Hydrothermally hollow SnO, microspheres as sodium ion battery anode
with high capacity and superior stability
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Hollow SnO, microspheres were synthesised through a hydrothermal process with post-calcination in air. Compared with commercial SnO,
nanoparticles, this organised and hollow SnO, microspheres show a 3.3-3.6 times higher charge/discharge capacity, a superior cycling
stability and a higher Coulomb efficiency when used as an anode material for sodium ion batteries (SIBs). The superior performance of
hollow SnO, microspheres was mainly attributed to the hollow structure with number of smaller nanoparticles. Compared with the
disordered commercial SnO, nanoparticles, the organised and hollow SnO, microspheres with mesopores and micropores not only can
facilitate charge transfer between the electrode and electrolyte, improve electronic and ionic transports, but also can accommodate the
volume change to enhance the cycling stability of SnO,-based SIB anodes. This work also demonstrates that the unique hollow structures

can be broadly used to construct electrode nanomaterials.

1. Introduction: Due to the high availability of sodium sources,
sodium ion batteries (SIBs) have recently gained great interest
as a low-cost alternative to lithium-ion batteries for large-scale
electric storage applications [1-5]. However, there is a limited
choice of electrode materials that can accommodate or allow for
reversible insertion—extraction process of Na ions. In the
past decade, a large variety of materials have been developed
as sodium storage cathodes, such as sodium transition metal
oxides, polyanion fluorophosphates, hexacyanoferrate, sulphates,
organic polymers and so on [6, 7]. These studies demonstrated
that some SIBs cathode materials showed excellent performances
comparable to their lithium-ion battery counter-parts [8—11].

Whereas, compared with the cathodes, less attention has been
given to the anode of SIBs. Searching anodes with excellent inser-
tion—extraction process of Na ions has become a major issue for the
successful development of commercial SIBs, and extensive efforts
have been devoted to the development of it [12]. Alcantara reported
that hard carbon can deliver a capacity of up to 300 mAh g~'
because Na ions can absorb onto the surfaces of nanopores [13].
However, Na-intercalated hard carbon (Na,C) has higher reactivity
with the non-aqueous electrolyte than that of Li,Cs, raising new
concerns about the stability of the electrolyte [14, 15].

Tin-based materials deserve special attention as they offer a
promising alternative to carbon as anode materials due to their
high theoretical capacity (Sn: 847 mAh g™!, SnO,: 667 mAh g™',
as compared to 372 mAh g™' for graphite). Recently, there are
reports that SnSb/C, Sn nanorods with a unique core shell structure,
SnO, nanowires as an anode material for SIBs can reversibly alloy
with Na, providing a good cycling stability and rate capability
[16-18]. On the basis of theoretical calculation, Sn can electro-
chemically react with sodium to yield a final alloy Na;sSny, corre-
sponding to a theoretical capacity of 847 mAh g~'. These studies
clearly demonstrated that Sn or Sn oxides are suitable attractive
anode materials for Na-ion batteries [19-22]. Still, to date, there
have been very limited experimental studies on Sn and Sn oxides
for reversible Na ion insertion.

Herein, hollow SnO, microspheres were synthesised simply by
a hydrothermal method with post-calcination at 450°C in air for
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a anode of sodium ion batteries. Due to the unique architecture,
the hollow SnO, micro-spheres show the higher Na" storage capaci-
ties and better electrochemical characteristics than that of commer-
cial SnO, used.

2. Experimental section

2.1. Synthesis of SnO, microspheres: Initially, 4.207 g SnCly-5H,0
dissolved in 24 ml deionised water was used as the precursor.
Then 2.738 g glucose was added into above solution with stirring
for several minutes. After that the mixture was transferred into
a 50ml Teflon-lined stainless steel autoclave, sealed and
maintained at 160°C for 12 h, and then cooled down to room
temperature naturally. The precipitates were separated by
centrifugation and washed several times with deionised water and
absolute ethyl alcohol and freeze-dried to obtain the composite.
In synthetic procedures, glucose plays the role of the carbon
source in the hydrothermal process. The powder was then
annealed at 450°C for 4 h in dry air. The black sediment turned
white indicating the successful removal of carbon by oxidisation
in air (hollow SnO, micro-spheres). The commercial SnO,
powder (200 mesh) was bought from Aladdin Co. (China), and
milled for 1 h in a shaking miller (QM-3C).

2.2. Material characterisations: Scanning electron microscope
(SEM) and transmission electron microscope (TEM) testings were
performed on JSM-6610 and JEM-2010 electro-microscopes,
respectively. X-ray diffraction (XRD) measurements were carried
out on a XRD-7000 X-ray diffractometer using Cu-Ko
radiation at A=0.154 nm. Thermal stability was measured with a
NETZSCH 409PC in dry air. The specific surface area and
pore-size distribution were determined by the Brunauer—-Emmett—
Teller (BET) measurement by employing an ASAP-2010 surface
area analyser. Raman spectra were collected by an Invia
Refl (Renishaw, UK) under ambient conditions, from 2000 to
200 cm™" with 532.8 nm laser light.

2.3. Electrochemical characterisations: Anodes were prepared on

Cu foils with slurries consisting of 80 wt% active material, 10 wt%
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polyvinylidenefluoride as a binder, 10 wt% super P carbon as a
conductive medium and Nmethyl-pyrrolidone as a solvent. The
electrodes were then dried at 120°C for overnight in a vacuum
oven. The coin type cells (CR 2032) were assembled with
sodium metal as the counter electrode. 1 M NaClO4 in a mixture
of ethylene carbonate/propylene carbonate (in a volume ratio of
1:1) with 5 wt% fluoroethylene carbonate (FEC) additive as the
electrolyte, and the separator was a micro-porous membrane
(Celgard 2135). The cells were assembled in an argon-filled
glove box. The galvanostatic charge/discharge experiments were
conducted at a voltage of 0.05-2.0 V versus Na'/Na on a land
system (China). Cyclic voltammogram (CV) measurements were
carried out at a scan rate of 0.1 mVs™' using a CHI 660E
electrochemical workstation. All the electrochemical tests were
carried out at ambient temperature. Electrochemical impedance
spectroscopy (EIS) measurements were also conducted on CHI
660E in the frequency range of 0.01-10° Hz at open circuit voltage.

3. Results and discussion: Figs. 1a and 2a show the XRD pattern
of as-prepared hollow SnO, microspheres and commercial SnO,
nanoparticles, respectively. All the main peaks in the XRD
pattern (Figs. la and 2a) can be well indexed to the tetragonal
structure (rutile type) of SnO, (JCPDS Card No. 41-1445). The
nanocrystal size of hollow SnO, micro-spheres can be calculated
from the average of three most intense peaks of the XRD data
using the Scherrer formula

D =kA/Bcos 0 1

where D is the mean size of the nanocrystal particles, k is the
dimensionless shape factor, § is the line broadening at half
maximum intensity. The average particle size of hollow SnO,
microsphere is ~15.5 nm. For commercial SnO, nanoparticles,
the average particle size is around 18.6 nm, which is similar as
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Fig. 1 XRD pattern, Raman spectrum, nitrogen adsorption and desorption
isotherm of the hollow SnO; spheres

a XRD pattern

b Raman spectrum

¢ Nitrogen adsorption and desorption isotherm (inset) and pore diameter
distribution curve of the hollow SnO, spheres
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Fig. 2 XRD pattern, Raman spectrum, nitrogen adsorption and desorption
isotherm of the commercial SnO, nanoparticles

a XRD pattern

b Raman spectrum

¢ Nitrogen adsorption and desorption isotherm (Inset) and pore diameter
distribution curve of the commercial SnO, nanoparticles
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0.263 nm (101)

N

Fig. 4 SEM and TEM images of hollow SnO, microspheres
a, b SEM image
¢, d TEM image

that of hollow SnO, microspheres. This suggests that the
commercial SnO, nanoparticles could be served as a control.

Figs. 1b and 2b show Raman spectra of the hollow SnO, micro-
spheres and the commercial SnO, nanoparticles, respectively.
Raman scattering peaks for as-prepared hollow SnO, microspheres
were observed at 460.4 and 606.5 cm™', corresponding to the
E, and A, vibration modes, respectively [23]. For commercial
SnO, nanoparticles, the position of these peaks is located at
462.1 and 608.3 cm™'. The little difference can be attributed to
the different synthesis methods and environments. Raman spectra
further illustrate that the commercial SnO, nanoparticles are suit-
able as a control sample.

The porosities of the commercial SnO, nanoparticles
and as-prepared hollow SnO, microspheres were measured by the
nitrogen adsorption—desorption isotherms (Figs. 1c¢ and 2¢). The
BET specific surface area of the hollow SnO, microspheres is
97.4m” g™, which is 3.3 times higher than that of commercial
SnO, nanoparticles (29.7 m*> g™, Fig. 2¢). The pore diameter distri-
bution curve of hollow SnO, microspheres shows that the most
probable pore diameter is about 4 nm. These mesopores facilitate
the penetration of electrolyte and transportation of Na' ions. For
commercial SnO, nanoparticles, the most probable pore diameter
is about 3—4 nm.

In Fig. 3, the commercial SnO, nanoparticles show a disordered
and aggregated morphology. Fig. 4 shows the SEM and TEM
images of the as-prepared hollow SnO, microspheres. Figs. 4a
and 4b exhibit a sphere shape with an average diameter of about
200-300 nm. Small grains on the shell of a sphere can be clearly
observed. The average size of SnO, grains size is about 15.5 nm,
which is in good agreement with the results of XRD patterns
(Fig. la). In Fig. 4b, a break SnO, sphere can demonstrate the
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Fig. 5 CV curves, charge/discharge profiles and cycling performance

a CV curves at a scan rate of 0.01 mV s™' using hollow SnO, microspheres
as an anode for SIBs

b Charge/discharge profiles of hollow SnO, microspheres at a current
density of 100 mA g™

¢ Cycling performance at selected cycles between 0.05 and 2.0 V at a current
density of 100 mA g~' of hollow SnO, microspheres. Inset is the rate
performance of hollow SnO, microspheres

hollow structure. TEM image of the hollow SnO, microspheres can
further confirm that it is a hollow sphere structure (Fig. 4c). In
Fig. 4d, a lattice fringe of 0.263 nm can be observed in the high-
magnification TEM image of hollow SnO, microspheres, corre-
sponding to the (101) plane of rutile SnO,.

Electrochemical performances of the hollow SnO, microspheres
were investigated by using coin type Na cells (Fig. 5). Fig. 5a
shows the CV curves of hollow SnO, microsphere anodes in the
first three cycles at a scan rate of 0.1 mV s™' between 0.05 and
2.5V in SIBs. In the first cathodic scan, the peaks ranging from
1.0 to 0.25 V are associated with the irreversible decomposition
of the electrolyte and reaction of SnO, with Na' to form Na,Sn
alloys embedded into the Na,O matrix [24, 25]. There are three
oxidation peaks in the oxidation process that correspond to the
reversible de-alloying of Na,Sn. The decrease of the redox peak
intensities of the subsequent two cycles implies the irreversible
capacity loss in the charge—discharge process, which is mainly
associated with the formation of a solid-electrolyte interface (SEI)
film on the electrode. The location of the three peaks remained
almost unchanged during the subsequent cycles indicating good
electrochemical reversibility of the hollow SnO, microsphere
electrode. In an anodic scan of hollow SnO, spheres composite
for SIBs, three anodic peaks at 0.24, 0.60 and 0.75 V are attributed
to the desodiation of Na;5Sn4 + NagSny, NaSn and NaSns, respect-
ively. The number of peaks is less than that of porous carbon/tin
composite, because that the two peaks of Na;sSn, and NagSny
were very close and perhaps been merged in Fig. 5a [26, 27].

Figs. 5b and 5c¢ show the galvanostatic charge/discharge and
cycling performances of commercial SnO, nanoparticles
and hollow SnO, microspheres at a constant current density of
100 mA g~', respectively. In the first discharge, the commercial
SnO, nanoparticles and hollow SnO, microspheres deliver an
initial discharge capacity of 228 and 852 mAh g™, respectively.
However, the charge capacity of commercial SnO, nanoparticles
and hollow SnO, microspheres is only 116 and 430 mAh g™, re-
spectively. It suggests that both SnO, samples have almost same
Coulomb efficiencies of 50% in the first charge/discharge cycle,
but the hollow SnO, microspheres have totally high charge/
discharge capacities due to its high specific surface area. The
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Fig. 6 Nyquist plots of hollow SnO, microspheres and commercial SnO,
nanoparticles measured at open circuit voltage in the frequency range of
0.01-10° Hz

irreversible capacity of the first cycle mainly results from the
formation of SEI and irreversible sodium insertion into SnO,.
Furthermore, for hollow SnO, microspheres in Fig. 5b, the dis-
charge capacity retention was 363, 286, 234, 177 mAh g~ after
2nd, 5th, 10th, 20th cycles, respectively. On charge capacity, the
charge capacity retention of hollow SnO, microsphere was 353,
282,227,176 mAh g_1 after 2nd, 5th, 10th, 20th cycles, respective-
ly. For commercial SnO, nanoparticles (Fig. 5c), the discharge cap-
acity retention was 133, 87, 69, 56 mAh g_1 after 2nd, 5th, 10th,
20th cycles, respectively. The charge capacity retention of commer-
cial SnO; nanoparticles was 98, 78, 64, 55 mAh g_1 after 2nd, 5th,
10th, 20th cycles, respectively. Compared with hollow SnO, micro-
spheres, the commercial SnO, nanoparticles show rapid capacity
fading with the following cycles.

To reveal the stability of hollow SnO, microspheres, the cycling
performances of hollow SnO, microspheres and commercial
SnO, nanoparticles based SIBs were measured at current density
of 100 mA g~ as shown in Fig. 5c. The hollow SnO, microspheres
have greatly higher charge/discharge capacity and superior cycling
performance than that of commercial SnO, nanoparticles.
Moreover, the hollow SnO, microspheres have a better Coulomb
efficiency during the whole measurements than that of commercial
SnO, nanoparticles. The rate performance of hollow SnO, micro-
spheres is summarised in the inset of Fig. 5c. The SIB cells
based on hollow SnO, microspheres were cycled at four different
current densities of 20, 50, 100 and 200 mA g~' in a voltage
window of 0.05-2.0 V. As the current density increase, the
charge/discharge capacity decrease gradually. Upon decreasing
the current density from 200 to 20 mA g~", 69.0 and 77.6% cap-
acity retentions are observed, corresponding to discharge and
charge processes, respectively. This indicates that the hollow
SnO, microspheres have an acceptable rate performance.

The kinetic property of hollow SnO, microspheres of fresh cells
was measured by EIS (Fig. 6). The Nyquist plots indicated
restrained semicircles in the high-to-medium frequencies, which
relates to the charge transfer resistances (R.) for both anodes.
The hollow SnO, microspheres have a lower charge transfer resist-
ance than that of commercial SnO, nanoparticles, which can be
attributed to the enlarged reactive area of hollow SnO, micro-
spheres than that of commercial SnO,, indicating faster Na" inser-
tion/extraction kinetics across the electrode/electrolyte interface
(Fig. 6). More important, the ordered SnO, microspheres could fa-
cilitate the charge transport/transfer compared with the disordered
SnO, nanoparticles. The ex situ XRD pattern of the hollow SnO,
microspheres after being fully discharged to 0.05 V shows that
the Na;sSny were observed (Fig. 7), which coincide with the
result obtained by Jiangfeng Qian.

The superior performance of hollow SnO, microspheres in SIBs
was mainly attributed to the hollow structure with number of
smaller nanoparticles. The spacing among smaller nanoparticle
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Fig. 7 Ex situ XRD pattern of the full discharged hollow SnO, microspheres

size can shorten the diffusion distance of electrolyte ions and reduce
the absolute stress/strain during cycling. Compared with the
disordered commercial SnO, nanoparticles, the organised and
hollow SnO, microspheres with mesopores and micropores
not only can facilitate charge transfer between the electrode and
electrolyte, improve electronic and ionic transports, but also can
accommodate the volume change to enhance the cycling stability
of SnO,-based SIB anodes.

4. Conclusions: In summary, the hollow SnO, microspheres were
obtained by a hydrothermal method with post-calcination in air. The
hollow SnO, microspheres exhibit a sphere shape with an average
diameter of 200-300 nm and an empty part in the core of it.
There are small grains on the shell of the microspheres with an
average size of 15.5 nm. This hollow SnO, microspheres show
3.3 times higher specific surface area than that of commercial
SnO, nanoparticles. The electrochemical measurements show
the hollow SnO, microspheres have around 3.3-3.6 times higher
charge/discharge capacity and superior cycling stability and
Coulomb efficiency than commercial SnO, nanoparticles when
used as an anode material for SIBs. The organised and hollow
SnO, microspheres with mesopores and micropores are the origin
of the superior battery performances, which can provide more
facility on charge transfer, mass transport and volume change.
The hollow SnO, microspheres with excellent performance for
SIBs might be a promising anode material for SIBs. The unique
hollow microsphere structure can also be served as a good choice
for SIBs nanomaterials construction.
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