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Abstract: In this work, ultrafine SnO, nanoparticles were prepared by a facile solvothermal route
using SnCls.5H,0 as initial materials. Phase compositions and microstructures of as-prepared
nanoparticles have been investigated by X-ray diffraction (XRD), scanning electron microscopy
(SEM), and the particle size analyzer. It was found that the obtained ultrafine SnO, nanoparticles
with the good dispersibility exhibited a pure rutile structural phase with an average crystal grain size
of 7.4 nm. The electrochemical performance was characterized by cyclic voltammetry, galvanostatic
cycling, and electrochemical impedance spectroscopy (EIS). The galvanostatic cycling results at a
current density of 100 mAhg* showed that as-prepared SnO nanoparticles possess a high specific
discharge capacity of 1379 mAh-g*? with a Coulombic efficiency of 57% at the first cycle, this
efficiency was over 91% after the 5" cycle, and the specific discharge capacity of 276 mAh-g™* was
maintained during the 50" cycle of discharge/charge. Despite the relatively low cyclic stability, the
effectve electrochemical performance of the SnO, electrode due to its ultrafine nanostructure
expanded active regions and promoted the reversible process of lithium insertion/extraction.

Keywords: Ultrafine SnO, nanoparticles; Solvothermal route; Li-ion battery; Anode material.

1. Introduction

Over the past few decades, rechargeable Li-ion batteries (LIBs) have been used as a common power
source in portable electrical and electronic devices, such as mobile phones, laptops, cameras,
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camcorders, hand tools, etc., due to their high energy density, low self-discharge, long life cycle, no
memory effect, low environmental impact [1, 2]. In the future, Li-ion batteries are still considered as a
promising candidate that can be applied to large-power mobile devices such as electric cars, renewable
energy storage, and smartly electric grid systems. To live up to expectations, the next-generation Li-ion
battery needs to have a higher energy density, a longer life cycle, and a much faster charging rate than
those of the current versions [3]. To develop next-generation lithium-ion batteries, new electrode
materials and electrolytes are required [4]. The electrode materials are responsible for the transport of
charges and energy storage in LIBs, thus being one of the most important components for achieving
high energy/power densities, high capacity rates, highly Coulombic efficiency, and cyclic stability [5].

Currently, most commercial LIBs use graphite as the anode electrode material. This is an unsuitable
anode material for next-generation LIBs because of its safety concerns and low theoretical capacity of
372 mAh-g! [5]. In such a context, much research effort has been made to introduce high performance
anode electrode materials for LIBs. For more than the past two decades, tin dioxide (SnO2) has been
considered as promising anode electrode materials for LIBs because of its high theoretical capacity (782
mAh-g* and low discharge potential [5, 6]. In addition, this material is also easy to obtain at low cost,
and is eco-friendly [7]. However, SnO; has some disadvantages when used as anode electrode material
for LIBs: firstly, large capacity loss after the first discharge/charge cycle; secondly, the volume
expansion is too large (up to 300%) during the lithiation/de-lithiation process resulting in electrode
pulverization and losing electrical contact [8]. Furthermore, the breakdown of primary particles and after
that, the agglomeration of the broken particles can lead to a significant reduction in their Li* active sites
resulting in poor cyclic efficiency, fast capacity decay and low Coulombic efficiency [5, 9].

The utilization of nanostructured SnO, materials was considered as a solution to solve these
problems, because it allows to reduce the distance of lithium ion diffusion and increase the number of
active sites for reversible reactions [7, 8, 10]. Furthermore, the nano-sized particles assembled with the
appropriate architectures can provide a buffer space for volume expansion, allowing to maintain
microstructural stability, and limiting the crushing process to break the electrical connections [5, 11].
Currently, the main solutions to be able to prepare high-performance SnO,-based anode electrodes
include: i) Preparation of ultrafine SnO, nano-particles to increase specific surface area, reduce
mechanical strain, and improve the reversibility of the conversion reaction [11, 12]; ii) Introduction
transitional metals or make intermetallic alloys to perform a reversible conversion while minimizing the
volume expansion of Sn [13, 14]; and iii) Unique architectural design including surface coating to
provide expansion space, preventing full volume expansion [15-18]. In summary, when bare SnO;
powder is used as the electrode active material, it must be in the nanometer range to shorten the path
length of the lithium ion, and there must be hollow space to accommodate the large change in volume.

The aim of this work is to improve the electrochemical performance of the SnO; anode electrode
materials by using ultrafine SnO nanoparticles prepared by the solvothermal method from SnCl,.5H,0
precursor. The crystalline structure, morphology, and electrochemical properties of the anode materials
for Li-ion battery applications were evaluated and discussed.

2. Experimental
2.1. Preparation of Ultrafine SnO, Nano-powder

SnO; nano-powder was prepared by solvothermal method using SnCl4.5H,0 acetate (98%, Sigma-—
Aldrich) as the initial material. A specific example of the process of preparing SnO. superfine nano-
powder by solvothermal route is as follows: First, 1.0 g of SnCl4.5H,O was dispersed in 80 ml of
absolute alcohol for 30 min using a magnetic stirrer and then the solution was further dispersed by
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ultrasonication at 30 °C for 30 min. Next, the solution was transferred into a teflon lined autoclave and
kept at 180 °C in an oven for 24 h with the heating rate of 10 °C/min, then that was naturally cooled
down to room temperature. The resulting products were washed with deionized water and collected by
the way of deposition and filtration several times (5-6 times). The collected powders were dried at
50-60 °C overnight and after that, were annealed at 300 °C for 10 min in the air. The rate of increase
and decrease of temperature was 10 °C/min. To avoid large agglomeration, the as-annealed powder was
ground with an agate pestle and mortar for 30 min. The powder samples were then utilized for their
structural and electrochemical characterization.

2.2. Preparation of the Anode Electrode and Test Cell

The working electrode was prepared from a mixture of SnO, hano-powder (80 wt. %), black carbon
(10 wt. %) as a conductive agent, and polyvinylidene fluoride (PVDF) (10 wt. %) as a binder. The above
mixture was mixed together in 99.8% non-aqueous N,N-Dimethylformamide solvent to form a paste
which was then casted onto a copper foil with a thickness of 15 pum, and dried at 80 °C in a vacuum
oven for 24 h. The test cells (CR2032 coin-type) were assembled in a glove box filled with pure argon
gas (99.995%). The relative humidity was controlled at below 5 ppm. Working electrodes were cut from
as-prepared SnO; electrode plates. Separators were polyethylene membranes. Metallic lithium plates
were used as counter and reference electrodes. The electrolyte was a solution of 1M LiPFg salt in a
mixture of ethylene carbonate (EC) and dimethyl carbonate (DEC) solvents with a 1:1 volume ratio.

2.3. Crystalline Structure, Morphology and Electrochemical Characterization

The crystalline structure of the prepared materials was characterized by X-ray diffraction (XRD)
with Cu Ka radiation (A = 1.54056 A) using an EQUINOX 5000 X-ray diffractometer.
The microstructure morphology of the materials was evaluated by field emission scanning electron
microscopy (FESEM) “Hitachi S-4800”, Japan. The particle size and size distribution were characterized by
the particle size analyzer (SZ-100, Horiba Ltd., Japan). The galvanostatic discharge/charge measurements
were performed by the Neware BTS-400 battery test system at a current density of 100 mA-g* in a
potential window of 0.01 - 2.5 V. Cyclic voltammetry (CV) at a scanning rate of 0.1 mV-s* and
electrochemical impedance (EI) spectroscopies were investigated by PGSTAT302N AutoLab
instrument equipped with AUT86360 module. The collected El data were analyzed by NOVA software.

3. Results and Discussion
3.1. Crystal Structure and Morphology

The XRD pattern of as-prepared ultrafine SnO powder is shown in Fig. 1. All the diffraction peaks
of the (110), (101), (200), (211), (220), (002), (310), (112), (202), (321), (222) and (411) planes could
be indexed to the tetragonal rutile structure of SnO; in the P42/mnm space group with lattice parameters
ofa=b=4.738 A, ¢=3.187 A (JCPDS Card No. 41-1445). No diffraction peaks from impurities, i.e.,
other tin oxides, are observed.

It is easy to recognize that the diffraction peaks of the prepared SnO; powder are broadened, which
proves that the SnO, powder has nano-sized crystalline grains. From XRD pattern, the SnO, crystalline
grain size can be determined using Scherrer's formula. The calculations based on the non-superimposed
diffraction peaks revealed that the average crystal grain size of the ultrafine SnO, nanoparticles was ca.
7.4 nm.
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Figure 1. XRD patterns of as-prepared ultrafine SnO. nanopowder.

A SEM image of the SnO; nanoparticles is displayed in Fig. 2a. As seen, the prepared SnO.
nanoparticles have spherical shape, quite uniform size in the range of 7-9 nm. SnO; nanoparticles tend
to agglomerate into larger secondary particles, which are loosely bound together with high porosity. For
further information, particle size distribution has been determined by dynamic light scattering technique.
As-prepared SnO, nanopowder was suspended and ultrasonically vibrated in the ethanol solution. The
measured results shown in Fig. 2b indicated that as-prepared SnO; nanopowder has narrow size
distribution. Their sizes are mostly in the range of 105 to 134 nm with the average value of 119.9 nm.
The agglomeration of the nanoparticles seems to be caused by high temperature annealing process.
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Figure 2. SEM image of the as-prepared SnO; nanoparticles (a) and the particle size distribution curve
measured by dynamic light scattering technique (b).

3.2. Electrochemical Performances

The electrochemical performance of as-prepared SnO, nanoparticles as anode electrode materials
for LIB was evaluated by cyclic voltammetry (CV) and galvanostatic discharge - charge cycling tests.
The CV measurements were performed to clarify the charge/discharge behavior of the SnO.
nanoparticles in the range of 0 VV - 3.0 V at a scanning rate of 0.1 mV-s™%. The redox processes of the
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SnO; anode in LIB have been extensively studied and generally can be interpreted according to the
following equations [12, 19, 20]:

Li* + e + electrolyte — SEI(Li) (D)
SnO; + 2XLi* + 2xe” «<» XLi20 + Sn 2
Sn + Li* + xe <> LixSn (0 <x < 4.4) (3)

The CV curves of the initial two cycles are shown in Fig. 3a. During the cathodic scanning process,
two reduction peaks at 0.77 V and 0.30 V were observed. The broad peak at 0.77 V is attributed to the
formation of a solid electrolyte interface (SEI) (reaction 1) and the decomposition of SnO; to Sn
accompanied by the formation of LiO (reaction 2).
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Figure 3. a) Cyclic voltammetry curves of the SnO; electrode scanning at the range of 0 - 3.0 V
with a scanning rate of 0.1mV-s™; b) Typical discharge-charge curves of SnO; electrode at the 1%, 29, 5t 30,
and 50" cycles; ¢) Cycling performance and Coulombic efficiency vs. cycle number
of the SnO; electrode at a current density of 100 mA-g™.

This reduction peak is often observed to gradually decrease and disappear after several cycles. The
reduction peak at 0.30 V can be attributed to the alloying reaction of Li with Sn to form LixSn alloy
(reaction 3) [12, 19, 20]. During the anodic scanning process, two oxidation peaks at 0.56 V and 1.08 V
were observed. The oxidation peak at 0.56 V can be related to the de-alloying process of LixSn to Li and
Sn. The broad oxidation peak at 1.08 VV may correspond to the partially reversible reaction of Li,O for
the formation of SnO; (reaction 2) [12, 19-22]. This peak remained stable and could be clearly observed
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during subsequently cycles, demonstrating the reversibility of the conversion reactions. The CV curves
are almost identical, which shows the high reversibility of the SnO; nanoparticle electrode.

The redox behaviors of the SnO; electrode can also be revealed from the discharge/charge curves.
Figure 3b shows the typical discharge/charge potential curves at a current density of 100 mAh-g™ in a
potential window of 0.01 - 2.5 V (versus Li/Li*). During the first discharge (lithiation) cycle, it was
observed that firstly the potential drops rapidly to ~1.5 V, followed by a weakly defined process at a
potential of 1.5 — 1.0 V, which can be assigned to the initial decomposition of electrolytes and the
formation of solid electrolyte interfaces (SEI) [23]. The voltage plateau at 1.0 V to 0.5 V during the first
discharge is attributed to the reduction of SnO; to Sn accompanied by the formation of Li.O (reaction
2). The following long descending plateau was assigned to the LixSn alloying formation (reaction 3)
[19, 23]. During the first charge (de-lithiation), a plateau-like region of potential at ca. 0.5 V was
observed, which corresponds to de-alloying process of LixSn to Sn and Li (reaction 3). This was
followed by a plateau-like region at ca. 1.1 V corresponding to a partially reversible conversion of Li>O
supported by Sn nanoparticles (reaction 2) [15, 21]. Generally, the redox behaviors observed from the
discharge/charge curves are quite similar to those observed from the CV curves. However, it can be
found that the oxidation plateau (during charge process) at ca. 1.1 V seems to be disappeared as the
number of cycles increased. Since this oxidation region is often assigned to reversible conversion
reaction between Li,O and Sn, the fading of this region can be explained by coarseness of Sn
nanoparticles during cycling test. Meanwhile, the fact that oxidation plateau at 0.5 V remained quite
stable indicated that the alloying/de-alloying processes are reversible.

Fig. 3c shows the cyclic performance and Coulombic efficiencies of SnO2 nanoparticle electrode for
50 cycles. The initial charge and discharge specific capacities of the SnO, nanoparticles respectively
were 792 and 1379 mAh-g*, corresponding to a Coulombic efficiency (CE) of 57%. In the first cycle,
the large irreversible capacity loss is mainly due to the decomposition of the electrolyte or some
irreversible processes such as the formation of the SEI layer. The low Coulombic efficiency proved that
the conversion of Sn to SnO; within the charging process was partially reversible [15, 19, 23]. The
discharge/charge specific capacities within the second cycle were about 918 mAh-g*! and 716 mAh-g-1,
respectively, with a Coulombic efficiency of 87%. During the first 5 cycles, the discharge/charge
specific capacities decreased quite rapidly, while the Coulombic efficiency gradually increased. The
strong capacity loss at this stage is mainly due to the formation of the SEI layer. In addition, severe
volume expansion and contraction (up to 300%) during lithium insertion/extraction also play an
important role [19]. During the 5" cycle, the specific discharge/charge capacities were reduced to ~648
mAh-g? and ~600 mAh-g, and the Coulombic efficiency reached ~93%. After the 5 cycle, the
Coulombic efficiency was almost constant (about 91-93%), while the discharge/charge specific
capacities continued to decrease gradually as the number of cycles increased. From the 5 to the 30™"
cycles, the rate of capacity loss was estimated to be ~1%/cycle, and increasing to ~2%/cycle from the 30t
to the 50" cycles. The discharge/charge specific capacities after 50" cycles remained at ~276 mAh-g’* and
~258 mAh-g?, respectively. The rapid decrease in specific capacity during this stage was caused mainly
by the electrode pulverization which resulted from the large volume expansion/contraction during the
lithiation/delithiation processes [21]. In fact, after the 50" cycle, the capacity loss increased abruptly
(not shown here).

3.3. Electrochemical Impedance

The electrochemical impedance spectra of the Li/SnO, half-cell before and after cycling test are
shown in Fig. 4a and Fig. 4b, respectively. Typical feature of the Nyquist plots includes a compressed
semicircle at high frequency range and a slanting straight line at low frequency range. The compressed
semicircle is the result of the overlap of two semicircles: one representing the SEI and the other
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representing the charge transfer in the active material of the electrode [19, 21, 24]. The intercept of the
semicircle with the Z' axis towards the high frequency corresponds to the bulk resistance value (Rp)
which is the resistance of the electrolyte, the separator and the current collector [25]. The diameter of
the semicircle represents the sum of the solid-electrolyte interface resistance (Rsei) and charge transfer
resistance (Rq) at the electrode/electrolyte interfaces. The slanting straight line represents the Warburg
impedance (W), which is related to the diffusion of lithium ions in the active material. The resistances
of Ry and Rsgs + Ret can be determined by the intercept points of the semicircle with the Z' axis [19, 25].
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Figure 4. Nyquist plots of the Li/SnO; half-cells obtained before the cycle (a) and after the first
and fifth discharge/charge cycles (b); ¢) Equivalent circuit model of Li/SnO; half-cell.

In order to determine more precisely and to be able to separate the resistances Ry, Reis and R of the
SnO; electrode, the fitting method of the curve obtained from an equivalent circuit to the experimental
data spectrum was used. The equivalent circuit model used for the fit is shown in Fig. 4c. Here, Ry is
bulk resistance; Rsg; and Q are resistance and constant phase element of the SEI, respectively; R¢ and
Ca are a charge-transfer resistance and double-layer capacitance, respectively; W is the Warburg
impedance [25]. It is found that the curves obtained from the equivalent circuit fitted well with the
experimental spectra (Fig. 4a, b). According to this equivalent circuit (Fig. 4c), the fitted impedance
values are shown in Table 1.

Table 1. The fitted results of impedance spectra for the SnO; cell at different stages

Stage R (@) | Reer (@) (- (tho? - Ret (Q) (m,\V/\I’hO) C (wF)
Before cycling 21.2 22.6 224 0.532 3.33 103 0.544
After first cycle 126 388 163 0.509 299 159 9.47
After 57 cycle 254 660 522 0.364 1459 1.29 9.05
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Firstly, it was found that the bulk resistance did not change much with the number of cycles. It
decreased initially because the current collector-electrode and electrode-electrolyte contacts got better
over some initial discharge/charge cycles. But as cycling continues, it gradually increased due to the
electrolyte depletion, binder decomposition, corrosion of the current collector and the formation of
micro-cracks in the particles which lead to performance degradation of electrode [25]. Secondly, SEI is
formed on the electrode-electrolyte interface, immediately after the half-cell is assembled due to
electrolyte decomposition and conversion reaction [4, 24, 25]. The increase of Rsg resistance with
increasing cycle indicated that although the reversible conversion reaction occurs (as analyzed in section
3.2), it was only partial. Thirdly, the rapid increase of charge transfer resistance R¢ with the number of
cycles was attributed to the agglomeration and pulverization of the active material that led to a decrease
in the active zone and loss of the electrical contacts [15, 25].

4. Conclusion

In summary, ultrafine SnO, nanoparticles with an average crystal grain size of 7.4 nm have been
successfully prepared by a facile solvothermal route. SnO; nanoparticles are cassiterite type belonging
to tetragonal crystal system with rutile structure, with good dispersibility. The results of the
electrochemical measurements show that as-prepared ultrafine SnO; nanoparticles have large
charge/discharge specific capacities, but its cyclic stability is relatively low. To be usable as an anode
material for next-generation Li-ion batteries, the strategies allow for reduction of the large volume
expansion causing the loss of electrical contact, agglomeration, and formation of coarse Sn particles that
reduce the reversibility of the conversion during lithium insertion/extraction need to be further
investigated in more detail.
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