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Highly aligned SnO, nanorods on self-produced Na,Sn(OH),
substrate have been synthesized by one-step hydrothermal
synthesis method. The TEM images indicate that the SnO,
nanorods are exposed with {110} facet. The formation
10 mechanism of the structure has been thoroughly researched
by changing the reaction time. The Sn0O,/Na,Sn(OH)¢
structure exhibits high-performance of lithium-ion battery.

Lithium-ion batteries have acquired tremendous interest for
portable electronic devices in a variety of consumers and medical
15 products because of their high theoretical capacity and long
cycle-life.'"? However, enhancing the charge/discharge rate
capability while maintaining the specific capacity enough high
remains a significant challenge.’ Developing high rate capable
electrode materials presents an important direction to improve
20 charge/discharge capacity.*® Metal oxides which have high
theoretical specific capacity have long been a kind of promising
alternative anode materials to graphite (372 mAh g').”!°
Recently, different kinds of metal oxides have been widely
exploited as the anode materials in lithium-ion batteries.

»s Among the various metal oxide materials, SnO, has been
regarded as a promising material for lithium-ion batteries anodes
due to its high theoretical energy capacity (790 mAh g).'"""?
However, significant capacity fading with cycling is a problem
due to enormous volume changes during Li alloying and

30 dealloying leading to metal segregation and crystallographic
deformation.'*!® To circumvent this problem, several approaches
have been proposed for creation of a highly stable SnO,-based
electrode structure. For example, surface modification on the
SnO, with a second phase,'™'® changing the morphologies of

35 Sn0,.""?" Constructing nanostructure electrode materials has
been demonstrated an important way to solve the problem due to
their better accommodation of the strains during Li-ion insertion-
desertion than in bulk materials.?>** Especially, constructing one-
dimensional (1D) nanostructure anode arrayed on a substrate is a

40 more effective solution against the volume change problem,
because the geometry of nanowires and nanorods is not easily
pulverized or broken due to facile strain relaxation.”>? For
example, Liu and co-workers synthesized SnO, nanorod arrays
on metallic substrates and demonstrated as a high-performace

ss anode material for lithium ion batteries.?® Qi et al. fabricated the
mesocrystalline SnO, nanorods on arbitrary substrates and
exhibited superior rate performance.”

Recently, numerous different techniques have been reported to
prepare 1D SnO, nanostructures including physical or chemical
so vapor deposition,**** pulsed laser deposition,® hydrothermal
synthesis,*® thermal evaporation,”” and solvothermal method.*®
Mostly, templates are used to grow and pattern the SnO,
nanostructures. For example, zheng and coworkers fabricated
SnO, nanowire arrays based on a highly-ordered nanoporous
ss alumina membrane (AAM).* Wu et al. synthesized arrays of
nanoporous tin oxide nanorods by electrodepositing of tin into
anodic aluminum oxide (AAO).* Hydrothermal synthesis has
been applied as an effective template-free method to synthesize
the 1D array structure. However, most of the synthesis of array
60 structures by hydrothermal synthesis requires addition of some
materials as the substrates. For example, Guo and co-workers
synthesis of SnO, nanoflower arrays using indium tin oxide (ITO)
glass as the substrate by hydrothermal synthesis.*' Xue et al.
fabricated Co3;04 nanoneedle arrays on copper foil substrate via
6s hydrothermal synthesis.*> According to our knowledge, well-
aligned SnO, 1D nanostructures arrays growing directly on the
self-produced have rarely been realized.

In this communication, we synthesized highly aligned SnO,
nanorods on self-produced Na,Sn(OH)s substrate by one-step
70 template-free hydrothermal synthesis method. The formation
mechanism of the structure has been thoroughly researched by
changing the reaction time. The SnO,/Na,Sn(OH)s (SN) structure
exhibits high-performance of lithium-ion batteries.
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Fig. 1 (a) XRD pattern of the SN array (b), (c), SN array at different

magnifications, (d) SEM image of SN array viewed from laterally, (e)

TEM image of an individual SnO, nanorod, insert: the corresponding

SAED pattern along the [110] axis, (f) the HRTEM image of the SnO,
5 nanorod.

The crystal structure and phase purity of the as-prepared
products have been characterized by X-ray powder diffraction
(XRD) (Fig. 1a). The XRD pattern of the products displays sharp
peaks in the 2theta between 20 and 80 degree. The diffraction

10 peaks have been marked by five-pointed star at 26.7, 34.1, 38.1,
39.5, 42.8, 52.2, 54.9, 58.4, 62.3, 65.2, 66.2, 71.4, 79.1 degree
corresponding to 110, 101, 200, 111, 210, 211, 220, 002, 310,
112, 301, 202, 321 reflections of the tetragonal rutile SnO,
(JCPDF: 00-002-1340), and the peaks marked by multi-angle star

1s at 21.4, 30.3, 30.8, 35.9 37.4 degrees correlate to the 012, 110,
104, 113, 202 reflections of Na,Sn(OH)s (JCPDF: 00-024-1143).
The morphology of the final product has been observed by SEM
images (Fig. 1b-d). The low-magnification SEM image in Fig. 1b
clearly shows the typical morphology of the as-obtained product,

20 and demonstrates the large scale of the product having rough
surface with tens of micrometres in dimension. Fig. 1c shows
high-magnification SEM images viewed from overhead, high
dense alignment rod on the substrate are clearly observed. The
density of SnO, grown nanorods is statistically counted to ca.

25 200-250 pm?™. The insert in Fig. lc is a cross-sectional SEM
image of the regarded SnO, nanorods arrays. It shows that the
SnO, nanorods have a diameter of ~ 50 nm. Fig. 1d viewed from
laterally is present. It shows that SnO, nanorods grow on the two
sides of the substrate, and the axial length of the nanorods is

30 estimated to be in the range of 150 - 200 nm. Fig. le shows a
low-magnification TEM image of an individual SnO, nanorod.
The corresponding selected area electron diffraction (SAED)
pattern (insert Fig. 1e) indicates that the SnO, nanorod is a single
crystal structure and projected from the [110] zone axis. It also

35 indicates that the growth direction of SnO, nanorod is parallel to
[001] crystalline orientation. The HRTEM image of the SnO,
nanorod edge in Fig. 1f shows that the crystal spacing is 0.345
nm corresponding well with the lattice fringes of {110} plane of
the tetragonal rutile structure SnO, crystal. These results indicate

40 that the exposed facets of the SnO, nanorods are {110} facets.

Fig. 2 Temporal evolution of SEM images of SN sample (a) 1 h, (b) 3 h,
(¢)6h,(d)8h.

In order to reveal the growth mechanism of the SN hierarchical
ss structure, a serial of time-dependent experiments have been
performed to observe the formation process of the product
obtained by the hydrothermal process at 200 °C for different time.
Fig. 2 shows the SEM images of intermediate products collected
at 200 °C after 1, 3, 6 and 8 h, respectively. The corresponding
s0 XRD patterns are recorded (Fig. 3). The peaks marked by the
frame are the rutile SnO, (110) reflection. When the reaction time
is 1 h, a great deal of bulk crystals with smooth surface have been
formed in a high yield (Fig. 2a). As shown in Fig. 3a, the
majority of the diffraction peaks can be indexed to Na,Sn(OH)g,
ssand the intensity of the SnO, peak is weak. Prolonging the
reaction time to 3 h, the surface of the bulk become coarseness
(Fig. 2b), the diffraction peaks of SnO, become relatively strong
(Fig. 3b). Further extending of the reaction time to 6 h,
interestingly, a large number of nanoparticles grow on the surface
o of bulk crystals (Fig. 2c). The diffraction peaks of rutile SnO,
become further strong (Fig. 3c). When the reaction time prolong
to 8h, the nanoparticles on the surface become vertical rods (Fig.
2d), the diffraction peaks of SnO, (110) reflection become
stronger (Fig. 3d). These results indicate that the material of the
65 substrates are Na,Sn(OH);, and the vertical rods are rutile SnO,.
And the SnO, nanorods gradually grow long with prolonging the
reaction time.
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Fig. 3 Temporal evolution of XRD patterns of SN sample (a) 1 h, (b) 3 h,
70 (¢) 6 h, (d) 8 h.

On the basis of the above experimental results, a possible
growth mechanism can be proposed, as shown schematically in
scheme 1. In this formation process, time was the most important
controlling factor. We speculate that the SN array structure are

75 formed in three steps. In the initial stage, SnCl, reacts with NaOH
to form Na,Sn(OH)g in the water and ethanol environment with
the assistant of PVP. With extension of the reaction time, the
surface of Na,Sn(OH)4s decomposed to small particles of SnO, as
the seeds. Due to the sustaining accumulation of SnO, seeds, the

so0 SnO, seeds on the Na,Sn(OH)y substrate promote the occurrence
of anisotropic growth and induce the formation of regular
nanostructures. Because of the intrinsic anisotropic nature of
rutile SnO,, it tends to grow along the [001] zone axis and with a
square cross-section. Therefore, the aligned SnO, rods on the
ss Na,Sn(OH)g substrate have been synthesized.
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Scheme 1 Schematic illustration of the formation mechanism of SN
arrayed hierarchical structure.

The products prepared at different reaction time are
investigated by the electrochemical properties as lithium-ion
batteries anode. Fig. 4 (a-e) respectively show the charge-
discharge voltage profiles of the sample prepared at different time
for the 1, 10", and 20" cycles at a current rate of 100 mA g’
over the potential range of 0.1 V to 2.5 V. The first discharge and
charge capacities are 1397 and 294 mAh g for the sample
prepared at 1 h, 1649 and 407 mAh g™ for the sample prepared at
3 h, 1745 and 717 mAh g for the sample prepared at 6 h, 1805
and 761 mAh g for the sample prepared at 8 h, 1930 and 867
mAh g for the sample prepared at 18 h. The theoretical energy
capacity of SnO, is about 790 mAh g', while the dates are
highter than the theroretical energy capacity, which was ascribed
to the formation of a solid electrolyte interface (SEI) layer due to
the electrolyte decomposition on the electrode surface. The
results indicate that the charge-dischrage capacity increased with
prolonging the reaction time. Fig. 4f presents the cycling ability
of the product prepared at different time. It also indicates that the
cycling ability increases with the prolonging the reaction time,
which could be attribute to the increasing density of SnO, arrays
with prolonging reaction time, and then enhance the charge
transport in SnO, arrays.

In summary, the highly aligned SnO, nanorods on self-
produced Na,Sn(OH), substrate have been synthesized by one-
step template-free hydrothermal synthesis method. The TEM
images indicate that the SnO, nanorods were exposed with {110}
facet. By changing the reaction time, we speculate that the SN
array structure are formed in three steps. The first step is forming
Na,Sn(OH)s substance and then the Na,Sn(OH)s substance
decomposes to small SnO, particles. With prolonging the reaction
time, the small SnO, particles gradually grow into SnO, nanorods
arrays. The performance of lithium-ion batteries indicate that the
charge-dischrage capacity and the cycling ability increase with
the prolonging the reaction time.
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Fig. 4 The charge/discharge curves of samples prepared at different time

40 (a) 1 h, (b)3h,(c)6h,(d)8h, (e) 18 h for the 1%, 10™ and 20™ cycle
between at 0.1 and 2.5 V at a rate of 100 mA g, (f) comparison of
cycling performance of the samples prepared at different time.
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Graphical Abstract

The highly aligned SnO, nanorods on self-produced Na,Sn(OH)s substrate have been synthesized and exhibit high-performance of Li-ion battery.
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