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The high purity of stannous oxide (SnO) materials with various structures were synthesised using a facile hydrothermal method. Different SnO
structures with cross, block, and shell were obtained by controlling pH value and surfactant during the hydrothermal reaction. As anode for
lithium-ion batteries (LIBs), the crossed SnO displays superior cycling and rate capability in comparison with the block and shell liked SnO.
The difference could be attributed to the special morphology of crossed SnO that shows small particle size, high crystallinity, and good
structural stability. All the results suggest that controlling structure is an effective way to improve the electrochemical performances of

SnO anode material in LIBs.

1. Introduction: Nowadays, lithium-ion batteries (LIBs) have
been widely used as the power source not only in hybrid electric
vehicles (EVs), plug-in EVs and EVs, but also in portable
electronic devices [1-3], owning to its high energy density, long
life cycle and great abundance [4, 5]. To meet the growing
demands for high power and high energy of LIBs, many kinds of
anode materials have been extensively studied to instead
traditional graphitised carbon anode (low theoretical capacity of
372 mAh g_l) [6-8]. Among the anode materials for LIBs, Sn
has attracted tremendous attention as one of the most promising
candidates due to the high theoretical capacity of 994 mAh g~
[9], which is nearly three times higher than those of commercial
graphite anodes. Unfortunately, this high capacity comes at the
cost of huge volumetric changes during Li ions insertion and
extraction process, leading to pulverisation of electrode and rapid
degradation of capacity [10].

Stannous oxide (SnO) is believed to be a potential substitution
for Sn anodes. Since the Li,O formed during the reaction
between SnO and Li" in the first step, can reduce overall volume
expansion and enhance the mechanical robustness of the particle
according to the previous report [11, 12]. However, the preparation
of SnO is relatively difficult because disproportionation or oxi-
dation of SnO can easily occur [13, 14]. Although several synthetic
routes have been reported for the preparation of SnO crystals with
different structures, such as wires [15], nanoparticles [16], nano-
ribbons [17], nanosheets [18-20], nanoplates [21], nanoflowers
[22], microspheres [23], diskettes [24], microplates [25] nanoflakes-
based self-assembling crossed structures [26], self-assembled
nanosquare sheets [27], hierarchical nanocrystals [28] and so
forth. There are few works studying about electrochemical beha-
viours of SnO. As we all know, the morphology and size could
affect the electrochemical performance of electrode materials signi-
ficantly [29-32]. Therefore, it is most essential for us to explore the
lithium storage mechanism of SnO with various structures.

In this Letter, we present a facile hydrothermal method for prep-
aration different structures of high pure SnO, including cross, block,
and shell-like morphology. The crossed SnO as LIBs anode dis-
plays superior cycling and rate capability in comparison with
block and shell SnO. The specific reasons have also been discussed
in this Letter.

2. Experimental
2.1. Sample preparation: The SnO with various structures were
synthesised using a simple hydrothermal method. In a typical
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synthesis of SnO, 1.128 g SnCl,-2H,O was dissolved in 50 ml
deionised water. Then moderate NH3'H,O (25-28 wt%) was
added to the above solution to reach the desired pH value
(pH=17.5, 10.0, and 11.3, respectively). When the pH value was
set at 7.5, additional 2.4 g citric acid was added as a surfactant.
After that, the mixture solution with continuously magnetic
stirring for 1 h at room temperature was transferred into a 100 mL
Teflon-lined stainless steel autoclave filled with N, as protection
gas, sealed and maintained at 180°C for 4.5h. After cooling
down naturally, the black precipitates were separated by
centrifugation and washed five times with deioniser water.
Finally, the products, SnO with different structures, were obtained
by freeze-drying. The corresponding samples which synthesised
by controlling pH value were labelled as SnO-S (pH=7.5),
SnO-C (pH=10.0), and SnO-B (pH=11.3), respectively.

2.2. Materials characterisation: X-ray diffraction (XRD) patterns
were collected with a Rigaku/max 2200V diffractometer
operating with Cu Ka radiation (A=0.15406 nm) to characterise
the chemical composition of samples. The size and
microstructures of the as-prepared products were observed by
field emission scanning electron microscopy (FESEM, Hitachi,
S-4800).

2.3. Cell fabrication and electrochemical measurements: The
electrochemical performance of the fabricated SnO with various
structures was analysed by constructing 2032-type coin cells in
the argon-filled glove box (Braun, Germany). Each electrode was
prepared by mixing the active material, sodium carboxymethyl
cellulose binder and conductive additive (super P) together in a
weight ratio of 8:1:1 in water and pasted on copper foil. Then it
was dried as a working electrode in a vacuum oven at 110°C for
24 h. The area of the electrode was about 1.96 cm” and the mass
of active materials on the electrode was around ~2 mg. Li foil
was used as the counter electrode and microporous polypropylene
film as the separator. The electrolyte solution was 1 M LiPFq
dissolved in a mixture of ethylene carbonate, ethyl methyl
carbonate, and dimethyl carbonate (1:1:1 in volume). The
charge—discharge performance of the samples was conducted on a
Neware battery testing system at a desired current density with a
voltage range of 0.001-2.0 V (versus Li/Li"). Cyclic voltammetry
(CV) was operated using CHI 600D electrochemistry workstation

with a scan rate of 0.1 mV-s~'. Electrochemical impedance
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spectroscopy (EIS) results were obtained in a frequency range of
100 kHz-0.01 Hz.

3. Results and discussion: The composition and purity of the
as-prepared samples were characterised by XRD. As shown in
Fig. 1, SnO-S presents a little impurity of SnyO; when prepared
in neutral solution. The SnO-C and SnO-B synthesised in
alkaline solution obtain a high purity of SnO, and all the
diffraction peaks can be well indexed to tetragonal SnO phase
(JCPDS Card No. 06-0395). With the changing of pH value, the
samples display different peak intensity at 29.86°, corresponding
to (101) plane. Among them, SnO-C sample shows the strongest
intensity in comparison with SnO-B and SnO-S, demonstrating
the good crystallinity of the prepared SnO-C. On the contrary,
SnO-S has a relatively poor degree of crystallinity. This may
have an influence on the electrochemical performances of the SnO.

Fig. 2 shows the scanning electron microscopy (SEM) images of
SnO products obtained at different pH value. In Fig. 2a, the SnO
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Fig. 1 XRD patterns of SnO-S (pH=7.5, 2.4g citric acid), SnO-C
(pH=10.0), and SnO-B (pH=11.3)

Fig. 2 SEM images of

a SnO-S

¢ SnO-C and

e SnO-B

b, d, f Show corresponding SEM images at high magnification
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synthesised at pH=7.5 (SnO-S) presents shell-like morphology
with the particle size around 20 pm. The shell is constructed from
the sheet and between the sheets are some nanoparticles (see
Fig. 2b). Fig. 2c¢ reveals the homogeneous crossed structure
(SnO-C) with the rough surface and average size is about 6 um.
The typical morphology is evident at higher magnification in
Fig. 2d, demonstrating that the crossed morphology is assembled
by many nanoparticles. When the pH value is controlled at 11.3
(Fig. 2e), block-like SnO (SnO-B) particles with cubic shape are
obtained. A further observation from Fig. 2f; it is found that the
block structure is 10-20 um in width and ~8 um in thickness.
The morphology and particle size have a significant effect on the
charge transfer in the electrode.

Transmission electron microscope (TEM) and high-resolution
transmission electron microscopy (HRTEM) measurements were
conducted to further examine the structure of the three samples.
As shown in Figs. 3a, ¢ and e, the particle size of SnO-S, SnO-C,
and SnO-B is about 20, 5, and 15 um, respectively. The results
are well agreement with the SEM. The HRTEM images were
observed to confirm the phase of the samples. For SnO-S, in
Fig. 3b, the calculated space of lattice fringes is about 0.298 and
0.33 nm, which corresponds to the interplanar spacing of SnO
(101) plane and Sn,O5 (011) plane. In Figs. 3d and f; the different
crystal planes of SnO are well indexed, indicating the high purity of
SnO-C and SnO-B. We infer that the SnO with various structures
would display different Li storage behaviour.

Cyclic voltammograms (CV) was performed to get a clear insight
into the Li-storage mechanism. Figs. 4a—c show the initial two
CV profiles of the SnO-C, SnO-B, and SnO-S at the scan rate of
0.1 mV s, respectively. They have similar shapes of CV curves
with the reduction peaks locating at ~0.72, ~0.3, and ~0.01 V,
the corresponding oxidation peaks at~0.73, ~0.63, ~0.48, and
~0.04 V, respectively. Generally, the cathodic peak at ~0.72 V
on the first cycle is associated with the reduction of SnO to Sn,
as well as the formation of a solid electrolyte interphase layer on
the anode surface. Cathodic peaks ranging from 0.65 to 0.01 V
can be attributed to the Li insertion into Sn to form Li,Sn alloys.
In the first anodic process, anodic peaks from 0.73 to 0.04 V corres-
ponding to the dealloying reaction of Li,Sn alloy to Sn. The electro-
chemical reactions of SnO with Li" could be ascribed as follows
[33, 34]:

LiT + e~ + electrolyte — SEI
SnO + 2Li* 4 2¢~ — Sn + Li,O
Sn 4 xLit 4+ xe” < Li,Sn
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Fig. 3 TEM and corresponding HRTEM images of
a, b SnO-S

¢, d SnO-C and

e, f SnO-B
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Fig. 4 CV of
a SnO-C
b SnO-B and

¢ SnO-S in the first and second cycles
d Initial discharge—charge profiles of SnO-C, SnO-B, and SnO-S at the
current density of 50 mA g~

In addition, SnO-C electrode shows a larger integral area
of CV profiles in comparison with the SnO-B and SnO-S electro-
des, indicating that SnO-C could deliver higher capacity. As
shown in Fig. 3d, they deliver similar discharge capacity
(1300 mAh g™ ") in the first cycle, but very different charge capacity
(892 mAh g~ for SnO-C; 729 mAh g~' for SnO-B; 567 mAh g~
for SnO-S). This demonstrates that SnO-C has more excellent
Li-ion insertion/extraction ability, which contributes to its enhanced
electrochemical properties.

Fig. 5a shows the cycling performance of the SnO-C, SnO-B,
and SnO-S at 50 mA g~'. All tested electrodes undergo sharply
decrease during the first 30 cycles then nearly keep stable,
which ascribes to the pulverisation of electrodes. At 80 cycles,
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Fig. 5 Electrochemical performances of

a Cycling behaviour of the SnO-C, SnO-B, and SnO-S at 50 mA g

b Rate performance of the SnO-C, SnO-B, and SnO-S electrodes at varied
current densities

¢ Discharge capacity retention of the SnO-C, SnO-B, and SnO-S electrodes
at 100, 200, 500, 1000, and 2000 mA g

d Nyquist plots of EIS of the SnO-C, SnO-B, and SnO-S electrodes tested
after 80 charge/discharge cycles
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the SnO-C electrode delivers a reversible capacity of about
262mAh g~', displaying higher capacity than SnO-B
(203 mAh g7'). While SnO-S electrode exhibits only
112mAh g~" after 80 cycles. Rate performance of the SnO-C,
SnO-B, and SnO-S was evaluated in Fig. 5b. It is clear that
SnO-B shows the highest discharge capacity among the three elec-
trodes at various current densities. As shown in Fig. 5S¢, the SnO-C
electrode can deliver a discharge capacity of 870, 576, 455, 350,
208, and 112 mAh g_1 at the current density of 50, 100, 200,
500, 1000, and 2000 mA g~', respectively, which is higher than
that of SnO-B and SnO-S electrodes. When the rate is reset to
50mA g~' after 42 cycles, the capacity of SnO-C electrode
recovers to some extent, to about 220 mAh g™, is indicating the
good rate capability of SnO-C electrode. To understand the differ-
ence in electrochemical performance among SnO-C, SnO-B, and
SnO-S electrodes, an EIS was measured shown in Fig. 5d4. All the
curves consist of a depressed semicircle in the high-medium fre-
quency region and an inclined line in the low frequency region.
Generally, the diameter of the semicircle represents the charge
transfer impedance (Rct), which is generated by the Li-ion transfer
between the electrolyte and the working electrode surface [35]. It is
obvious that the Rct of SnO-C is smaller than that of SnO-B and
SnO-S, indicating the diffusion of Li ions in the SnO-C electrode
is rather easier. Combined with the electrochemical test results,
we can conclude that the SnO-C electrode presents higher capacity,
better cycling stability and smaller Rct value in comparison with the
SnO-B and SnO-S electrodes. This could be related to the structural
stability of SnO-C electrode, which can be understood by SEM
analysis after cycles.

The cycled SnO electrodes with different morphology were
examined by SEM analysis at the fully charged state. As shown
in Fig. 6a, the crossed-like structure of SnO-C has changed into
several microspheres with many particles assembled, indicating
that the crossed-like SnO could maintain its original morphology
to some extent. This could provide a reasonable explanation for
the cycling stability of SnO-C. While SnO with block (SnO-B)
and shell (SnO-S) structures present collapsed and
agglomerated morphology, showing poor structural stability. The
agglomerated morphology may hinder the charge transfer in the
electrode and lead to more inferior cycling stability to
SnO-C. Based on the above experimental results, the difference
of electrochemical performance among SnO-C, SnO-B, and
SnO-S could ascribe to size, crystallinity and structural stability.
SnO-C electrode shows smaller particle size and higher crystallinity
in comparison with SnO-B and SnO-S. The small size could shorten

Fig. 6 SEM images of

a SnO-C

b SnO-B and

¢ SnO-S electrodes after 80 cycles
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the diffusion paths of Li" in the electrode and high crystallinity with
the atomic structure arranged regularly facilitates the fast transfer of
Li" and electron. In addition, the stable structure is beneficial to
obtain long-term cycling stability. Therefore, we conclude that
small particle size, high crystallinity, and good structural stability
are more advantageous to obtain enhanced electrochemical
performance.

4. Conclusions: In summary, the pure phase of SnO with crossed,
block, and shell like structures was prepared by a simple
hydrothermal method. The electrochemical performance of the
SnO with various structures was obtained by galvanostatic
charge—discharge measurements. It is found that the cycling and
rate properties of the crossed SnO are superior to that of the
block and shell-like SnO. The first reversible capacity of crossed
SnO could reach to 892mAh g~ at a current density of
50mA g~ ! and the capacity of 262 mAh g~' can be still kept
after 80 cycles. Even tested at 2000 mA g_l, the crossed SnO
could deliver a discharge capacity of 112 mAh g~'. This superior
electrochemical performance is ascribed to the unique crossed
morphology with small particle size, high crystallinity, and good
structural stability. These results suggest that the morphology and
particle size have a significant influence on the synthesis SnO
electrode materials with enhanced performance.
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