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Hierarchical SnO, microspheres consisting of nanosheets on the fluorine-doped tin oxide (FTO) glass substrates are
successfully prepared via a facile hydrothermal synthesis process. The as-prepared novel microsphere films were
characterized in detail by X-ray diffraction (XRD), field emission scanning electron microscopy (FE-SEM),
transmission electron microscopy (TEM), UV—vis diffuse reflectance spectroscopy. Moreover, SnO, nanoparticles
with 30—80 nm in size covered on the surface of nanosheets/microspheres were also obtained by optimizing the
hydrothermal reaction temperature, time, or volume ratio of acetylacetone/H,0. The detailed investigations disclose
the experimental parameters, such as acetylacetone, NH4F, and seed layer play important roles in the morphology of
hierarchical SnO, microspheres on the FTO glass. The formation process of SnO, microspheres is also proposed

based on the observations of time dependent samples.

Introduction

Nanostructured materials with hierarchical morphology
are of particular interest because of their potential applica-
tions in nanodevices." Complex three-dimensional (3D)
structures or films assembled from well-defined zero-dimen-
sional (0D), one-dimensional (1D), and two-dimensional
(2D) structures have received tremendous attention.>* More-
over, a number of functional nano/microdevices based on the
assembly of low dimensional nanostructured materials have
been variously investigated. Three dimensional microsphere
films with hierarchical structures on conductive substrate are
desirable for the potential applications in optoelectronics,”
displays,5 solar cells,® and so forth. However, up to the
current date, there are few reports on this issue.

Tin oxide (SnO,) as an environmentally friendly n-type semi-
conductor material with a wide direct band gap (£, = 3.6 eV
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at 300 K)” is a promising multifunctional material with
remarkable chemical, electronic, gas-sensing, and optical
properties,® which has been extensively studied. Recently,
SnO, has shown great technological applications in gas
sensors,”!° dye-sensitized solar cells,'! transistors,'? electro-
des for lithium ion batteries,''* catalyst supports,'® and
supercapacitors.'® It is well-known that the morphology, size,
and structure of a specific material strongly influence the
corresponding chemical, physical properties and their prac-
tical applications.” Considering these extensive applications,
a variety of methods have been developed to prepare SnO,
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material with various morphologies such as nanoparticles,'”
nanorods,'®" nanowires,”**! nanotubes,?>* microsphe-
res,”* hollow microspheres,25 26 nanobelts,”” nanoribbons,*®
nanosheets,29 nanodendrites, > nanodisks,31 flowers.>> How-
ever, the design of nanostructured SnO, materials with novel
and structurally well-defined morphologies, in particular,
highly ordered 3D arrays, has been difficult to achieve and
remain crucial challenges. Recently, Li** reported the SnO,
microspheres powder prepared via a chemical vapor deposi-
tion (CVD) process which needed high temperature and
incurred high energy cost. No research revealing the fabrication
of hierarchical microspheres consisting of nanosheets on trans-
parent conductive substrate has been reported up to date.

Recently, we have already demonstrated the preparation
of hierarchical 3-Ni(OH), microspheres powder consisting of
nanosheets.>* Here we further report the fabrication of
hierarchical SnO, microsphere films composed of nanosheets
and nanoparticles on fluorine-doped tin oxide (FTO) glass
substrate via a controllable hydrothermal process. The for-
mation of hierarchical SnO, microspheres is associated with
the self-assembled growth of nanosheets in the present
acetylacetone (acac) and H»O system. The prepared hier-
archical SnO, microspheres films were characterized in detail
by scanning electron microscopy (SEM), transmission elec-
tron microscopy (TEM), and UV—vis spectra.

Experimental Section

Materials. The chemicals including tin(IV) chloride pentahy-
drate (SnCly-5H>0), ammonium fluoride (NH4F), acetylace-
tone (acac), and ethanol, and so forth were A.R. reagents and
used as received without further purification. The fluorine-
doped tin oxide (FTO) conductive glasses were cleaned ultra-
sonically with diluted acid, ethanol, acetone, and water for 5 min,
respectively, and then dried in air.

Synthesis. SnO, precursors were simply prepared by mixing
tin tetrachloride (0.01 M) and sodium hydroxide (1.00 M) at 40 °C
for 30 min under stirring, which was ripened for 8 h, and the
product was collected by centrifuging at 5000 rpm for 5 min.*
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Figure 1. (a) XRD pattern of the SnO, seeds, (b) the SnO, microspheres
synthesized at 180 °C for 24 h with Vi20:Vacac = 1:1 (sample L, curve b).
Inset is the photocopy of sample I on FTO glass substrate.

Then, the collected colloids were redispersed into 8 mL of
deionized water via ultrasonication for 10 min to obtain a
homogeneous suspension. After that, the colloidal precursors
were deposited on the FTO substrate via dip-coating as “seed
layer”. Next, the FTO glass with seed layer was placed into an
electronic oven and maintained at 80 °C for 23 h.

In a typical synthesis of hierarchical SnO, microspheres,
0.701 g of SnCly-5H,O was dissolved in a mixed solvent of
20 mL of deionized water and 20 mL of acac in a 50 mL Teflon-
lined stainless steel autoclave. Afterward, 0.444 g of NH4F was
added to this solution under vigorous stirring, continuously
stirred for anther 30 min. The FTO glass substrate with “seed
layer” was placed at the bottom of the Teflon-lined autoclave.
Subsequently, the autoclave was sealed, put into electronic oven,
and maintained at 180 °C for 24 h. When the reaction was
finished, the autoclave was cooled down to room temperature
naturally. The fully covered and homogeneous thin films on
FTO glass were thoroughly washed with water and ethanol, and
dried at 75 °C for 30 min in air for further characterization. A set
of experiments were performed via adjustment of hydrothermal
reaction temperature, time, and different ratio of H,O and acac.
Typically, Sample I: H,O/acac = 1:1, 180 °C, 24 h. Sample II:
H,O/acac = 1:3, 180 °C, 24 h. Sample III: H,O/acac = 1:1, 200 °C,
24 h. Samples I—III have the same content of SnCly- SH,0O (0.701 g)
and NH4F (0.444 g).

Materials Characterization. X-ray Diffraction. The phase
purity of the products was characterized by powder X-ray
diffraction (XRD) on a Bruker D8 Advance X-ray diffracto-
meter using Cu Ka radiation (4 = 1.5418 A), with an operating
voltage of 40 kV, and a current of 40 mA.

Electron Microscopy. Field emission scanning electron micro-
scopy (FE-SEM, JSM-6330F) were applied to investigate the
size and morphology. TEM, high-resolution TEM (HRTEM),
and selected area electron diffraction (SAED) patterns were
performed on a JEOL-2010 HR transmission electron micro-
scope.

UV. UV—vis diffuse reflectance spectra were measured on a
UV—vis—NIR Spectrophotometer (UV, Shimadzu UV-3150).

Results and Discussion

Three dimensional hierarchical SnO» microsphere films on
FTO glass substrate were obtained via a hydrothermal
process. First, the FTO glass dip-coated into a colloid
solution containing 0.005 M SnCly-SH,O and 0.500 M
NaOH to form a SnO, seed layer on the surface of FTO
glass. Subsequently, hydrothermal synthesis was performed
by putting the FTO glass with a seed layer into the Teflon-
lined stainless steel autoclave containing SnCly- SH>0, acac,
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Figure 2. (a, b) FE-SEM images of sample I synthesized at 180 °C for 24 h with V0! Vacae= 1:1. (¢, d) TEM and HRTEM images of the typical SnO,
microsphere and nanosheet (sample I), respectively. Inset in Figure 2a is the higher magnification FE-SEM image. Inset in Figure 2d is a typical SAED

pattern of an individual nanosheet.

NHyF, and H,0, and kept at 160—200 °C for different time
(see the experimental details).

The phase composition and structure of the seed layer and
the final product after the hydrothermal synthesis were
examined by powder XRD. As shown in Figure 1, the seed
layer material is of poor crystalline nature which was mea-
sured by collection of the seed layer powder (Figure 1a).
However, after the hydrothermal reaction, all the reflection
peaks of sample I (see Experimental Section) can be readily
indexed to pure tetragonal phase of SnO, (JCPDS Card
No. 41-1445) witha = b = 4.738 Aand ¢ =3.187A, shownin
Figure 1b. The stronger peaks of the XRD patterns show that
the as-prepared SnO, microspheres are highly crystalline. No
characteristic peaks from other crystalline impurities were
observed, indicating the high purity of the final products. For
the seed layer on FTO glass, it is a very thin layer and hard to
see clearly by naked eyes. However, after hydrothermal
reaction, the photocopy image of sample I clearly show that
there is a compact material on the FTO glass surface (inset in
Figure 1).

The morphology of the synthesized SnO, on FTO glass
were characterized by field emission SEM (FE-SEM). Figure 2,
panels a—b, shows the typical FE-SEM images of sample I
obtained in mixed solution with Vo Vacae = 1:1 at 180 °C
for 24 h. From the lower magnification FE-SEM image

(Figure 2a), it is clearly seen that the surface panoramic
morphologies of the products on FTO glass are composed of
uniform SnO, microspheres. Figure 2b displays these hier-
archical SnO, microspheres with an average diameter of
2.0—2.5 um and are composed of numerous nanosheets.
The structural details were further shown in the higher
magnification FE-SEM image (inset in Figure 2a) and clearly
disclosed that the sheets possessed very smooth surfaces,
which connected to each other to assemble into the well-
defined hierarchical SnO, microspheres.

The intrinsic structure of the as-prepared SnO, samples
was further characterized with TEM. Figure 2¢ displays the
typical TEM image of as-prepared SnO, sample (sample I)
which also confirms the hierarchical microsphere structures.
The HRTEM image (Figure 2d) taken from the edge of the
microsphere clearly displayed the resolved lattice fringes of
0.333 nm, which corresponds to the (110) planes of rutile
SnO; structure. The crystalline fringes imply the SnO» nano-
sheets are single crystalline. The diffraction spots in the
SAED pattern (inset in Figure 2d) recorded on the edge of
the SnO, microsphere also demonstrate the single crystal
nature of the SnO, nanosheets which is in agreement with the
HRTEM observations.

Hierarchical SnO, microspheres assembled from the nano-
sheets can be easily prepared via a seed layer and a hydrothermal
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Figure 3. (a, b) FE-SEM images of sample II synthesized at 180 °C for 24 h with Vis0:Vacae = 1:3, and (c) corresponding TEM image of a single
microsphere, (d) HRTEM image of nanosheet (right bottom) and nanoparticle (left upper). Inset in Figure 3a is a higher magnification FE-SEM image.
Inset in panel d are the SAED pattern (right upper) of the nanosheet and a FFT image of the nanoparticle (middle upper).

process. By carefully adjusting the experimental parameters,
such as reaction temperature, reaction time, and the proper
volume ratio of H>O/acac, and so forth, hierarchical SnO,
microspheres film with other interesting morphologies will be
expected.

Figure 3 shows the FE-SEM and TEM images of sample I1
made at the H,O:acac ratio of 1:3, keeping the other condi-
tions the same as for sample I (hydrothermal temperature:
180 °C and hydrothermal time: 24 h). Lower magnification
FE-SEM image (Figure 3a) shows the SnO, microspheres of
about 3.0 um, which are similar to sample I. However, close
observation from the higher magnification FE-SEM image
(Figure 3b) clearly disclose that the hierarchical SnO, micro-
spheres are not only made up of nanosheets but also con-
tained a number of nanoparticles. It is obvious from the inset
in Figure 3a that the building units (nanosheets) of SnO,
microspheres are not smooth where a lot of nanoparticles
were homogenously coated on the surface. The present
novel hierarchical SnO, microsphere films consisting of
nanosheets and nanoparticles were further observed by a
lower magnification TEM image (Figure 3c). The HRTEM
image of an individual nanosheet and its SAED pattern
reveal that both the nanosheet and the nanoparticle are single
crystal, shown in Figure 3d. Furthermore, the corresponding
Fast Fourier Transform (FFT) image (inset in Figure 3d,

middle upper) also confirms the single crystal nature of
nanoparticles.

From these SEM and TEM observations of samples I and
II, we can conclude that the volume ratio of H,O/acac has
significant influence on the hierarchical SnO, structure. In
the present system, the acac probably play the dual roles, not
only as a solvent but also as a coordination reagent. Co-
ordination of acac with the Sn** to form the Sn-acac-X (X: Cl
or F) complex at adequate concentration (H,O: acac = 1:1)
induces slow hydrolysis reaction, probably facilitating for-
mation of the nanosheets on the FTO glass substrate, which
can be further assembled into the microspheres. At higher
acac concentration (H,O:acac = 1:3), more Sn-acac-X com-
plexes than enough were formed, which may prevent addi-
tional Sn** from smooth conversion to SnO, nanosheets, but
perhaps cause quite slow hydrolysis to further produce the
nanoparticles on the surface of the nanosheets.

The effects of hydrothermal temperature on the final SnO,
morphology were further investigated. When the reaction
temperature increased to 200 °C (sample III), keeping the
other experimental conditions the same as for sample I, FE-
SEM results (Figure 4a) reveal that the hierarchical SnO,
microspheres on the FTO glass substrate are made up of
SnO, nanosheets. The size of the SnO, microsphere is about
4.0—5.0 um in diameter and larger than that of sample L
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Figure 4. (a, b) FE-SEM images of sample III synthesized at 200 °C for 24 h with Vi120: Vacac = 1:1, (¢) corresponding TEM images of a typical SnO,

microsphere, (d) HRTEM image of nanosheet and nanoparticle. Inset in Figure 4a is a higher magnification FE-SEM image. Insets in Figure 4d are SAED
pattern, right upper and left middle correspond to nanosheet and nanoparticles, respectively.

A higher magnification SEM image clearly discloses that a
number of nanoparticles coat onto the surface of the nano-
sheets which is different from sample I (Figure 2). The only
difference between the samples I and I1I is the temperature;
hence, it undoubtedly discloses that the hydrothermal reac-
tion temperature strongly influences the morphology and
structure of the final SnO, samples. Furthermore, the size of
the nanoparticle is estimated to be 70—80 nm which is larger
than that of sample II possessing 30 nm in nanoparticle size.
This phenomenon implies that higher temperature will pro-
mote the growth of the SnO, nanosheets/nanoparticles resul-
ting in the larger size of the final nanoparticles and micro-
spheres. TEM image (Figure 4c) of sample III also reveals the
microsphere structure of SnO, with 4.0—5.0 um in diameter.
The HRTEM image (Figure 4d) shows the SnO, nanosheets
are single crystalline, and the distances of the lattice fringes
were determined to be 0.267 and 0.237 nm, which can be
indexed as (200) and (011) planes, respectively. SAED
patterns of nanosheets also show the single crystal nature
(inset in Figure 4d, right upper). However, the HREM and
FFT patterns of nanoparticles reveal that they are of an
amorphous nature (inset in Figure 4d, left). This is different
from the above sample II (Figure 3) obtained at 180 °C with

1:3 ratio of H,O/acac, where both nanoparticles and nano-
sheets are single crystalline.

To further explore the formation of the SnO, microspheres,
time dependent experiments were carried out, and FE-SEM
observations were used to trace the growth process. Panels
a—e of Figures 5 display a series of interesting morphological
evolutions of products synthesized at different hydrothermal
periods of times (from 0.5 h to 48 h), keeping other experi-
mental conditions the same as that of sample I. At the primary
stage (0.5 h), the thick SnO, nanosheet or nanoparticle is
observed (Figure 5a), which will assemble into the sphere-like
or incomplete SnO, microsphere (1.2 um in size) with the
prolonged hydrothermal reaction time up to 2 h (Figure 5b).
Irregular hierarchical SnO, microspheres are further formed
when the reaction time is between 3 and 24 h, as shown in
panels ¢ and d of Figure 5 and Figure 2. These SEM results
reveal that the size of the SnO, nanosheet and the microsphere
increases with the increasing hydrothermal reaction time.
Hence, on the basis of these SEM observations of different
reaction times, the formation of hierarchical microsphere can
be possibly ascribed to the self-assembly process of SnO,
nanosheet during the hydrothermal process. With further
increases in hydrothermal time (48 h), the hierarchical SnO,
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Figure 5. FE-SEM images of the SnO, microsphere synthesized at different hydrothermal time. Other experimental conditions are same as sample L. (a) 0.5 h,
(b) 1 h, (¢) 3 h,(d) 12 h, (e) 48 h. Insets are the corresponding low or high magnification FE-SEM images.

Self-assembly

into microspheres

growth on
microspheres

Figure 6. Schematic illustration of the growing process of hierarchical SnO, microspheres on FTO glass substrate.

microspheres with 4.0—5.0 um in diameter are observed which
are made up of nanosheets and a number of nanoparticles
(Figure Se). Interestingly, there are a number of nanoparticles
that further grow on the surface of nanosheets/microspheres
with the hydrothermal time longer than 24 h.

According to above discussions, the growth process of
hierarchical SnO, microspheres is proposed and shown in
Figure 6. First the SnO, precursors were coated onto the
FTO glass as a seed layer via a dip-coating process. Under the

assistance of acac and F~, the SnO, seeds induce the growth
of larger particles or nanosheets during the hydrothermal
process. The cooperation synergistic effects of Sn-acac-X
(X =Cl" or F)complex, acac, and F~ will promote the for-
mation of nanosheets which then further assemble into
microspheres. Furthermore, under higher temperature or
higher acac content or longer hydrothermal time, additional
SnO, nanoparticles will be formed and coated onto the
surface of the nanosheets/microspheres. Finally, well-defined
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Figure 7. FE-SEM images of the SnO, microsphere synthesized at 180 °C for 24 h. (a) 40 mL H,O (without acac), white precipitate is on the bottom of
autoclave, (b) 40 mL acac (without H,O), very little product on the FTO glass substrate.

Table 1. Size of Microspheres and Particles of Different Hierarchical SnO, Samples Made at Various Experimental Conditions

size of size of
samples microsphere particle note

sample I 2.0—2.5um no particle hierarchical microspheres consist of nanosheets, compact films on the FTO glass substrate

sample I1 ~3.0 um ~30 nm hierarchical microspheres consist of nanosheets and nanoparticles, compact films on the
FTO glass substrate

sample III 4.0—5.0 um 70—80 nm hierarchical microspheres consist of nanosheets and nanoparticles, compact films on the
FTO glass substrate

similar as sample I, 1.0—1L.5um no particle hierarchical microspheres consist of thin nanosheets, white powder on the bottom of

only without acac

hierarchical SnO, microspheres films consisting of nano-
sheets and a number of nanoparticles on transparent FTO
glass will be obtained via a facile hydrothermal process.
According to the SEM/TEM observations, at a certain ex-
perimental conditions (180 °C, 1:1 ratio of H,O/acac, 24 h),
there may have been an equilibrium between SnO, nano-
sheets and Sn-acac-X complex during the hydrothermal
process, which is favorable for the formation of nanosheets
and microspheres on the FTO glass substrate. However,
under higher temperature (200 °C) or larger acac concentra-
tion (volume ratio of HyO:acac s 1:3) or longer hydrothermal
time (48 h, 72 h), the equilibrium will be broken, resulting in
the formation of additional nanoparticles on the surface of
nanosheets/microspheres.

Both the seed layers and NH4F are crucial for the growth
of the hierarchical SnO, microspheres. One controllable
experiment was performed while keeping the other condi-
tions the same as for sample I, only without seed layers.
After hydrothermal reaction, there were no products on
the either the FTO glass surface or the autoclave bottom. It
implied the seed layer played an important role for the
formation of SnO; in the present experimental conditions.
The SnO, seeds probably provide the growth points and
induce the following growth of nanosheets/microspheres.
Another two controllable experiments were performed in
the absence of NH4F or using NH,4CI to replace NH4F,
keeping other experimental conditions the same as for
sample I; no products were obtained on the FTO glass
and the bottom of autoclave. It implies the NH4F (exactly
speaking, F7) plays an important role in promoting the
hydrolysis of Sn-acac-X (X = CI™ or F ) complex and for-
mation of the SnO,. However the exact role of NH4F needs
further investigations.

autoclave, no product on the FTO glass substrate

From the above results of sample I and sample II, the
solvent ratio of H,O/acac may have significant effects on the
morphology of final samples. Here, a series of comparative
experiments were further performed to observe the effect of
acac content on the morphology of SnO, microspheres while
keeping other conditions as sample I. In the absence of acac,
namely, using 40 mL of H,O, a white powder on the bottom
of autoclave was obtained. No compact SnO, products on
the FTO glass were observed. The formation of a white
powder on the bottom of autoclave is probably due to the fast
hydrolysis reaction in the absence of acac. There is a signi-
ficant difference compared with sample I (H,O:acac is 1:1),
where a compact yellowish SnO, grew on the FTO glass
surface under the assistance of Sn-acac-X (X = F, or Cl)
owing to the slower hydrolysis reaction. Figure 7a shows the
FE-SEM image of the white powder, which are hierarchical
SnO, microspheres with 1.0—1.5 um in diameter consisting of
thin nanosheets. When a small quantity of acac was intro-
duced into the system, for example, Vijro:Vacae = 3:1 (data
not shown) or 1:1 (sample I), the hierarchical SnO, micro-
spheres films with larger diameter consisting of nanosheets
on FTO glass were obtained (no product were formed on the
bottom of autoclave), shown in Figure 2. The morphology
and size of different samples are summarized in Table 1. As
the acac content increased, Vipro: Vacaec = 1:3 (sample II), the
hierarchical SnO, microsphere consisting of nanosheets and
nanoparticles were formed, shown in Figure 4. However, in
the absence of H,O, namely, using 40 mL of acac, very little
product was found on the FTO glass substrate, implying that
the hydrolysis reaction happened with difficulty in the
absence of water. Figure 7b shows the FE-SEM image of
the SnO, samples prepared using 40 mL of acac, revealing
that the samples were nanoparticles. Therefore, acac is found
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Figure 8. UV—visdiffuse reflectance spectra of SnO, microspheres after
calcination at 500 °C for 3 h. (a) sample I, (b) sample I1, and (c) sample I11.

to influence strongly not only the crystal growth direction
(see SAED and HRTEM images in Figure 2 and 3) but also
the morphology of the final SnO, microsphere. The appro-
priate ratio between H,O and acac is crucial for the final
SnO, morphology and structures, which will result in diffe-
rent properties and applications.

UV—vis diffuse reflectance spectra data of material is
related to the band gap which can be used to assert the
structural variation. The present hierarchical SnO, micro-
sphere films on FTO glass obtained at different conditions were
further investigated by UV—vis measurements. Figure 8 pre-
sents the UV—vis spectra of samples I, II, and III; the
corresponding absorption edges are around 430, 373, and
387 nm, respectively. Generally, the band gap value can be
calculated via the equation of E, = 1240/, where 4 is the
wavelength of the absorption edge. Hence, the band gap
values of the present samples I, II, and III are 2.88, 3.32,
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3.20¢eV, respectively. The band gap of samples I and III shift
to higher energy compared to that of sample I, which can be
ascribed to SnO, microspheres consisting of a number of
nanosized particles. It is well-known that the material with
nanosized particles can result in a blue shift in the absorption
wavelength. Moreover, sample II has a larger blue shift
compared to sample III owing to better crystalline nature
and smaller size of the nanoparticles for sample II. The size
of nanoparticles and crystallines are 30 nm/ rutile and 70—
80 nm/amorphous for samples II and III, respectively, as
shown in Figures 3 and 4.

Conclusions

We have demonstrated the preparation of novel SnO,
microspheres films on FTO glass substrate via a facile
hydrothermal process. The cooperative effects of seed layer,
NH4F, and acac are believed to be responsible for the present
novel hierarchical SnO, microspheres consisting of na-
nosheets and nanoparticles. And the hydrothermal reaction
temperature, time, acac/H»O ratio had significant influences
on the SnO, morphology and hierarchical structure. Under
higher temperature (200 °C), or longer hydrothermal reac-
tion time, or larger acac/H»O ratio, the SnO, particles with
30—80 nm in size covered on the surface of nanosheets/
microspheres were successfully prepared, which would defi-
nitely increase the surface-to-volume ratio and have potential
applications related to size and surface properties such as in
catalysis, solar cells, sensors, and so forth.
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