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Abstract

Nanocrystalline SnO2 particles have been synthesized by a sol–gel method from the very simple starting material granulated tin.

The synthesis leads a sol–gel process when citric acid is introduced in the solution obtained by dissolving granulated tin in HNO3.

Citric acid has a great effect on stabilizing the precursor solution, and slows down the hydrolysis and condensation processes. The

obtained SnO2 particles range from 2.8 to 5.1 nm in size and 289–143m2 g�1 in specific surface area when the gel is heat treated at

different temperatures. The particles show a lattice expansion with the reduction in particle size. With the absence of citric acid, the

precursor hydrolyzes and condenses in an uncontrollable manner and the obtained SnO2 nanocrystallites are comparatively larger in

size and broader in size distribution. The nanocrystallites have been characterized by means of TG-DSC, FT-IR, XRD, BET and

TEM.

r 2003 Elsevier Inc. All rights reserved.
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1. Introduction

Tin oxide (SnO2), cassiterite structure, is a typical
wide band gap n-type semiconductor (3.8 eV) [1] and
one of the most widely used semiconductor oxides due
to its chemical and mechanical stabilities. It can be used
as transparent electrodes for solar cells, liquid crystal
displays; catalysts for methanol conversion and CO/O2,
CO/NO reaction in the control of noxious emissions;
antistatic coatings and gas sensors; anodes for lithium-
ion batteries, transistors, catalyst supports; nano and
ultrafiltration membranes and anticorrosion coatings
[2–14]. When doped with certain elements, such as In,
Sb, and F, SnO2 exhibits greatly increased electric
conductivity and become transparent for visible light
and reflective for IR radiation. They are members of the
transparent conductive oxides (TCOs), which have
become the focus of intensified study as possible
components in solid-state optoelectronic devices
[1,6,12,15–17]. Among the various applications, the
most important use of SnO2 is for gas sensors. The
sensing properties of SnO2 sensors (sensitivity, selectiv-
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ity and reproducibility) depend on several factors,
mainly crystallite size and specific surface area. For
example, the sensitivity begins to increase sharply as
crystallite size (D) decreases below a critical value
(6 nm), which is equal to twice the thickness of the
Schottky barrier penetrating into the tin oxide grains.
The whole crystallite is depleted of electrons, as a result,
the sensitivity of the element to a reducing gas would
change with D: Reactions between oxygen species and
reducing gases to be detected can be improved by
increasing the sensing surface area. Consequently, the
use of nanoparticles will allow obtaining better re-
sponses of these solid-state gas sensors [3,4,13]. It is well
known that the sintering and densification of SnO2 is
very difficult [18]; particles in nanoscale size and less
agglomerated are expected to be sintered at lower
temperature [19]. In the field of lithium-ion battery,
very fine tin oxide particles are needed to obtain high
capacity [11]. So it is of great importance to synthesize
nanoscale tin oxide particles.
Tin oxide nanoparticles were prepared by many

different wet chemical methods, such as precipitation
[9–11,13,14,20], hydrothermal [3,10], solvothermal [21],
sol–gel [2,10,16,22], gel-combustion [23], spray pyrolysis
[24], polymerized complex (PC) [25] and amorphous
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citrate [26] method. Starting from tin chlorides (SnCl4 or
SnCl2) is generally preferred because they are easy to
perform and the cost is very low, but the chlorine ions
are very difficult to remove and the residual chlorine
ions often affect the surface and electrical properties,
introducing a random n-type doping in the material [27],
modifying the sensitivity of sensors [28], causing
agglomeration among particles [29] and leading to
higher sintering temperatures [19]. Tin alkoxides
Sn(OR)n are better alternatives to synthesize SnO2

nanoparticles free from chlorides, but the metal
alkoxides are comparatively more expensive and cannot
be used on a large scale. Another drawback of metal
alkoxides is that they are particularly moisture sensitive
and have to be processed under a dry and inert
atmosphere, and the resulting OXO-polymers that
constitute the sols and gels are generally polydispersed
in size and composition [2,7,10,22,24]. Angelina et al.
[16] synthesized F-doped tin oxide nanoparticles from
tin (IV) complexes, (CH3COCHCOCH3)2SnF(Otert-
Am) and (CF3COCHCOCH3)2Sn(otert-Am)2; the
synthesis procedures of the precursors and the nano-
particle are especially complex. The gel-combustion
method needs a large amount of organics and produces
large volume of gases such as NOx and CO2 during the
combustion reaction. Nicolas et al. [13] synthesized high
surface area SnO2 nanoparticles by direct oxidation of
Sn in HNO3, but the synthesis procedure is hard to
control and the particle-specific surface area decreased
sharply to only about 24m2 g�1 when heated at 600�C.
In this paper, we report the synthesis of tin oxide

nanocrystallites by novel wet chemical methods from
granulated tin. The starting materials are very cheap and
the synthesis procedures are simple, and the obtained
SnO2 particles are in nanometer scale and monodis-
persed with very large surface areas. This should be a
better choice instead of the sol–gel method from tin
alkoxides. The particles have been characterized by
means of TG-DSC, FT-IR, XRD, BET and TEM.
2. Experimental procedure

2.1. Synthesis of SnO2 nanocrystallites by the sol–gel

method

8mol L�1 HNO3 was carefully added to a mixture of
3 g of granulated tin and 10 g of citric acid in a flask until
a clear solution was obtained. Aqueous ammonia (25%)
was added dropwise into the solution with stirring until
a pH value of 8 was reached. The obtained solution was
refluxed at 100�C for 2 h, During refluxing the solution
slowly turned into a turbid colloidal solution. After
cooling down, the sol was collected from the solution by
centrifugation and washed several times with water and
ethanol. After drying at 100�C for 5 h in air, the
obtained gel powder was ground in a mortar, and finally
calcined in a muffle furnace at 300�C, 400�C, 500�C
for 2 h.

2.2. Synthesis of SnO2 nanocrystallites by the direct

precipitation method

The synthesis procedure was similar to the sol–gel
method except that no citric acid was added. Precipitate
was obtained as soon as aqueous ammonia was added
into the solution. When the pH value of the solution
reached 8, another 2 h of reaction was needed. The
precipitate was washed with water and ethanol, dried at
100�C for 5 h, and finally heated at different tempera-
tures for 2 h.

2.3. Characterization

Simultaneous thermogravimetry and differential scan-
ning calorimetry (TG-DSC) were carried out with a
Netasch STA 449 analyser. Experiments were carried
out under N2 at a heating rate of 10�Cmin�1.
Fourier-transformed infrared spectra (FT-IR) were

recorded on Nicolet Magna 550 spectrometer (32 scans
at a resolution of 4 cm�1). The particles were pelleted
with dried KBr and analyzed in transmission mode.
The crystallites of the particles were characterized by

powder X-ray diffraction (XRD) with a Rigaku Model
D/max rb 2550v diffractometer using CuKa radiation
(l ¼ 1:5406 Å) at 40 kV and 60mA, by scanning at 2�

(2y)min�1. The lattice parameters were obtained by a
least-squares refinement [30]. The average crystallite size
(D) of the SnO2 particles was calculated from the half-
height line broadening by applying the Scherrer formula
and assuming Gaussian profiles for experimental and
instrumental broadening [1].
The specific surface area of the nanocrystallites was

measured with a Micromeritics ASAP 2010 analyzer
using the multipoint Brunauer, Emmett and Teller
(BET) adsorption method. The average grain size (d)
of the SnO2 particles was calculated from the formula
d ¼ 6=rA; where r is the theoretical density of the
material and A is the specific surface area of the powder
[10,22,23].
The morphology of the nanocrystallites was observed

by transmission electron microscopy (TEM) with JEM-
200CX TEM.
3. Results and discussion

3.1. Synthesis of SnO2 nanocrystallite with citric acid as

a complexing agent

Two heavy weight losses are observed in Fig. 1, the
TG and DSC curves of the dried gel. The first weight
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Fig. 1. TG-DSC curves of the dried gel synthesized by the sol–gel

method.
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Fig. 2. FT-IR spectra of SnO2 gel treated at different temperatures.

(a) 100�C; (b) 200�C; (c) 400�C; (d) 600�C.
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Fig. 3. XRD patterns of the SnO2 nanocrystallites synthesized by the

sol–gel method treated at different temperatures. (a) 300�C; (b) 400�C;
(c) 500�C.
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loss (6.8%, RT to 140�C) with an endothermic feature
likely corresponds to the evaporation of free water and
residual free EtOH. The second weight loss (22.4% ca.
500�C) with a heavy exothermal feature is related to the
decomposition of citrate groups and NO3

� ions, and the
condensation of Sn-OH surface groups. Above 500�C,
the weight remains constant and has no endo- or
exothermal character.
Fig. 2 shows the FT-IR spectra of the dried gel after

heat treatment at different temperatures. In Fig. 2(a) the
strong vibration extending from 3500 to 2500 cm�1

indicates the presence of hydrogen bonds involved in O–
H oscillators [9,16,33], arising from adsorbed water and
Sn-OH groups. In solid citrate the carboxyl groups are
ionized, so the peak at 1662 cm�1 can be assigned to
COO� group vibration of the citrate complex [31,32], A
shoulder peak at 1710 cm�1 probably corresponds to the
COOR groups, caused by the dimer of free citric acid.
The peak at 1398 cm�1 can be ascribed to the bending
vibration of NO3

� ions occluded in the gel [32]. The
peaks between 1232 and 900 cm�1 are attributed to the
vibration of hydroxyl-tin bonds [6]. The vibration at
560 cm�1 is related to the terminal oxygen vibration of
Sn-OH and the peak at 660–600 cm�1 is attributable to
the OXO bridge functional groups (OSnO) [9,13,16],
which reveals that the tin citrate complex gel has been
partly transformed to tin oxide. As the heat treatment
temperature increases, the absorption intensity of the
COO� group decreases due to the decomposition of the
citrate complex, and the peak at 560 cm�1 also decreases
steadily, and finally disappears at 4400�C, which
indicates that the tin citrate complex transforms to tin
oxide completely.
Fig. 3 shows the XRD patterns of the powders

obtained at different temperatures; the peak positions in
each sample agree well with the reflections of bulk SnO2

(cassiterite). The width of the reflections is considerably
broadened, indicating a small crystalline domain size.
The broadenings decrease with the increase of heat
treatment temperatures, suggesting the growth of the
SnO2 crystallites. The average crystallite sizes (D)
determined from (110) crystalline plane are listed in
Table 1. It can be seen that all the particles are in
nanometer scale and grow slowly with the increase of
heat treatment temperature. The particle size is about
5.1 nm at 773K, which is the smallest to the authors’
knowledge. The lattice parameters of the SnO2 crystal-
lites determined by the least-squares refinement are also
listed in Table 1. All the samples exhibit larger cell
volumes than that of bulk SnO2 (V ¼ 71:55 Å3, JCPDS
41-1445) and show a linear decrease with the increase of
heat treatment temperature, in other words, with the
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Table 1

Crystallite sizes, specific surface areas, average grain sizes and unit-cell

parameters of the SnO2 nanocrystallites synthesized by the sol–gel

method treated at different temperatures

Temperature

(�C)
Crystallite

size (nm)

Surface

area

(m2 g�1)

Grain

size (nm)

Unit-cell parameters

a (Å) c (Å) V (Å3)

300 2.8 289.1 2.9 4.778 3.170 72.369

400 4.0 209.9 4.1 4.756 3.186 72.065

500 5.1 143.1 5.6 4.750 3.184 71.840

Fig. 4. TEM image (a) and HREM image (b) of the SnO2

nanocrystallites synthesized by the sol–gel method treated at different

temperatures. (a) 300�C; (b) 500�C.
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Fig. 5. XRD patterns of the SnO2 nanocrystallites synthesized by

the direct precipitation method treated at different temperatures.

(a) 300�C; (b) 400�C; (c) 500�C.

able 2

rystallite sizes, specific surface areas and average grain sizes of the

nO2 nanocrystallites synthesized by the direct precipitation method

eated at different temperatures

emperature (�C) Crystallite

size (nm)

Surface area

(m2 g�1)

Grain

size (nm)

00 5.1 161.1 5.3

00 8.4 75.0 11.4

00 15.2 32.2 26.6
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increase of the crystallite size. These results agree well
with the conclusion that oxide nanoparticles exhibit a
lattice expansion with the reduction in particle size [33].
Specific surface areas of the SnO2 nanocrystallites

determined by the BET method are listed in Table 1.
The data are much larger than the SnO2 synthesized by
the precipitation, citrate amorphous and hydrothermal
methods [8,10,20,23,26]. The specific surface areas
decrease steadily with the increase of heating tempera-
tures due to the growth and packing of the nanocrys-
tallites. The calculated average grain sizes (d) coincide
well with those from the broadening of XRD peaks at
lower temperatures, while at higher temperatures, the
average grain size is larger than the crystallite size,
indicating a low degree of agglomeration.
Fig. 4 shows the TEM images of the SnO2 nanocrys-

tallites synthesized by the sol–gel method. In Fig. 4(a)
the crystallites obtained at 300�C for 2 h are shown. The
particles fall within the range of 2–3 nm, the size
distribution is very narrow and the nanocrystallites are
monodispersed. The residual C element from the citric
acid that had not been combusted yet is shown in the
EDS. In Fig. 4(b) the HREM image of the nanocrys-
tallites calcined at 500�C for 2 h is shown. Most
crystallites are about 5 nm with clear lattice strings.
The connected crystallites form a random network, in
which there are many clearly nano-sized holes; this
structure is called a ‘‘nano-sponge structure.’’ The
particles show a small degree of agglomeration, in
agreement with the results previously obtained. No
residual C is element shown in the EDS, which is
consistent with the TG-DSC revealed.

3.2. Synthesis of SnO2 nanocrystallites by the direct

precipitation method

Fig. 5 shows the XRD patterns of the powders
synthesized by the direct precipitation method. All
peaks show the same cassiterite structure and are widely
broadening, revealing that nanoscale SnO2 particles can
also be synthesized by this method. But the widths of the
peaks are comparatively narrower than the crystallites
synthesized by the sol–gel method at the same tempera-
tures. Table 2 lists the average crystallite sizes calculated
by the Scherrer formula from the (110) plane.
Specific surface areas and corresponding average

grain sizes are also shown in Table 2. Compared with
the sol–gel-synthesized SnO2, the specific surface areas
are smaller and the average grain sizes are larger. The
comparisons of the average crystallite sizes and the
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Fig. 6. TEM images of the SnO2 nanocrystallites synthesized by

the direct precipitation method treated at different temperatures.

(a) 300�C; (b) 500�C.
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corresponding average grain sizes reveal that the degree
of agglomeration increases sharply with the heat
treatment temperatures. The TEM images in Figs. 6(a)
and (b) also reveal this tendency and a broad size
distribution ranging from 12 to 35 nm and an average
size of 20 nm are observed in the 500�C heat-treated
nanocrystallites.

3.3. Effect of citric acid in the synthesis of SnO2

nanocrystallites

The mechanism of synthesizing SnO2 nanocrystallites
with the addition of citric acid can be called a ‘‘citric
acid-based sol–gel method.’’
It is well known that the sol–gel method is a versatile

solution technique used to obtain ultrafine, homogenous
powders of a variety of glass and ceramic materials at
low temperature and in short time through the growth
of metal oxo-polymers in a solvent. The chemistry
involved in the sol–gel process is based on the inorganic
polymerization of molecular precursors. The sol–gel
process involves hydrolysis and condensation, which are
generally fast and need to be inhibited to avoid
precipitation and allow sol or gel formation [2,24].
Complexation is a popular method of modifying the
original precursors, and carboxylic acid or b-diketones
are the most frequently used modifying ligands, which
slow down the pace of hydrolysis and condensation
[16,22,24].
Citric acid is the widely used complexing agent

[24,30,31,34,35]. As previously pointed out, citric acid
(H3L) is a weak triprotic acid and dissociates in a
stepwise manner in solution depending upon the
solution pH; only when pH value of the solution is
above 6.4 [34], the species L becomes the dominant one.
The complexation reactions between metal ions and
citric acid are also highly dependent upon the solution
pH and cannot occur in a very strong acidic solution, so
we adjusted the pH value of the precursor solution to
about 8. We found that during the continuous addition
of NH4H2O the solution turned turbid and again clear,
and very stable when the pH value was about 8, while
the solution without the addition of citric acid as
complexing agent was unstable and hydrolyzed in a few
minutes, which evidenced that the complexing reaction
occurred. Another advantage of pH value being
adjusted to about 8 was that the isoelectrical point of
the SnO2 powder lies at a pH of 2.5–3.7 [12,15], the Zeta
potential values are negative and constant for pH45, so
the degree of agglomeration can be greatly decreased at
the settled pH value. Strong acidic conditions enhanced
the hydrogen bonding among the protonated nanocrys-
tallites, leading to a high degree of agglomeration, while
in higher pH value solutions, the coordinated water
molecules should suppress the agglomeration among the
freshly formed nanocrystallites.
As the chelated tin has 6-fold coordination instead of

4 in inorganic starting materials [2,22], its reactivity is
greatly lowered. The general formula is M(OOR)n, (M
refers to Sn), and when the solution was refluxed at
373K, the solution changed into sol slowly and the
controlled sol–gel process can be described as follows
[32]:
Hydrolysis:

MðOORÞn þ xH2O

-MðOORÞn�xðOHÞx þ xRCOOH:

Condensation:

2MðOORÞn�xðOHÞx

-½ðOHÞx�1ðOORÞn�xM	2OþH2O:

When the gel was heat treated at different tempera-
tures, SnO2 nanocrystallites having very small size and
very high specific surface areas were obtained. But in the
direct precipitation method, hydrolysis of the precursor
was very fast, nucleation and growth were completed
within seconds, the SnO2 particles formed were unstable
and a white suspension was immediately formed due to
the precipitation of large aggregates. The same phenom-
ena have been observed in other solutions containing
simple inorganic nitrates and did not allow to attain a
good homogeneity at atomic scale. The obtained SnO2

nanocrystallites were comparatively larger and had
lower specific surface areas, but when compared with
SnO2 nanoparticles prepared from tin chlorides, the
prepared SnO2 nanocrystallites have a larger specific
surface area, which may be ascribed to the absence of
chlorine ions [29].
Upon heating at higher temperatures, the specific

surface areas of the sol–gel-obtained SnO2 nanocrystal-
lites decreased, especially at above 500�C, which can be
explained as follows. In the citric acid-based sol–
gel method, the complexing ligands may also act
as a surface-protecting agent, protecting the newly
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transformed nanocrystallites from contacting each other
and the agglomeration was avoided (just as seen in the
TEM image). With the removal of the complexing
agents at higher temperatures, this protecting effect also
disappeared and the surface areas decreased. For the
same reason, the specific surface areas of the direct
precipitated SnO2 nanocrystallites decreased more
sharply.
When considering the size distribution of the nano-

crystallites, Yin et al. [35] found that the addition of
citric acid in the hydrothermal synthesis of TiO2

nanocrystallites led to a very narrow size distribution
of the particles. They explained that citric acid
coordinated to titanium ions in TiCl4 aqueous solution,
making the nucleation complete at the early stage of the
hydrothermal process and inhibiting the crystal growth.
We suggest that in the sol–gel process the coordination
between citric acid and Sn ions also makes the
nucleation process complete at the early stage of the
sol–gel process, leading to a narrow size distribution of
the SnO2 nanocrystallites. In the absence of citric acid
(the direct precipitation method), the nucleation process
is comparatively slow and leads to a solid-state epitaxial
crystal growth mechanism, which results in a very broad
size distribution of the SnO2 nanocrystallites.
4. Conclusions

Tin oxide nanocrystallites are successfully synthesized
by the wet chemical methods from the starting material
granulated tin. The added citric acid coordinates with
tin ions and slows down the hydrolysis and condensa-
tion of the precursor, inducing nucleation at the early
stage of the sol–gel process. Monodispersed SnO2

nanocrystallites ranging from 2.8 to 5.1 nm in size and
289–143m2 g�1 in specific surface areas are obtained
when the gel is given heat-treatment at different
temperatures. However, in the absence of citric acid,
the hydrolysis and condensation are very fast, and
comparatively larger and heavier agglomerated SnO2

nanocrystallites are formed. Generally, the starting
material is low cost and the synthesis processes are very
simple, which should be a good choice instead of the sol–
gel method from metal alkoxides to synthesize metal
oxide nanocrystallites. This method can also be utilized to
synthesize many other doped tin oxide nanocrystallites.
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