction (XRD, Bruker D8
Advance with Cu Ka radiation) operated at 40 kV and 40 mA.

2.3 Electrochemical measurements

The electrochemical measurements were carried out using CR2025 coin-type cells. The
working electrode was prepared by coating slurry consisting of active material, PVDF (polyvinylidene
fluoride) and acetylene black with a weight ratio of 80:10:10 in NMP (N-methyl-pyrrolidone) solvent.
The slurry was uniformly pasted on a copper foil form thin film and dried at 120 “C in a vacuum oven
for 12 h. The thin film on copper foil was cut into round disks with diameter of 12 mm and pressed
under a pressure of approximately 200 kg cm™. Then dried at 120 “C in a vacuum oven for 3 h and
used as anodes for the coin cells. The coin cells were assembled inside a glove box filled with pure
argon, using lithium metal as the counter/reference electrode and Celgard2325 as the separator. The
electrolyte was 1 M LiPFg dissolved in a mixture of dimethyl carbonate (DMC), diethyl carbonate
(DEC) and ethylene carbonate (EC) (1:1:1 by weight). The galvanostatic charge-discharge curves of
the cells were recorded by a Battery Testing System (Neware Electronic Co., China) at various current
densities from 100 to 1000 mA h g™ with the voltage between 3.0 and 0.01 V versus Li*/Li at room
temperature. The cyclic voltammetry (CV) curves were measured from 0.01 to 3.0 V at a scanning rate
of 0.1 mV s, and electrochemical impedance spectroscopies (EIS) were obtained by applying an AC
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voltage of 5 mV in the frequency range of 0.01-100 kHz using an electrochemistry working station
(AUTOLAB PGSTAT302).

3. RESULTS AND DISCUSSION

R = ~ A graphite
= < ° SnO,
5 o -y
2 ]
: s
T <
Z A Sno,
@ -‘—J bk
d.=) (004)
N
hEi JJ L expanded graphite
A
\ ho o . composite
L | lw | e L | L | 1
20 30 40 50 60 70

20/°

Figure 1. XRD patterns of SnO, nanoparticles, expanded graphite and SnO,-nanometer graphite flakes
composite.

The XRD patterns of SnO, nanoparticles, expanded graphite and SnO,-nanometer graphite
flakes composite are illustrated in Fig. 1. For expanded graphite, two diffraction peaks at ~26.2° and
~54.6° of (002) and (004) are distinguishable, which demonstrates that expanded graphite is still hold
the structure characteristics of graphite. All strong diffraction lines can be indexed to the standard
tetragonal SnO, phase (JCPDS card no. 41-1445), indicating the crystalline SnO, nanoparticles can be
formed by the microwave-hydrothermal reaction. It is noticeable that the diffraction peaks of the SnO,-
nanometer graphite flakes composite are broader than that of pure SnO, nanoparticles, which suggests
that the nanoparticles are very small in size. The mean crystallite size of pure SnO, nanoparticles and
SnO,-nanometer graphite flakes composite are estimated to be 10 and 3 nm based on the Scherer
Equation, which indicates that graphite flakes can limit grain growth of SnO, nanoparticles in the
process of the microwave-hydrothermal reaction.

The morphologies of the as-prepared expanded graphite, expanded graphite sheets, nanometer
graphite flakes and SnO,-nanometer graphite flakes composite are observed by SEM in Fig. 2. Fig.
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2(a) shows that the expanded graphite is composed of many adhesion flake graphite layers, which
reveals the original graphite material is already exfoliated into folded layers. And there is a large
amount of free space between the folded layers and formed a 3D network structure. After large power
ultrasound treatment, the expanded graphite is stripped piece layer structure and consists of thin
transparent graphite sheets with larger area, which can be seen from Fig. 2(b). Fig. 2(c) shows
morphology of nanometer graphite flakes. The nanometer graphite flakes are consist of much thin
wrinkled paper-like structure nanometer graphite sheets, and the nanometer graphite flakes are
substantially disordered, agglomerated and overlapped. The morphology of SnO,-nanometer graphite
flakes composite is observed in Fig. 2(d). The composite is consists of randomly aggregated thin
graphite flakes, closely associates with each other and forms a disordered solid. Tiny SnO,
nanoparticles are distributed on the curly graphite flakes.
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Figure 2. SEM images of (a) expanded graphite, (b) expanded graphite sheets after large power
ultrasound treatment, (c) nanometer graphite flakes prepared by microwave hydrothermal
method and (d) SnO,-nanometer graphite flakes composite.
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Figure 3. TEM images of (a) expanded graphite sheets after large power ultrasound treatment, (b)
SnO, nanoparticles and (c) (d) (e) SnO,-nanometer graphite flakes composite, HRTEM image
of (f) SnO,-nanometer graphite flakes composite. Inset of (f) electron diffraction pattern.
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In order to further observe the microstructure of the materials, the expanded graphite sheets
after large power ultrasound treatment, SnO, nanoparticles and SnO,-nanometer graphite flakes
composite are characterized by TEM and HRTEM. Fig. 3(a) shows that expanded graphite sheets after
large power ultrasound treatment is stripped to piece layer structure and consist of overlapped thin
transparent graphite sheets with larger area. Fig. 3(b) shows that the pure SnO, nanoparticles are
uniform, and the average diameter is about 10 nm. Fig. 3(c), (d) and (e) show the morphologies of
SnO,-nanometer graphite flakes composite. The SnO, nanoparticles are inserted into layers of the
nanometer graphite flakes, and the nanometer graphite flakes are covered by ultrafine SnO,
nanoparticles. The nanometer graphite flakes and SnO, nanoparticles forms a 3D network structure.
Compared with pure nanoparticles, the diameter of the SnO, nanoparticles in composite is smaller, and
less than 3.3 nm. It is illustrated that the nanometer graphite flakes can prevent the SnO, nanoparticles
from growing effectively. Unlike graphene composites, the number of graphite flakes plies in SnO,-
nanometer graphite flakes composite is different due to expanded graphite flakes at different levels of
stripping. From the HRTEM images in Fig. 3 (f), the interplanar distance of 0.33 nm can be identified
as d (110) of SnO, nanoparticles. According to electron diffraction pattern (inset of Fig. 3 (f)), the four
distinct diffraction rings represent (110), (101), (200), and (210) from the rutile phase of SnO,,
confirming the highly crystalline nature of SnO, nanoparticles [2, 29].
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Figure 4. The cyclic voltammetry curves of SnO;-nanometer graphite flakes composite from 0.01 to
3.0 V at a scanning rate of 0.1 mV s,

Fig. 4 shows the CV curves of SnO,-nanometer graphite flakes composite electrode in the first
three scanning cycles. The reversible electrochemical reaction between the lithium ions and the SnO.-
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nanometer graphite flakes composite in lithium-ion battery is similar to SnO/graphene composites. In
the first cycle, there is an obvious peak at 0.85 V in the cathodic progress, which can be attributed to
the formation of the solid electrolyte interphase (SEI) film [30]. This peak disappears from the second
cycle. The other reduction peaks are located around 0.08 and 0.01 V, which can be ascribed to the
formation of a series of LixSn alloys and insertion in graphite flakes, respectively [31]. Three oxidation
peaks appear around 0.22, 0.51 and 1.27 V, respectively. The 0.22 V anodic peak corresponds to
lithium extraction from graphite flakes (Eq. (3)). The 0.51 V oxidation peak can be assigned to the de-
alloying of LixSn (Eg. (2)). The distinguished oxidation at 1.27 V indicates that the Eq. (1) is partially
reversible reaction [32]. Accordingly, the reduction peaks at 1.05 V in the second and third cycles are
attributed to the formation of Li,O again [33].

ALi* + SN0, + 4e” > Sn + 2Li,0 )
XLi* + Sn + xe” <> LixSn 2
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Figure 5. Discharge/charge profiles of SnO,-nanometer graphite flakes composite at current density of
100 mA g™. (a) Discharge/charge performances in different cycles of 1%, 2", 10", 50" and
100™. (b) Cycling performance and coulomb efficiency at 100 mA gt in 100 cycles.

Fig. 5(a) shows the discharge and charge profiles of SnO,-nanometer graphite flakes composite
at current density of 100 mA g™ with voltage range of 0.01~3 V. In the first cycle, the discharge and
charge specific capacities are 1739.9 and 973.5 mA h g, respectively. And there is a classical plateau
in the potential ranging from 1.0 to 0.8 V, which is mainly due to the formation of Sn and Li,O. The
following long slope profile indicates the formation of Li-Sn alloys and Li" intercalation in to graphite
flakes [34]. The plateau around 0.85 V almost disappears at the second cycle, demonstrating that major
Li,O is formed in the first cycle. Because of this irreversible reaction, as well as the SEI film formed,
the discharge capacity dropped to 1070.8 mA h g in the second cycle. Fig. 5(b) shows cycling
performance and coulomb efficiency at 100 mA g in 100 cycles. The initial reversible specific
capacity of SnO,-nanometer graphite flakes composite is 973.5 mA h g™. The reversible specific
capacity remains almost constant after the 50™ cycle. At the 100" cycle, the specific capacity shows a
trend of rising and remains 656.6 mA h g™. The coulomb efficiency of SnO,-nanometer graphite flakes
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composite in the first cycle is 55.9 % and then keeps increasing. It is over 95 % after 12 cycles and
maintains a high coulomb efficiency of more than 98.5 % after 60 cycles.
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Figure 6. Electrochemical performances of SnO,-nanometer graphite flakes composite at high current
densities. (a) Discharge/charge profiles at 300 mA g*; (b) Discharge/charge profiles at 500 mA
g™ (c) Cycling performances at 300 and 500 mA g in 400 cycles; (d) Rate performance.

Electrochemical performances of SnO,-nanometer graphite flakes composite at high current
densities are investigated. Fig. 6(a) and (b) show the discharge/charge of composite at the current
densities of 300 and 500 mA g*. The same as the Fig. 5(a), there is a classical plateau in the potential
ranging from 1.0 to 0.8 V in the first cycle, and the plateau almost disappears at the second cycle. The
presence of the plateau can be attributed to the formation of SEI film on the surface of electrode and
the conversion reaction between SnO, and Li. In the first cycle, the discharge/charge specific
capacities at 300 and 500 mA g are about 1319.8/680.8 and 1250.7/650.1 mA h g™* with the coulomb
efficiencies of 51.58% and 51.98%, respectively. The cycling performances of SnOj-nanometer
graphite flakes composite at 300 and 500 mA g’ are shown in Fig. 6(c). The discharge specific
capacities at the current of 300 and 500 mA g™ are 635.2 and 477.3 mA h g after 400 cycles,
respectively. It is worth noting that all the specific capacities at different current densities begin to
increase after the 50" cycle. The decay of reversible capacity of the SnO,-nanometer graphite flakes
composite during the first 50 cycles can be attribute to the pulverization of original SnO, and in situ
formed Sn nanoparticles during Li insertion and extraction process, which leads to loss of electrical
connectivity between neighboring particles [14]. In the initial cycles, the pulverized particles do not


javascript:void(0);
javascript:void(0);
javascript:void(0);

Int. J. Electrochem. Sci., Vol. 10, 2015 4470

contact well with each other, as a result, the reversible specific capacity decreases. With Li insertion
and extraction, the formed Sn nanoparticles became smaller and smaller due to electrochemical milling
effects and strong attached to the graphite flakes. In addition, the activation energies for solid-state
double decomposition reactions decreased with the decreasing reagent particle size [35]. The
conversion reaction of SnO, in the SnO,-nanometer graphite flakes composite, SN0, + 4Li" + 4¢
—2Li,0 + Sn, should be reversible to a certain extent due to the very small Sn nanoparticles.
Therefore, the specific capacities begin to increase after the 50™ cycle. Fig. 6(d) shows the rate
performance of SnO,-nanometer graphite flakes composite at various current densities. The electrode
exhibits reversible capacities of 873.0, 726.5, 598.1, 430.6, 252.9 and 190.0 mA h g™* at 50, 100, 300,
500, 700 and 1000 mA g, respectively. Additionally, when the current density reduced to 50 mA g™
after completed charge/discharge at different rates, the specific capacity increases back to 642.4 mA h
g™, and the specific capacity shows an obviously rising trend. The reversible capacities of SnO,-
nanometer graphite flakes composite at different current densities are lower than part of SnO,-
graphene anode materials, but the cycle performance and rate performance are much better than the
graphene anode materials. The excellent cycling performance and rate performance should be related
to the porous network structure of SnO,-nanometer graphite flakes composite. The high conduction of
graphite can increase the electronic conductivity of the composite, and the porous structure can
facilitate liquid electrolyte diffusion into the electrode material. Meanwhile, SnO, nanoparticles in the
SnO,-nanometer graphite flakes composite can reduce the path length for Li* transport.
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Figure 7. EIS of SnO,-nanometer graphite flakes composite by applying an AC voltage of 5 mV in the
frequency range of 0.01-100 kHz.
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Fig.7 shows the EIS of SnO,-nanometer graphite flakes composite, consists of a semicircle at
the high frequency zone and an inclined line at the low frequency region, representing charge transfer
and lithium ion diffusion processes, respectively. The diameters of the semicircles in both high and
medium frequency areas are much smaller than that of before discharge/charge cycling, indicating that
the charge transfer resistances become smaller. The decreased resistance indicates the enhanced ionic
conductivity in the composite, which is beneficial for Li* insertion/extraction into the anodes. From the
high frequency region, the Ohmic resistance values of SnO,-nanometer graphite flakes composite are
around 12 Ohm, which is associated with the graphite cannot be exfoliated totally.

4. CONCLUSIONS

SnO,-nanometer graphite flakes composite with 3D structure is synthesized successfully by a
microwave-hydrothermal method used a large flake graphite as raw material. Compared with
SnOy/graphene composite, the preparation method of SnO,-nanometer graphite flakes composite is
more simple and controllable. As an anode material in lithium-ion batteries, the SnO,-nanometer
graphite flakes composite exhibits excellent electrochemical performance. With Li insertion and
extraction, the formed Sn nanoparticles became smaller and smaller due to electrochemical milling
effects and strong attached to the graphite flakes. The conversion reaction of SnO, in the SnO,-
nanometer graphite flakes composite is reversible to a certain extent due to formed very small Sn
nanoparticles. Therefore, all the specific capacities at different current densities begin to increase after
the 50™ cycle. The discharge specific capacities at the current densities of 300 and 500 mA g™ are
635.2 and 477.3 mA h g™ after 400 cycles, respectively. This approach provides a new pathway for
preparing graphite-based nanomaterial. The preparation of SnO,-nanometer graphite flakes composite
can be expanded the application of natural large flake graphite in lithium-ion batteries.
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