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Abstract

The SnO, nanoflakes were prepared by simple one-step facile microwave-assisted solvothermal synthesis. The as-prepared
SnO, nanoflakes were systematically studied using X-ray diffraction (XRD), field emission scanning electron microscopy
(FE-SEM) and high-resolution transmission electron microscopy (HR-TEM). From FE-SEM images seen that SnO, nano-
particles are stocked between the SnO, nanoflakes and also, pores are existed between the SnO, flakes. TEM results reveal
that the SnO, nanoflakes were formed due to the self-assembly of very thin SnO, nanosheets and also pores coexist between
the sheets. The prepared SnO, nanoflakes are used as an anode material for the fabrication of lithium-ion battery (LIB). The
SnO, nanoflakes electrode was found to show a stable reversible lithium storage capacity of 567 mA h g ! even at a current
density of 500 mA g~! after 50 cycles. The enhanced properties in terms of reversible capacity and cycle ability of the SnO,
nanoflakes as an anode material are owing to its porous nature, which facilitates more lithium storage and interconnection
between the flakes and particles enhance the kinetic properties of the electrode material. Hence, the developed SnO, nano-
flakes by simple one-step facile microwave-assisted solvothermal synthesis can be a stable and high rate anode material for

lithium-ion batteries.

1 Introduction

Lithium-ion batteries (LIBs) have emerged as an inevitable
requirement for many applications like portable electron-
ics, hybrid electric vehicles (HEVs), electric vehicles (EVs),
smart grids, etc., [1-3]. The properties of LIBs such as high
energy density, long life, low cost, etc., compared with other
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batteries, making them more attractive [1, 4]. The lithium
transition metal oxides as cathode and graphite as an anode
have been used generally in commercial LIBs [5, 6]. Though
the graphite anode shows excellent capacity but hinders wide
industrial application owing to its inherent limitation of low
theoretical capacity (372 mA h g_l) [2, 6]. Since the elec-
trode materials play an important role towards the develop-
ment of high energy density, long life, low cost, etc., proper-
ties of LIBs. World-wide research has been focusing mainly
on the designing of nanostructured electrode materials with
different morphology for developing high energy density,
long life, low cost, etc., properties of LIBs. In this regard,
as an alternative to graphite anode, SnO,, a large bandgap
semiconductor, has attained considerable attention due to its
attractive theoretical capacity (792 mA h g~!), non-toxicity
and low voltage platform [7-11]. However, its application
in practical LIBs is still hindered due to the rapid capacity
loss during repeated cycling arising from the large volume
expansion induced by lithium insertion/extraction process
[9, 11, 12]. To address these issues, many efforts have been
made by the researchers to design novel nanostructures of
SnO,-based anodes like nanowires, nanosheets, nanotubes,
nano boxes, hollow spheres, mesoporous structures, etc., [8,
13]. Usually, 2D nanostructures materials such as flakes,
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sheets etc., have enough pores. But these nanostructures
exhibit poor conductivity due to improper interconnection
between the particle to particle. Constructing the stacking
of nanoparticle between the 2D nanostructures efficiently
provide the porous network with good electrical conductiv-
ity. The synthesis methods play an important role in tailor-
ing the properties of such kind of nanostructured materials
with high surface to volume ratio than the bulk materials.
Several synthesis methods such as hydrothermal, sol-gel,
co-precipitation, hydrolytic, carbothermal reduction, and
polymeric precursor, methods have been reported for the
preparation of various kinds of SnO, nanostructures [8, 9,
14]. However, all these synthesis methods are time-consum-
ing, demands high-temperature conditions and also difficult
to control the growth of the required morphology of SnO,
materials. Microwave-assisted synthesis method can offer
to prepare different dimensions, different shapes of highly
reproducible SnO, unique nanostructures at relatively low
temperature and in a short period [14].

In this work, the unique morphology of SnO, nanoflakes
with the stocking of SnO, nanoparticles was rationally fab-
ricated by using simple one-step microwave-assisted solvo-
thermal synthesis. As prepared SnO, nanoflakes were char-
acterized using XRD, FE-SEM & TEM to find out their
phase and microstructure, respectively. Interconnection
between the flakes and particles enhances the kinetic proper-
ties of the electrode material. The prepared SnO, nanoflakes
are used as an anode material for the fabrication of LIB and
the developed LIBs are characterized through cyclic voltam-
metry and charge—discharge measurements to find out the
usefulness of the developed SnO, nanoflakes as a stable and
high rate anode material for LIB application.
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2 Experimental
2.1 Synthesis of SnO, nanoflakes

SnO, nanoflakes were prepared by a simple one-step micro-
wave-solvothermal method. The SnCl,.2H,0 was used as
a tin source, whereas, water and ethanol were used as sol-
vents. The C,H;NaO, was used as the base catalyst and the
microwave irradiation in the presence of C,H;NaO, can
accelerate the hydrolysis reaction, which may result to form
SnO, nanoflakes. In typical synthesis process, 1.8 g of tin
dichloride (SnCl,.2H,0, Avra chemicals) and 0.676 g of
sodium acetate (C,H;NaO,, Alfa Acer) were dissolved in the
mixture of distilled water (35 mL) and ethanol (35 mL) solu-
tion under continuous stirring for 30 min to obtain homoge-
neous solution. The prepared solution was transferred into
a 100 ml capacity of Teflon liner vessel and it was placed in
microwave accelerator, operated at a reaction temperature of
160 °C for 30 min. After completion of the reaction, the col-
lected precipitate was washed several times with water and
separated using centrifugation by dispersing the washed pre-
cipitate in ethanol solvent. The precipitation was dried in an
oven at 80 °C for 24 h to obtain SnO, powder. The schematic
illustration of the microwave-assisted solvothermal process
for the preparation process of the SnO, nanoflakes and their
growth mechanism is shown in Fig. 1.

2.2 Materials characterization

The crystalline phase of the prepared sample was identified
by powder X-ray diffractometer (XRD, X’pert PRO, PAN

Sn0, nanoflakes

Fig. 1 Schematic illustration of the microwave-assisted solvothermal process for the preparation process of the SnO, nanoflakes and their growth

mechanism
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alytical, Philips) with Cu Ka radiation (41 =0.154 nm). The
morphology of the prepared sample was obtained using field
emission scanning electron microscopy (FE-SEM, SIGMA,
ZEISS) and microstructure of the sample was obtained using
high-resolution transmission electron microscopy (HR-TEM,
TECNAI G20).

2.3 Fabrication and characterization

The composite anode slurry was made by mixing of 70 wt%
of SnO, powder, 15 wt% of super P carbon, and 15 wt% of
poly (vinylidene fluoride) binder in N-methyl 2- pyrrolidone
(NMP) solvent. Then, the prepared composite anode slurry
was cast on a copper foil using a doctor blade technique fol-
lowed by drying in a vacuum oven at 120 °C for 12 h. After
proper drying, the prepared composite, called a working
electrode, was pressed and then cut into circular discs. The
coin type LIB was fabricated in an argon-filled glove box
(VAC, USA) using components like developed composite
electrode material as the working electrode, Lithium metal
as the reference electrode, Celgard 2400 as the separator and
a solution of LiPF¢ (1.0 M) dissolved in 1:1 molar ratio of
ethylene carbonate (EC) and diethyl carbonate (DEC) was
used as an electrolyte. All the electrochemical measurements
like cyclic voltammetry (CV) and galvanostatic charge/dis-
charge (GCD) were performed using an electrochemical
system of Bio-Logic Science instruments. The CV meas-
urements were carried out at a scan rate of 0.1 mV s~! at
different potential window of 0.001-1.0 V and 0.001-3.0 V.
The GCD measurements were carried out at different current
densities, and the electrochemical impedance measurements
were carried over the frequency range of 0.1-100 k Hz with
an amplitude of 5 mV.

3 Results and discussion
3.1 XRD

Figure 2 shows the XRD pattern of the SnO, sample. From
Fig. 2, all the observed reflections such as (110), (101),
(200), (211), (002), (310), (301), (202) and (321) are com-
pared with the tetragonal crystalline phase (JCPDS card
no. 41-1445) of SnO, and confirmed the formation of pure
tetragonal crystalline phase of the prepared SnO, sample
[15-17]. Also, the crystallite size of the prepared SnO, sam-
ple is calculated using the measured XRD data and Scherrer
formula and it is found to be 15 nm.

3.2 SEMand TEM

The FE-SEM images of the SnO, sample at different mag-
nifications are shown in Fig. 3a and b. The high-resolution
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Fig.2 XRD pattern of as-prepared SnO, nanoflakes

of FE-SEM image confirmed that the prepared SnO, sample
has the nanosized flakes like morphology along with the fine
spherical shape nano-size particles. It is seen that the SnO,
nanoparticles are well-stocked between the SnO, nanoflakes
and also, pores are existed between the SnO, nanoflakes.
Figure 3c and d shows the different magnifications of the
TEM images of the SnO, sample. From Fig. 3c and d, the
observed HR-TEM images reveal that the as-prepared SnO,
nanoflakes are composed of very thin nanosheets with inte-
rior pores exist between the nanosheets. The FE-SEM and
HR-TEM images results confirmed the interior and exterior
pores are present in the SnO, nanoflakes sample. This type
of pores produce large accessible surface areas, which can
act as active sites for better electrochemical reactions. From
the inset HR-TEM image of Fig. 3d, the obtained average
value of the interplanar spacing of as-prepared SnO, nano-
flakes is found to be 0.22 nm, which corresponds to (113)
plane of the tetragonal crystalline phase of the prepared
SnO, sample and it well agrees with the interplanar spacing
of 0.22 nm obtained from the standard XRD pattern.

3.3 Cyclic voltammetry (CV)

The CV curves of the SnO, nanoflakes electrode, for
the first six cycles recorded within a potential range of
0.001-1.0 V vs. (Li/Li*) at a scan rate of 0.1 mV s™, are
shown in Fig. 4a. From Fig. 4a, the observed characteris-
tic cathodic and anodic peaks obtained at different poten-
tials can be explained in terms of various electrochemical
processes such as solid electrolyte interface (SEI) layer
formation and lithium alloying/de-alloying, occurring
during charge/discharge cycles of the lithium battery.
For the first cycle, observed a cathodic peak at 0.8 V is
attributed to the formation of a SEI layer and reduction
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Fig.3 a, b, FE-SEM images ¢, d TEM images of SnO, sample: Inset of 3(d) is the HR-TEM image of SnO, sample

of SnO, to its metallic form (Sn) [18-20]. After the first
cycle, further curves of subsequent cycles are overlapped,
indicates the good reversibility of the SnO, nanoflakes
electrode. The characteristic pair peaks appeared at a
potential of 0.04 V (cathodic) and 0.6 V (anodic) [21-24].
These characteristic pair peaks attributed to the alloy-
ing (cathodic scan), de-alloying (anodic scan) reactions
of lithium with metallic Sn, which is mainly responsible
for the reversible storage capacity of tin-based electrode.
After the 2nd cycle, for the subsequent cycles, the peak
intensity and integrated area almost coincided, indicates
the good reversible reaction. For the comparison, we have
measured CV curves of SnO, between 0.001 and 3.0 V
vs. (Li/Li*) at a scan rate of 0.1 mV s~! and are shown
in Fig. Sla. As seen in Fig. Sla, the oxidation—-reduc-
tion behaviour is similar to the CV curves measured
between 0.001 and 1.0 V, except the broad anodic peak
observed at 0.92-1.5 V. The observed additional broad
peak (0.92-1.5 V) may be related to the reversible conver-
sion of Li,O to Li*.

3.4 Charge-discharge measurements

The GCD properties of SnO, nanoflakes electrode were
studied. Figure 4b shows the GCD measurements and
Fig. 4c shows the cycling performances of SnO, nanoflakes
electrode measured at 500 mA g~! for 50 cycles. From
Fig. 4b, it is observed that high initial discharge capacity
of 1405 mA h g~! and charge capacity of 425 mA h g7/,
which results in poor Coulombic efficiency of 30%. The
Coulombic efficiency was improved to 80% for second
cycle and then 97% after 50 cycles. The large irreversible
capacity of about 980 mA h g~! was delivered for the first
cycle, which corresponds to the decomposition of electro-
lyte and formation of the SEI layer on the surface of the
electrode [15, 21, 25]. The improved Coulombic efficiency
upon continuous cycling corresponds to the formation of
a thin and stable SEI layer. It is noteworthy that the spe-
cific capacity appeared stable over 50 cycles and found
to be 567 mA h g~! and 88% of the capacity is recovered
from the 2nd cycle to end of the 50th cycle. The discharge
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Fig.4 a CV curves of the SnO, nanoflakes electrode at a scan rate of
0.1 mV s™'. b GCD curves ¢ cycling performance of the SnO, nano-
flakes electrode at 500 mA g~'. d GCD curves e Cycling performance

capacity of SnO, electrode after 50 cycles is higher than
those of previously reported SnO,-based electrodes, as seen
in Table 1, which is still higher than the theoretical capac-
ity of graphite (372 mA h g~") [14, 26-33]. Such excellent
electrochemical performance in terms of reversibility and
rate capability could probably be attributed to the very fine
thickness of the sheets and void space between the sheets
confirmed by TEM results [34, 35]. In contract, the cycling
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of the SnO, nanoflakes electrode at 1000 mA g~'. f Rate performance
of the SnO, nanoflakes electrode

performance of SnO, nanoflakes electrode between 0.05 and
3 V also measured at 500 mA g~! over 50 cycles and shown
in Fig. S1b. From Fig. S1b, the obtained discharge capacity
only limited to 259 mA h g~ with Coloumbic efficiency
of 97%. Figure 4d and e shows the GCD measurements
and cycling performance of SnO, nanoflakes electrode at
a current density of 1000 mA g~! between 0.001 and 1 V.
From Fig. 4d, SnO, nanoflakes electrode delivered the initial
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Table 1 Electrochemical performance of some reported SnO,-based electrodes with present work

SnO,-based anode Preparation process Final discharge capacity Current density References
SnO, nanoflakes Microwave-assisted solvothermal 567 mA h g™, after 50 cycles 500 mA g~! 1000 mA g~} This work

SnO, nanosheets

SnO, nanoflowers

Carbon coated SnO, nanotubes
SnO, nanowires

SnO, nanoparticles
SnO,/reduced graphene oxide
SnO, carbon fibers

Sn/SnO, composite fibers
SnO,/MWCNT

Microwave-assisted hydrothermal
Microwave-assisted hydrothermal
Hydrothermal

Thermal evaporation
Microwave-assisted hydrothermal
Chemical reduction process
Electrospinning

Electrospinning

Hydrothermal

213 mA h g7, after 300 cycles
257 mA h g7, after 50 cycles
457 mA h g7, after 50 cycles
400 mA h g7, after 50 cycles
300 mA h g7, after 50 cycles
273 mA h g7, after 100 cycles
522 mA h g7!, after 50 cycles
540 mA h g7, after 30 cycles
4452 mA h g7!, after 30 cycles
344.5 mAh g~!, after 30 cycles

100 mA g!
100 mA g!
100 mA g!
100 mA g!
100 mA g!
160 mA g!
100 mA g!
150 mA g!
50 mA g

[14]
[26]
[27]
[28]
[29]
[30]
[31]
[32]
[33]

discharge capacity of 1277 mA h g~! and the charge capac-
ity of 506 mA h g~!, respectively, which results in the low
Coulombic efficiencies of 40%. After 300 cycles, the deliv-
ered discharge capacity of about 213 mA h g~!. The rate
performance of anodes in LIB is very essential for high-
power required applications such as power grids and elec-
tric vehicles.The rate performance of the SnO, nanoflakes
electrode is shown in Fig. 4f. When the rate capability per-
formed at different current densities of 600, 800, 1000, and
1200 mA ¢! delivered discharge capacities of 422, 396,
334, and 286 mA h g~!, respectively. It is worth noting that
even at a high current density of 1200 mA g~!, the remark-
able reversible capacity of 298 mAh g™ is retained, suggest-
ing an outstanding rate capability of SnO, nanoflakes elec-
trode. The enhanced capacity of 300 mA h g ~! was achieved
when the current rate returns from 1200 to 600 mA g~! after
50 cycles. Further, the specific capacity vs. current density of
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E N
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o 200 -
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= 100-
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SnO, nanoflakes electrode shown in Fig. 5a. From Fig. 5a,
there is very less irreversible capacity observed between the
initial and final cycles over the different current densities.
The rate capability of the electrode was found to be very
stable throughout the cycling process. Delivered stable and
high capacity of electrode materials at various current den-
sities indicates excellent integrate of the electrode without
forming crakes between the SnO, nanoflakes throughout the
cycling process.

The achieved good electrochemical performance in
terms of reversibility and rate performance of the SnO,
nanosheets anode could be ascribed to the following three
reasons: (1) The interior and exterior pores can alleviate
mechanical stress caused by the volume variation during
charging-discharging processes, as well as provide good
contact between the electrode—electrolyte interfaces, (2)
interconnection between the flakes and particles enhances

80 CPE, CPE,
70{_&
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’m\ 50 b R1 Rct Zw
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< 40 st
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Fig. 5 a Specific capacity vs. current density and b EIS spectra of the SnO, nanoflakes electrode
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Table 2 Resistances including R,, Ry, R and total resistance (R) of
the SnO, nanoflakes electrode before and after various cycling

SnO, nanoflakes R, (€2) R; () R, (€2) Total resist-
ance (R) (Q)

Fresh cell 2.46 4.95 19.2 26.61

After 1st cycle 1.3 2.6 134 17.3

After 5th cycle 1.26 4.54 2.15 7.95

After 10th cycle 1.26 4.19 2.56 8.01

the kinetic properties of the electrode material. (3)
Ultrafine thickness SnO, nanosheets between SnO, nano-
flakes effectively reduce the Li* diffusion length. Hence,
confirmed that the developed SnO, nanoflakes electrode
can be an excellent Li storage capacity.

3.5 Electrochemical impedance spectroscopic (EIS)

The electrochemical charge-transfer kinetics in the SnO,
material during charge/discharge process was studied
using EIS measurements and Fig. 5b shows the impedance
plots of SnO, nanoflakes electrode for fresh cell, and after
1st, 5th and 10th cycles. The depressed semicircle in the
high-frequency region, as observed in Fig. 5b, represent-
ing the charge-transfer resistance attributed to the transfer
of Lit at the electrode and electrolyte interface. Further,
the Li* mass transfer through diffusion into the electrode
material is indicated by the observed sloping line at the
low-frequency region. The obtained impedance responses
were fitted using BT-Lab software to obtain the electrical
equivalent circuit (EEC). The obtained EEC results are
shown in the inset of Fig. 5b, and it consists of Ohmic
resistance (R.), surface film resistance (R;), charge-transfer
resistance (R.,), double layer capacitance (CPE), and the
Warburg impedance (Z,,). The fitting parameters for after
and before cycling are summarized in Table 2. From the
Table 2, it is clear that the R, value is decreasing with the
increase in the number charge/discharge cycles suggests
the fast charge-transfer process occurring upon continuous
cycling [29]. Reduced Rct after 1st cycle may be attributed
to SnO, nanoparticle trapping between SnO, nanoflakes,
which acts as a good conductive network and support for
fast kinetics of lithium-ions and electrons. Thus, the EIS
results revealed the better charge transfers kinetic behav-
iour of SnO, nanoflakes electrode. Hence, the developed
SnO, nanoflakes by simple one-step facile microwave-
assisted solvothermal synthesis can be a stable and high
rate anode material for lithium-ion batteries.

@ Springer

4 Conclusion

In summary, SnO, nanoflakes were synthesized by a sim-
ple and inexpensive one-step microwave-solvothermal
method. The prepared SnO, nanoflakes exhibit high revers-
ible lithium storage capacity and significantly improved
cycling performance. The SnO, nanoflakes delivered a
high and stable capacity of 567 mA h g=! at a current
density of 500 mA g~! over 50 cycles. The demonstrated
excellent cycling performance is due to the unique mor-
phology of SnO, nanoflakes. The existed interior and exte-
rior pores not sustain the volume changes and also shorten
the diffusion length of Li*. The preparation method is
simple, inexpensive and promoting for scaling up to the
industrial implementation. Hence, the developed SnO,
nanoflakes by simple one-step facile microwave-assisted
solvothermal synthesis can be a stable and high rate anode
material for lithium-ion batteries.
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