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Abstract: Porous SnO: nanostructures with controlled shapes were synthesized by a facile morphologi-
cally conserved transformation from SnC2O4 precursor approach. Well-defined SnC20O4 nanostructures can be
obtained through a solution-based precipitation process at ambient conditions without any surfactant. The
formation mechanism of such microstructures was tentatively proposed on the basis of intrinsic crystal struc-
ture and the reaction conditions. We found that the morphologies of precursor were well maintained while
numerous pores were formed during the annealing process. The combined techniques of X-ray diffraction, ni-
trogen absorption—desorption, field emission scanning electron microscopy, and (high-resolution) transmission
electron microscopy were used to characterize the as-prepared SnOs products. Moreover, cyclic voltammetry
(CV) study shows that the shape of CV presents a current response like roughly rectangular mirror images with
respect to the zero-current line without obvious redox peaks, which indicating an ideal capacitive behavior of
the SnO2 electrodes. The photoluminescence (PL) spectrum study suggests that the as-obtained porous SnO2
nanostructures might have a large number of defects, vacancies of oxygen, and local lattice disorder at the
interface, interior and exterior surfaces.
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Introduction

As one of the versatile functional materials with a sta-
ble wide band gap of 3.6eV, SnO5 has drawn immense
attention to its fascinating physicochemical properties
and potential applications in numerous fields, such as
transparent conductive electrodes, anodes for lithium
ion batteries, dye-sensitized solar cells, and chemical
gas sensors [1-4]. Recent studies show that the perfor-
mance of SnOs in these applications mainly depend on

its morphology and structural features. Accordingly,
considerable effort has recently been devoted to syn-
thesizing SnO, nanostructures with different morpholo-
gies, including SnO5 octahedra, nanorods, nanowires,
nanobelts, nanotubes, hollow spheres, and mesoporous
structures [5-15]. Particularly, nanoporous structures
have attracted considerable attention due to their im-
proved performance compared with their solid counter-
part, such as large surface area, efficient catalytic ac-
tivity, and structural stability [16]. It is believed that
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nanoporous structures with controllable shapes might
allow us to harvest advantages of both morphology and
porous structure, which could widen their applications.

Typically, the template-assisted approach has been
demonstrated to be an effective route that can be em-
ployed to produce porous SnOs nanostructures. For ex-
ample, mesoporous SnO, has been synthesized through
structure replication (nanocasting) from ordered meso-
porous KIT-6 silica by Tiemann and co-workers [17].
Qi and co-workers employed 1D silica mesostructures
as sacrificial templates to synthesize SnOs nanotubes
with preserved morphologies via a simple hydrothermal
route [18]. Highly ordered mesostructures of SnO; have
been obtained via an evaporation-induced self-assembly
process [19]. However, to obtain pure porous materials,
these template strategies encompass the need to remove
the template through calcinations at elevated tempera-
tures or wet chemical etching with an appropriate sol-
vent. In some cases, the pore structure would be de-
stroyed or the wall has poor mechanical strength during
the template removal process. Moreover, template con-
tamination mostly decreases the activity of synthesized
materials and the removal of residues is difficult, which
limit their performance [20]. Furthermore, the mor-
phologies of the porous structures are limited due to
the difficulty in fabricating templates with diverse mor-
phologies. Therefore, the development of cost-effective
methods, suitable for the large-scale synthesis of SnO,
nanoporous structures with adjustable morphologies,
remains to be a huge challenge.

Recently, morphology conversion transformed from
precursor route has been explored to generate other
nanostructures that might be difficult to synthesize di-
rectly. For instance, Xia and co-workers have demon-
strated that the porous SnOs nanowires can be ob-
tained by calcination nanowires precursor, which has
been prepared by reflux in the polyalcohol medium at
a high temperatures [21]. SnSs also could be serving
as a precursor to generating porous SnOs nanostruc-
tures with preserved morphologies via a simple calci-
nation process [22]. Tin oxalate can be used as an
alternatively precursor which can be producing SnOq
due to their easy synthesis, low cost, good structure
stability, and relatively low decomposition temperature
in air [23]. For example, tin oxalate submicrotubes,
nanorods, and flowers-like structures can be obtained in
the presence or absence of the surfactant. Porous SnO;
nanostructures can be obtained after calcination tin ox-
alate precursor at the relatively high temperatures (typ-
ically 500°C) in air [24-27]. Despite these advantages, it
is still a great challenge to synthesize tin oxalate nanos-
tructures in high quality in terms of well-defined shape
and ease of fabrication. Herein, we report a simple
but effective approach for producing mesoporous SnOs
nanostructures via a two step process. SnC,04 with
three distinct morphologies, i.e., microfibers, nanorod-
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bundles and sheaflike shape, have been successfully syn-
thesized via a solution-based precipitation process in
a selective manner. We found that the shapes of the
tin oxalate could be tuning just through simply alter-
ing the solvents used. During heating at 350°C in air,
SnCs0,4 undergoes a transformation to SnOy without
altering the morphology of their respective precursors.
This facile efficient and economic work provides a new
route to synthesize mesoporous SnO; nanostructures
with controllable shape.

Experimental

Synthesis of SnC504 microfibers: In a typical pro-
cedure, 1 mmol of oxalic acid (HoC204) and an equal
mole ratio of tin chloride dihydrate (SnCly-2H20) were
first dissolved in 15ml of tetrahydrofuran (THF) un-
der continuous magnetic stirring to form a transparent
and clear homogeneous solution. Then 6 ml of deion-
ized (DI) water was added dropwise. After stirring for
5 minutes, the as-prepared white precipitate was sepa-
rated by centrifugation, washed with ethanol for several
times, and dried in a vacuum at 60°C for 12h.

Synthesis of SnC504 nanorod-bundles: the synthetic
procedure was similar to that reported for nanorod bun-
dles, except HoC204 and SnCls - 2H5O were first dis-
solved in 15ml of dmethyl sulfoxide (DMSO).

Synthesis of SnC;04 sheaf like structures: the syn-
thetic procedure was similar with above except HoC20y4
and SnCls - 2HoO were first dissolved in 15ml of N-
methyl-2-pyrrolidinone (NMP).

All the chemical reagents (analytical grade) were
used as received without further purification. Deion-
ized water used in all experiments. For brevity, the as-
obtained samples were labeled as the sample Al, A2,
and A3, respectively.

Porous SnOs nanostructures were obtained by an-
nealing the as-prepared SnC.0,4 at 350°C at a heat-
ing rate of 2°C min~! for 2 h in air. The decomposed
samples were labeled as A1-350, A2-350, and A3-350
corresponding to the calcining temperatures of 350°C.

The phase structure of the products was measured
by powder X-ray diffraction (XRD) experiments on
a RigaKu D/max-RB diffractometer with Ni-filtered
graphite-monochromatized Cu Ka radiation (A =
1.54056 A). The morphology and particle sizes were ob-
served by field emission scanning electron microcopy
(FESEM, JEOL JSM-6701F). High-resolution trans-
mission electron microscopy (HRTEM) studies were
carried out on FEITECNAIF TEM (FEI, Tecnai 30)
operating at an acceleration voltage of 300kV. Sam-
ples were prepared by first dispersing the final powder
in ethanol through ultrasonic treatment and the dis-
persion was dropped on a carbon-coated copper grid
and followed by drying the samples in air for obser-
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vation. The specific surface area was estimated by
the Brunauer-Emmet-Teller (BET) method based on
nitrogen absorption-desorption (Micromeritics ASAP
2020).The desorption isotherm was used to deter-
mine the pore size distribution via the Barret-Joyner-
Halender (BJH) method. Thermogravimetric analysis
(TG) of the precursor was performed on a Netzsch STA-
409 PG/PC thermogravimetric analyzer (Germany).
The TG curve was recorded in a dynamic atmosphere
at a heating rate of 10°C min~! in the temperature
range of 50~500°C. The photoluminescence (PL) spec-
trum was measured at room temperature using a Xe
lamp with a wavelength of 325nm as the excitation
source.

Preparation of electrodes and electrochemical mea-
surement: the fabrication of working electrodes was
carried out as follows. Briefly, the electroactive materi-
als (SnOy), carbon black and poly (tetrafluoroethylene)
were mixed in a mass ratio of 75:20:5 and dispersed in
ethanol to form a homogeneous slurry. Then the result-
ing mixture was pressed onto a nickel grid (1x1cm?)
and dried at 100°C overnight. Cyclic voltammetry
(CV) measurements were done in a three-electrode cell
with Pt foil (1x1cm?) as the counter electrode and a
saturated calomel electrode (SCE) as the reference elec-
trode. The used electrolyte was 1 M aqueous KCI so-
lution. CV tests were employed on an electrochemical
workstation (CHI 660B, Chenhua, Shanghai) between
—0.6V and —0.35V (vs. SCE) at different scan rates
of 5 and 10mV s~ 1.

Results and Discussion

In the present study, various SnC;0y4 structures can
be obtained by a simple precipitation process. The
powder X-ray diffraction (XRD) patterns, as described
in Fig. 1 shows that all the diffraction peaks are readily
indexed to monoclinic tin oxalate (JCPDS Card No. 51-
0614) without any impurities. The as-obtained three
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Fig. 1 XRD patterns of the as-prepared SnC20O4 prod-
ucts, (a) microfibers, (b) nanorod-bundles, and (c) sheaflike
shape.
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products have the similar XRD pattern indicating that
the pure SnC>04 product can be obtained under these
experimental conditions. Moreover, the strong diffrac-
tion peaks suggest that the as-prepared samples are well
crystallized.

The morphology of obtained SnCy0,4 was first ex-
amined by FESEM. Representative FESE images are
shown in Fig. 2(a)-(h). The fiber-like particles are
formed with a diameter about 200~300 nm, and lengths
up to tens of micrometers with smooth surface (see
Fig. 2(a) and 2(b)). When the solvent was changed
to DMSO, nanorod-bundles were obtained (as shown
in Fig. 2(c)). As shown in Fig. 2(d), the individual
bundle comprised numerous nanorods with a diame-
ter of about 50 nm and a length up to 20 um. From the
cross sectional image (see Fig. 2(e)), indicating that the
nanorods are well-aligned despite the surface layer dec-
orated with some nanorods in a disordered fashion. Oc-
casionally, some well aligned nanowires-bundle can also
be observed. As shown in Fig. 2(f), the well-defined
nanowires-bundle with a diameter about 6 um which
was composed of a lot of closely aligned nanowires par-
allel to the long axis. Quite interestingly, when NMP
was used as the solvent, sheaf-like product was ob-
tained. As shown in Fig. 2(g), sheaflike particles with
a bundle of filamentary crystals have been bandaged in
its middle, with the top and bottom fanning out while
the middle remaining thin. The individual filaments
have an average diameter of 100nm, and the sheaves
are 10 um in length. Based on the results in this study,
it can be concluded that the morphology of the SnCsO4
was drastically influenced by the solvent. Our conclu-
sions are based on two aspects. First, it is well-known
that the intrinsic highly anisotropic bonding in the crys-
tallographic structure plays a crucial role to direct the
SnC204 with different growth patterns. SnC,04 has
a monoclinic lattice with three molecules per unit cell.
Each Sn atom has four nearest-neighbor oxygen atoms
at distances that are approximately the sum of the co-
valent radii and beyond these; there are three or four
additional neighbors at distances that are not much
larger (see Fig. 3). This structure can be thought of
as made up of infinite chains of stoichiometric composi-
tion running parallel to the (101) and close to the [001]
directions (see Fig. 4) [28]. Since the binding between
these chains is considerably weaker than that within
the chains, it suggests that cleavage may take place
in the (101) planes, and preferential growth occur in
the [001] direction [29]. These characteristics lead to
the observed anisotropy and strong tendency to form
1-D structures. Probably, SnC20O4 usually exhibiting
one-dimensional structures in the previous literatures
are related to their strongly anisotropic crystal struc-
ture. Alivisatos and co-workers have demonstrated that
the chainlike crystalline structure has a strong splitting
ability [29]. In our work, the splitting structure can
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Fig. 2 FESEM images of the as-prepared SnC20O4 products,

(a), (c), and (g) low magnification; (b), (d), and (h) high

magnification; (e) cross-sectional image, (f) a well-aligned nanowires assemble bundle.

Fig. 3 The image of SnC204 crystal structure projected
along [010] direction.

Fig. 4 The growth sequence of infinite chains viewed along
the [010] direction.

only be observed in NMP. Therefore, the solvent
also plays an important role to fine tuning the
morphology of the product. Previous studies sug-
gested that the variation in solubility, nucleation
and growth of the resultants, reaction kinetics, so-
lution properties, and stability of the particles in

different solvent systems, leading the formation of
nanostructures with different shapes [30]. There-
fore, the changes of the solvents could change the
nucleation and growth significantly, with which the
structure of the products would change accord-
ingly. Probably, NMP act as a surface stabilizer,
which favored for crystal splitting [29]. The similar
fractal growth has also been observed by Qi and
co-workers, they suggested that poly (methacrylic
acid) plays an important role in the fractal growth
of the SrC,04 aggregates, i.e. it interacts non-
specifically with SrCo04 crystals lead to the for-
mation of rod-like SrCsQ4 crystals which can act
as either the rod seed or the growing rods for the
successive fractal growth [31]. In our work, how-
ever, the formation of different aggregated struc-
tures is essentially in accord with their intrinsic
cell structure as well as the solvent.

Previous studies demonstrate that the oxalate
could be converted to the corresponding oxide via
simple calcination process. Form TG curve (see
Fig. 5), there was an obvious mass loss in the range
of 300~400°C, indicating they are decomposed dur-
ing in this temperature range. About 34.5% weight
loss is obtained and this is slightly higher than the
calculated weight loss of 27.8%, which is attributed
to the adsorbed water and/or solvent on the sam-
ples. The phase of the calcination product was
characterized by XRD. As shown in Fig. 6, all re-
flection peaks can be indexed to the pure phase of
SnQO, (Cassiterite, space group: P42/mnm) with
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lattice constants of a=4.73 A, ¢c=3.18 A, which are
consistent with the values given in the standard
card (JCPDS No. 2-1340). No peaks from other
phases can be detected, indicating that these ar-
chitectures of SnCyQy4 are going through complete
conversion to SnQOy after calcination at 350°C for
2h in air. Moreover, the XRD diffraction peaks
are relatively broad, indicating a nanocrystalline
nature of the product.

Representative SEM and TEM images of SnOq
product are shown in Fig. 7~9. From which, we
can see there was no significant change the mor-
phology of the SnC,04 precursor observed, but
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Fig. 5 Thermogravimetric analysis (TGA) curves of sam-

ples A1, A2 and A3 in air with a temperature ramp of 10°C
s -1

min~ .

Fig. 7 FESEM and TEM images of the SnO2 microrods

pattern.
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their surfaces become coarse. As indicated in TEM
data, numerous pore were formed among the pri-
mary nanoparticles due to the removal of organic
species in the precursor during annealing [30]. Fur-
thermore, the corresponding selected area electron
diffraction (SAED) patterns show distinct rings:
the rings from the innermost to the outside corre-
spond to the (110), (101), (200), (211), and (310)
planes of tetragonal phase of SnOq, which are con-
sistent with XRD result. This observation reveals
that the polycrystalline nature of the as-prepared
SnOy nanostructures. Figure 7 shows the morpho-
logical and structural characterizations of the

Intensity (a.u.)
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Fig. 6 XRD patterns of the products after calcination, (a)
microrods, (b) nanorod-bundles, and (c) sheaflike shape.

(a) lower magnification, and (b) higher magnification; (c¢) and (d)
TEM images; (e) HRTEM image, taking from the selected area marked by a square in (d).

(f) the corresponding SAED
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Fig. 8 FESEM and TEM images of the SnO2 nanorod-bundles (a) lower magnification, and (b) higher magnification; (c)
and (d) TEM images; The higher magnification TEM image (d) taking from the selected area marked by a circle in (c). (e)
HRTEM image, taking from the selected area marked by a square in (d). (f) the corresponding SAED pattern. The fringe

spacing of 0.334 nm corresponds to (110) plane of SnOs,.

Fig. 9 FESEM and TEM images of the sheaflike shape SnO3

(a) lower magnification, and (b) higher magnification; (c)

and (d) TEM images; The higher magnification TEM image (d) taking from the selected area marked by a circle in (c). (e)
HRTEM image, taking from the selected area marked by a square in (d). (f) the corresponding SAED pattern. The fringe
spacing of 0.33 and 0.266 nm corresponds to (110) and (101) planes of SnOs2, respectively.

sample A1-350 prepared by the calcination of Al at
350°C for 2h. From FESEM and TEM images (see
Fig. 7(a)-7(c)), we can see that the whisker-like
structures collapsed into porous microrods. Figure
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7(d) shows the HETEM image, the fringe spacing
of 0.236 and 0.333 nm corresponds to the (200) and
(110) planes of SnOy, respectively. For sample A2-
350, the FESEM and TEM images, as shown in
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Fig. 8, indicates that the morphology of precursor
was successfully conserved as well. The nanorod-
bundles with about 6 um in diameter and tens of
micrometers in length. The HRTEM image (see
Fig. 8(d)) and SAED pattern (as shown Fig. 8(e))
also reveal that the product is highly crystalline.
Figure 9 demonstrated that the sheaf-like nanos-
tructures also exhibited good thermal stability and
there was no substantial morphological alteration
after the annealing process. From the TEM (see
Fig. 9(c)) and HRTEM (see Fig. 9(d)) images, it
can be observed that the sheaf-like structures are
composed of porous nanorods with the diameter
about 100 nm. Each nanorod composed by lots of
nanoparticles, and abundant pore is formed among
these nanoparticles.
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Fig. 10 N2 adsorption—desorption isotherms of samples

A1-350 (a), A2-350 (b), and A3-350 (c).
corresponding pore size distributions.

The inset is the

The specific surface areas of the porous SnOs
with different shape are measured using BET
method. The nitrogen physisorption isotherm
exhibits a steep increase in the volume of ad-
sorbed nitrogen, typical of pore condensation in
mesoporous materials with uniform pore sizes (see
Fig. 9). The BET specific surface areas of these
three samples are measured to be 22.62m2%g™!,
82.67m?g~! and 66.43m?g~! for samples Al-
350, A2-350 and A3-350, respectively. The BJH
pore diameter distribution plots of the as-obtained
SnOy products show peak at 7.15, 6.43, and
7.63 nm confirming a high degree of uniformity of
the pores. Moreover, the capillary condensation
step is very sharp, also indicates a narrow distri-
bution of mesopores size. Figure 11 is the cyclic
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voltammetry (CV) of SnOs electrode in 1 M KCl at
the scan rate of 5 and 10mVs~! (the voltage win-
dows used for the three samples are from —0.6 V to
—0.35V). Figure 11 presents that all the samples
show a current response like roughly rectangular
mirror images with respect to the zero-current line
without obvious redox peaks, which is characteris-
tic of ideal capacitive behavior [32]. More detailed
investigations are still under progress.

Figure 12 shows the PL spectra of the as-
prepared SnO9 nanostructures measured at room
temperature and excited at 325nm. The fluores-
cence spectra show two high-energy emission peaks
at 357 and 397 nm and five weak low-energy emis-
sion peaks at 439.9, 450.6, 468.7, 483, and 492 nm.
The low-energy yellow emission is believed to re-
sult from crystal defects or defect levels associated
with oxygen vacancies, or tin interstitials formed
during the growth. The high-energy emission can-
not be assigned to the direct recombination of a
conduction electron in the Sn 4p band and a hole
in the O 2p valence band because of the excitation
and emission are both lower than the band gap of
SnOy sample (Eg=3.85eV). Generally, the origin
of the PL emission is mainly based on the electron
transfer made by lattice defects and oxygen va-
cancies and the emission wavelength of the oxide
material depends mainly on the particle’s shape,
size, and excitation wavelength [33]. The origin
of the UV peak may be related to structure de-
fects or nanocrystal grains. In the present work,
the PL curves are similar for these three samples,
probably resulting from the similar synthetic pro-
cedure. These as-obtained porous SnOy nanos-
tructures may have a large number of defects, va-
cancies of oxygen, and local lattice disorder at the
interface, interior and exterior surfaces.

Conclusions

In summary, well-defined SnCs0,4 nanostruc-
tures with different morphologies were synthesized
through simple solution-based direct precipitation
process. The formation mechanism of such a mi-
crostructure was tentatively proposed, based on
the intrinsic anisotropic crystal structure and the
reaction conditions. We found that the solvent
plays a vital role in determining the synthesis of
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Fig. 12 Room-temperature PL spectra of samples A1-350
(a), A2-350 (b), and A3-350 (c). PL spectrum was obtained
with an excitation wavelength of 325nm measured at room
temperature.

SnC504 product with different shapes. After con-
verting these three samples into pure SnO» by ther-
mal annealing, the obtained porous products with
high surface areas show no substantial morpho-
logical alterations. Moreover, cyclic voltammetry
(CV) study shows that the shape of CV presents
a current response like roughly rectangular mirror
images with respect to the zero-current line with-
out obvious redox peaks, indicating an ideal capac-
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itive behavior of the SnOs electrodes. PL spectra
study suggested that the as-obtained porous SnO-
nanostructures might have a large number of de-
fects, vacancies of oxygen, vacancy clusters and
local lattice disorder at the interface, interior and
exterior surfaces. This method can be easily con-
trolled and is expected to extend to fabrication
of other metal oxides with controlled shape and
structure.
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