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Abstract
Synthesis of nanosized SnO2 ceramic particles via homogeneous precipitation was investigated as a function of processing parameters such as

initial concentration and calcination temperature. Hydrous tin oxide was precipitated from 0.01 to 1 M SnCl4-urea aqueous solutions by

decomposition of urea at �90 8C. Initial concentration has a significant effect on phase formation and crystallite size of the prepared powder. The

crystallite size of tin dioxide increased with increasing initial concentration. For example, while crystallite size was 11.7 nm for 0.033 M SnCl4
system, it was 25.3 nm for 0.25 M SnCl4 system. In addition, tin dioxide particles as small as a few nanometers were obtained by homogeneous

precipitation. However, calcination resulted in crystal growth and agglomeration and subsequently, reduction in the effective surface area of tin

dioxide powders.

# 2005 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Tin dioxide (SnO2) is an important semiconducting material

which has been widely used in an extensive range of

applications such as catalysts [1,2], gas sensors [3,4], heat

mirrors [5,6], varistors [7,8], transparent electrodes for solar

cells [9,10], glass melting electrodes and optoelectronic devices

[11]. Tin dioxide-based gas sensors are very important n-type

semiconductor sensors which can be utilized to detect various

inflammable and harmful gases such as hydrogen (H2) and

carbon monoxide (CO).

Semiconductor sensors exhibit changes in electrical

resistivity in the presence of small concentrations of certain

gases. The sensing behavior of n-type semiconductors is

controlled by the adsorption of oxygen on the surface of metal

oxides. As adsorption proceeds a positive space charge

develops in the oxide as electrons transfer from the conduction

band or from donor dopants to the adsorbed oxygen, and a

corresponding negative charge (i.e., O2
�, O� and O2�)
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accumulates on the surface. Therefore, the resistivity of an

n-type semiconductor gas sensor in air is high due to the

development of a potential barrier to electronic conduction at

each grain boundary. When the sensor is exposed to an

atmosphere containing reducing gases, the oxygen adsorbates

are consumed and a decrease in the resistivity occurs due to the

decrease in the potential barrier for conduction [3,4]. Sensors

consisting of fine particles of metal oxides usually exhibit high

sensitivity. Accordingly, one of the most important factors

affecting sensitivity of the sensors is the actual grain or

crystallite size of the sensor materials and subsequently space-

charge depth. Consequently, semiconductor sensors should be

composed of fine crystallites to achieve high sensitivities [4].

The tin dioxide used for gas sensors has been synthesized by

various synthesis methods such as direct strike precipitation

[12,13], two-step solid state synthesis [14], microemulsion

[15], sol–gel [16], spray pyrolysis [17], gel combustion

technique (i.e., Pechini method) [18], hydrothermal synthesis

[19]. Among these methods conventionally accepted method is

the synthesis of tin dioxide particles from precursor hydroxides

precipitated by the direct addition of NH4OH to SnCl4 aqueous

solutions. Although, this technique yields a large amount of

powder at once and at a reasonable cost, it is not easy to obtain

high surface area powders because of the irregular particle
d.
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Fig. 1. The process flow chart used for synthesis of nanosized SnO2 powders by

homogeneous precipitation.
morphology, large particle size distribution and the high degree

of agglomeration [12,13]. Those problems arise due to the

nonuniform supersaturation in solution. If uniform super-

saturation is achieved in solution then physical powder

characteristics can be controlled precisely. Controlled pre-

cipitation is best accomplished via homogeneous precipitation

which utilizes chemical reactions (e.g., urea decomposition)

whose kinetics rate limit the release of supersaturating species

[20–22]. Homogeneous precipitation method, using urea as a

reagent to control the pH and to obtain a pure and dense hydrous

tin oxide precipitates, was investigated earlier by Gordon [23]

and recently by Song and Kang [12]. The former study focused

on formation of hydrous tin oxide via homogeneous precipita-

tion under various conditions, instead of tin dioxide formation.

In the latter study, tin dioxide powders were synthesized by

both homogeneous precipitation and direct precipitation from

SnCl4 solutions. The powders from homogeneous method had

higher surface areas (24–44 m2/g) than those of the direct

precipitated powders (15–18 m2/g). Since the study focused

mainly on the comparison of powders produced by two

methods; the processing details were discussed briefly in that

paper. Therefore, the research objectives of this study were to

investigate the processing parameter effects (initial concentra-

tion and calcination temperature) on particle characteristics and

to understand the particle formation steps during the synthesis

of tin dioxide via homogeneous precipitation.

2. Experimental procedure

In this study, 0.01–2 M aqueous solutions of tin tetrachloride

(SnCl4) and urea ((NH2)2CO) were utilized as starting

materials. Feedstock solutions for synthesis were prepared

by mixing urea and tin tetrachloride solutions at a ratio of 2:1.

Table 1 summarizes the solution systems studied in this work.

Unless otherwise noted, all concentrations reported in the paper

refer to feedstock solution concentrations. The feedstock

solution was heated to 90 8C and held there for 90 min to

complete the synthesis process while it was being stirred [24].

Solution pH was monitored before and after the synthesis. After

the synthesis, solutions were washed with distilled water five

times in a centrifuge and after each washing step, conductivity

of supernatant was measured by a conductivity meter to make

sure efficient removal of ions from solutions. Then, precipitates

were dried at 90 8C for 24–72 h in a drying oven. After drying,
Table 1

Summary of the solution systems utilized in this study

Sample Molarity

before mixing

Molarity in feedstock

solution

Remarks

SnCl4 Urea SnCl4 Urea

A 0.01 0.01 3.33 � 10�3 6.66 � 10�3 Precipitation

B 0.1 0.1 0.033 0.067 Precipitation

C 0.5 0.5 0.167 0.333 Precipitation

D 1 1 0.25 0.5 Precipitation

E 1.5 1.5 0.5 1 No precipitation

F 2 2 0.67 1.33 No precipitation
unless otherwise noted, all samples were calcined at 800 8C for

2 h. Fig. 1 shows the process flow chart used to synthesize

nanosized tin dioxide particles by homogeneous precipitation

in this study.

Phase development during the process was monitored by

Fourier-transformed infrared spectroscopy (FTIR) and X-ray

diffraction (XRD) techniques. Samples were diluted with KBr

and pressed into a disk shape prior to FTIR analyses. XRD

measurements were carried out between 208 and 708 with 28/
min. Thermochemical behavior of the precipitated phase was

characterized by thermogravimetric (TGA) and differential

thermal (DTA) analyzers. Morphological properties of the

prepared powders were observed by field emission scanning

electron microscope (FESEM). Specific surface areas of the

powders were measured by a gas adsorption (Brunauer-

Emmett-Teller, BET) technique. All samples were degassed at

150 8C for 2 h prior to BET analyses.



Ö. Acarbaş et al. / Ceramics International 33 (2007) 537–542 539

Fig. 3. The FTIR plots of sample C before and after calcination. (Calcination

condition was 800 8C, 2 h).
3. Results and discussion

3.1. Phase development

Precipitation from clear solutions of urea and tin tetra-

chloride mixtures was observed at T > 80 8C due to the

decomposition of urea into NH3 and CO2. Fig. 2 shows the

XRD pattern of the precipitated phase after washing and drying

(i.e., uncalcined). Although the precipitated phase is mainly

amorphous, broad peaks on the pattern suggest some degree of

crystallinity in the precipitated phase. In addition, peak occurs

at about 556 cm�1 in the FTIR pattern (Fig. 3) also indicates

formation of Sn–O terminal bonds during the precipitation [25].

Besides, peak at about 1618 cm�1 shows presence of H2O in the

precipitated phase [25]. The small peak at �1399 cm�1 is an

indication for adsorbed carbonate species on the precipitate

surface [25]. Both XRD and FTIR data of the precipitated phase

indicate formation of hydrous tin oxide phase from the

homogeneous precipitation. These results are consistent with

the literature, which report formation of a hydrous tin oxide as a

result of the precipitation from aqueous SnCl4 solutions

[21,26].

TGA and DTA analyses were performed to determine

thermal behavior of the precipitated phase and hence to

choose an optimum calcination temperature. Fig. 4a and b

demonstrate TGA and DTA data, respectively, for the systems

studied in this work. Total weight loss occurs in two stages as

shown in TGA data: First, weight loss is observed at

T < �150 8C due to physically adsorbed water and this

results in an endothermic peak in the DTA data (Fig. 4b).
Fig. 2. The XRD patterns of sample C before and after calcination. Calcination

condition was 800 8C, 2 h. Peaks were indexed according to JCPDS card of

SnO2 (card no. 41–1445).
Secondly, chemically adsorbed water is removed from the

system at T > 150 8C. Since the weight loss occurs gradually

during that stage, the endothermic peak is not as apparent as

that of the first stage. Although it has been reported by Song

and Kang [12] previously for a similar system, no exothermic

peak around 240 8C due to the decomposition of NH4
+ was

observed in this study. This difference may be attributed to

adequate washing of the precipitated phase and, subsequently,

efficient removal of NH4
+ ions in this study. The results of

TGA and DTA studies indicate that when the precipitated

phases are heated at temperatures as low as 600 8C, all the

reactions in the system are complete. That is, further heating

(above 600 8C) of the precipitated phases does not cause any

thermal and/or weight changes. The total weight losses are

�17, 16 and 15% for samples B, C and D, respectively. These

values are also in agreement with the previous studies where

12–17% total weight losses were reported for aqueous SnCl4-

based systems [26].

FTIR data shows the removal of H2O peak at 1618 cm�1

after calcination at 800 8C for 2 h (Fig. 3). In addition,

switching from terminal Sn–O bonds (556 cm�1) to bridging

Sn–O bonds (615 cm�1) (Fig. 3) suggests a crystallographic

rearrangement in the precipitated phase during calcination [25].

Besides, the XRD data confirms crystallization and formation

of crystalline SnO2 powders from hydrous tin oxide after

calcination at 800 8C for 2 h (Fig. 2). Since the prepared powder

has a high surface area and subsequently high reactivity, small

peaks at 1399 and 1618 cm�1 are indication of presence of

water and carbonate molecules which are adsorbed to the

surface of tin dioxide powders during handling of the powder

[25].

3.2. Effect of processing parameters on powder

characteristics

3.2.1. Initial concentration

In order to understand effect of initial concentration on

homogeneous precipitation of tin dioxide ceramic particles,

initial concentrations of urea and tin tetrachloride (in feedstock
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Fig. 4. (a) Effect of heating on weight change of the precipitated hydrous tin oxide powders in sample B, C and D (heating rate = 5 8/min). (b) DTA analyses of the

samples B, C and D.
solutions) were varied from 6.7 � 10�3 M to 1.33 M, and from

3.3 � 10�3 M to 0.67 M, respectively, while the urea: tin

tetrachloride ratio was constant as 2:1. Precipitation was

observed in the systems containing less than 0.5 M SnCl4;

however, at high concentrations (�0.5 M SnCl4) although the

samples were aged overnight no precipitation was observed

(Table 1). Fig. 5 demonstrates XRD patterns of the samples

after calcination at 800 8C for 2 h. All samples exhibit single

SnO2 phase (in tetragonal rutile structure) with high crys-

tallinity except sample A which shows lower degree of

crystallinity.
Fig. 5. The XRD patterns of samples A, B, C and D (All samples were calcined

at 800 8C, 2 h).
The crystallite sizes of produced tin dioxide samples were

calculated by means of X-ray line broadening measurement

according to Scherrer equation [26]:

D ¼ 0:9l

bcosu
(1)

where D, mean crystallite size, l, wavelength (i.e., 1.5418 Å for

Cu Ka), b, full width half maximum of SnO2 (1 1 0) line after

instrumental broadening effects are eliminated [27] and 2u,

diffraction angle for the (1 1 0) line (in radian). Table 2 shows

the effect of initial concentration on crystallite size of tin

dioxide powders. The crystallite size increases with increasing

initial concentration. For example, while crystallite size is

11.7 nm for 0.033 M SnCl4 system, it is 19.8 and 25.3 nm

for 0.17 and 0.25 M SnCl4 systems, respectively. SEM micro-

graphs of samples B and C also confirm increase in crystallite

size with increasing initial concentration (Fig. 6). These results

can be attributed one of the following reasons: The first possible

scenario is that higher concentration might have resulted in

finer particles during synthesis as predicted by classical nuclea-

tion theory, which would predict higher supersaturation con-

ditions and smaller crystals at higher initial concentrations [28].

Meanwhile, the calcination step results in partial sintering and

subsequent grain growth. Since finer particles sinter faster than

coarser ones, initially finer particles may have longer time for

the growth. Accordingly, the particle size of the tin oxide

particles could have predicted as increasing with increasing

initial concentration due to the grain growth during the calcina-
Table 2

Effect of initial concentration on crystallite size of tin oxide ceramic particles.

(Samples were calcined at 800 8C, 2 h)

Initial SnCl4 concentration

in feedstock solution

Crystallite size (nm)

0.0033 7.7

0.033 11.7

0.167 19.8

0.25 25.3
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Fig. 6. SEM micrographs of samples (a) B and (b) C (samples were calcined at

800 8C, 2 h).

Fig. 7. The XRD patterns of sample D before and after calcination at 600, 800

and 1000 8C, 2 h.
tion. Another possibility is that although these results are not

supported by classical nucleation and growth model, they may be

resulted by continuous generation of reacting species throughout

the particle formation process. That is, high initial concentration

(i.e., high initial supersaturation) results in a large number of

nuclei with very small crystallite size and some of those nuclei

(‘‘unstable nuclei’’) dissolve and reprecipitate on undissolved,

‘‘stable’’, nuclei (i.e., growth of crystals) to maintain the super-

saturation during the particle formation process. Thus, some

particles grow at the expense of others. This type of particle

formation behavior has already been observed in some systems

[29,30]. Furthermore, close examination of the TGA analyses

(Fig. 4a) reveals that as the initial concentration increased total

weight loss decreases. This result can be attributed to increasing

surface area (i.e., decreasing particle size) with decreasing initial

concentration during the synthesis. This suggested mechanism

may also explain why precipitation was not observed in highly

concentrated samples. Large number of unstable nuclei forma-

tion may have resulted limited or no precipitation at high

concentrations in this study. However, a more detailed research

should be conducted to test these hypotheses. These results show

that initial concentration has significant effect on the particle size

and the phase formation during the tin dioxide powder synthesis

via homogeneous precipitation.
3.2.2. Calcination temperature

Fig. 7 shows the XRD patterns of sample D as a function of

calcination temperature. The patterns show that even after

heating at 600 8C for 2 h, the sample exhibits high degree of

crystallinity and this pattern does not change much with

increasing temperature. Table 3 shows dependence of crystal-

lite size of sample D to calcination temperature. As the

temperature increases, size of tin dioxide crystals increases. For

example, while the crystallite size of the sample, calcined at

600 8C for 2 h, is 10.8 nm, the sample exhibits 25.3 and

35.9 nm crystallite size after calcination at 800 and 1000 8C,

respectively, for 2 h. These results confirm crystal growth

during the process of calcination. In addition, comparison of

equivalent spherical diameter, esd, values (obtained from BET

results) with crystallite sizes (obtained from XRD data) reveals

possible agglomeration during the calcination. For example,

while the crystallite size of the 1 M sample increases from 10.8

to 25.3 nm after switching the calcination temperature from

600 to 800 8C, equivalent spherical diameters are 35 (specific

surface area: 25 m2/g) and 110 nm (specific surface area: 8 m2/

g), respectively. That is, agglomerates at 800 8C are formed by

more number of crystals with respect to 600 8C. Fig. 6 also

shows the agglomerated nature of the tin dioxide particles after

the calcination. Thus, the calcination results not only in crystal

growth but also in agglomeration of homogeneously pre-

cipitated tin dioxide powders. Accordingly, specific surface

area of tin dioxide particles decreases with increasing the

calcination temperature. For example, specific surface area of

uncalcined sample B powder is about 173 m2/g (esd: 5 nm)

whereas when the same sample is calcined at 600 and 800 8C
for 2 h, the specific surface area of the powder becomes 21.5

(esd: 40.8 nm) and 10.4 m2/g (esd: 84.4 nm), respectively.

These results show that tin dioxide particles as small as a few

nanometers can be precipitated by homogeneous precipitation.
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Table 3

Effect of calcination temprerature on crystallite size. (Calcination time was 2 h

for all samples)

Calcination

temperature (8C)

Crystallite size (nm)

600 10.8

800 25.3

1000 35.9
Unfortunately, calcination process results in crystal growth and

agglomeration and subsequently, reduction in the effective

surface area of tin dioxide powders. Therefore, it is critical

to optimize calcination temperature and time for obtaining

high surface area tin dioxide powders via homogeneous

precipitation.

4. Conclusions

Homogeneous precipitation was successfully utilized to

synthesize nanosized SnO2 ceramic particles. Decomposition

of urea at �90 8C resulted in precipitation of hydrous tin

dioxide from 0.001 to 1 M SnCl4-urea aqueous solutions. It has

been shown that initial concentration has a significant effect on

crystallite size. As initial concentration increased, crystallite

size of the calcined tin dioxide increased. Tin dioxide ceramic

particles as small as a few nanometers were obtained by

homogeneous precipitation. However, crystal growth and

agglomeration and subsequently, reduction in the effective

surface area of tin dioxide powders occurred during calcination.
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