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a b s t r a c t

Synthesis of SnO2 powder in order to make varistor properties is technologically important. This study
aims at examining the process of making nanosized (98.95 − x)SnO2 + 1CoO + 0.05Nb2O5 + xSm2O3 (mol%)
(x = 0.05, 0.10, 0.20, 0.50, 1.00 and 2.00) powders using co-precipitation method. Some nanopowders
were studied through XRD, SEM and FTIR analyses. The XRD patterns displayed only a tetragonal rutile
vailable online 1 February 2010
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structure for different molar ratios of samarium oxide (Sm2O3). The mean crystallite size of the sample
doped with 0.05 mol% Sm2O3, calcined at 700 ◦C for 2 h, was about 10 nm. The SEM micrograph of this
sample revealed some nanosized spherical particles with a size range of 45–70 nm. The Sm-rich surface
prevented the nanoparticles from growing during the calcination at 700 ◦C.

© 2010 Elsevier B.V. All rights reserved.
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. Introduction

Tin oxide is an n-type semiconductor with rutile crystalline
tructure and so many interesting electronic properties. In the past
ecades, a great number of papers on new SnO2-based varistors
ave been published [1–11]. Non-linear coefficient and breakdown
oltage are the most important performance parameters of a varis-
or. Using nanosized powders in making these varistors causes the
reakdown voltage and non-linear coefficient to rise [8,11]. Find-

ng shows that several additives (cations such as Eu [12], Yb [13],
l [14], Co [15], Mn [16], Fe [17], La, Ce, Y [18]) stabilize the SnO2
urface and lead to a decrease in grain size. Carreño et al. stud-
ed the nanosized SnO2 powders doped with (Ce, La, and Y). Then
hey have concluded that a supersaturated solid solution yields a
anosized metastable material that will undergo a rare earth cation
egregation to the outer surface [18]. This process can effectively
e used to control the surface chemistry and subsequently grain
rowth inhibition.

Nanosized doped SnO2 powders are obtained by a variety of
ynthesis techniques such as microwave-assisted solvothermal
12], the polymeric precursor [11], sol–gel hydrothermal [17],

ydrothermal [13,18,19], and chemical co-precipitation routes
10,14,16]. Co-precipitation method is a simple way to be followed
n preparing homogenous nanosized powders [10,14,16].

∗ Corresponding author. Tel.: +98 21 82883306; fax: +98 21 82883381.
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The major objective of this study is to prepare nanosized (Co,
Nb, Sm)-doped SnO2 powders by co-precipitation method for varis-
tor applications. The effect of samarium (Sm) concentration on the
grain growth of nanosized (Co, Nb)-doped SnO2 powders will also
be discussed.

2. Experimental procedures

2.1. The process of making powder

Analytical grades of SnCl4·5H2O (Riedel), Co(NO3)2·6H2O (BDH), NbCl5 (Merck)
and Sm(NO3)3·6H2O (Alfa Aesar) were employed. First, two aqueous solutions were
prepared according to the molar composition of the investigated systems (Table 1):

Solution one containing: SnCl4·5H2O.
Solution two containing: Co(NO3)2·6H2O, Sm(NO3)3·6H2O and NbCl5.

Nitric acid (HNO3) was added to the solution two to increase its salt solubility.
The solution two was then added to the solution one while stirring. Then NH4OH
was added to the obtained solution to increase the solution pH to 7. To ensure
the completion of reactions (hydrolysis and condensation), the system was stirred
continuously for 24 h. The precipitates were then filtered and washed using cold de-
ionized water and diethylamine solution to eliminate any chlorine ions [10]. They
were then dried at 60 ◦C for 48 h. The synthesized powders were calcined at 700 ◦C
for 2 h. In order to break the agglomerates, the powders were wet-milled in ethanol
media using zirconia balls (2 mm in diameter) for 1 h. The detailed process of powder
preparation by chemical route is illustrated in Fig. 1.
2.2. Powder characterization

The crystal structure of the synthesized nanopowders was characterized by X-
ray diffraction (XRD) with Cu K� radiation (Philips X-pert). Also the crystallite size
(d) of the products was determined from the X-ray broadening line using Sherrer’s

http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
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dx.doi.org/10.1016/j.jallcom.2010.01.099


122 H. Bastami, E. Taheri-Nassaj / Journal of Alloy

Table 1
Molar composition of the investigated systems synthesized by chemical route.

Sample No. Composition (mol %)

SnO2 CoO Nb2O5 Sm2O3

1 100.00 0.00 0.00 0.00
2 99.00 1.00 0.00 0.00
3 98.95 1.00 0.05 0.00
4 98.90 1.00 0.05 0.05
5 98.85 1.00 0.05 0.10
6 98.75 1.00 0.05 0.20
7 98.45 1.00 0.05 0.50

e

d

w
t
G

ˇ

w
s

p
u

e
o
w

8 97.95 1.00 0.05 1.00
9 96.95 1.00 0.05 2.00

quation [20]:

= 0.9�

ˇsample cos(�)
(1)

here � is the wavelength (1.54056 Å), � is the diffraction angle and ˇsample is
he full-width for the half-maximum (FWHM) intensity peak of the powder. The
aussian–Gaussian relationship was used for instrumental correction [21]:

sample
2 = ˇexp

2 − ˇins
2 (2)

here ˇexp and ˇins are the measured FWHMs of the powder and the standard
ample, respectively.

Differential thermal analysis (DTA) and thermogravimetric (TG) analysis were
erformed between room temperature and 1000 ◦C in air at a heating rate of 5 ◦C/min
sing DSC (model L60H1550) and STA (model PL-STA 1500), respectively.
FTIR analyses were carried out in a Thermo Nicolet (model Nexus 670) spectrom-
ter in the wave number range of 400–4000 cm−1 for studying the chemical groups
n the surface of the samples 1, 2, 3 and 7 dried at 60 ◦C. The powders morphology
as observed by a Philips XL 30 scanning electron microscope.

Fig. 1. The typical flow chart of the processing of nanosized SnO2 powders.
s and Compounds 495 (2010) 121–125

3. Results and discussion

It is well known that tin hydroxide begins to form at pH 0.5
[19]. Furthermore, Sn(IV) tends to hydrolyze in aqueous solution,
forming charged and uncharged species of SnO(OH)3

− at pH ≥ 8
and SnO(OH)2 at pH ≤ 7, respectively [22]. Similar to the study by
Seby et al., SnO(OH)2 was first formed in the present study (pH 7)
[22]. Then, dopants are formed as their hydroxides on the surface
of SnO(OH)2 particles [19]. Cobalt hydroxide, samarium hydrox-
ide and niobium hydroxide were formed at pH ≥ 7 as Co(OH)2,
Sm(OH)3 and Nb(OH)5 on the surface of SnO(OH)2 particles during
the precipitation. Then they were transformed into their corre-
sponding oxides during the calcination process [19].

Co(OH)2 was formed as follows [23]:

Co2+ + NH3 + H2O + NO−
3 → Co(OH)NO3 ↓ +NH+

4 (3)

Co(OH)NO3 ↓ +OH− → Co(OH)2 ↓ +NO−
3 (4)

Sm(OH)3 was formed at pH ≥ 7 as Sm(OH)2(NO3) [24]. Then it
was transformed into Sm(OH)3 as follows:

Sm(OH)2(NO3) ↓ +OH− → Sm(OH)3 ↓ +NO−
3 (5)

Also Nb(OH)5 was formed by the following reaction:

2NbCl5 + 10H2O → 2Nb(OH)5 + 10HCl (6)

Therefore, tin hydroxides and other metal hydroxides were
formed in the precursor sols during the hydrolysis and conden-
sation reactions [19]. These reactions were completed during the
aging for 24 h.

During the calcination, the core SnO(OH)2 was transformed into
SnO2 [19,25] as follows [25]:

SnO(OH)2 → SnO3H2 → Sn4O9H3 → SnO2 (7)

Also SnO(OH)2 was dehydrated directly to form SnO2 as:

SnO(OH)2 → SnO2 + H2O (8)

Co(OH)2, Sm(OH)3 and Nb(OH)5 existing on the surface of SnO2
were transformed into their corresponding oxides. The formed
oxides on the surface of SnO2 reduce the crystallite size of the
nanosized powders. Of course, some cations were expected to be
transferred into the interior of SnO2 and form a solid solution
[19,26].

Fig. 2 shows the XRD patterns of the sample doped with
0.05 mol% Sm2O3 (No. 4), dried at 60 ◦C and then calcined at dif-

◦ ◦ ◦ ◦
ferent temperatures (200 C, 400 C, 500 C and 700 C) for 2 h. The
XRD analysis confirmed the presence of tetragonal phase of SnO2
in the sample dried at 60 ◦C without heat treatment. Also no other
phase besides SnO2 was observed in the samples calcined at dif-
ferent temperatures. In addition, it was observed that the peak

Fig. 2. The XRD patterns of the sample doped with 0.05 mol% Sm2O3 dried at 60 ◦C
and then calcined at different temperatures (200 ◦C, 400 ◦C, 500 ◦C and 700 ◦C) for
2 h.
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Table 2
The crystallite size of the sample doped with 0.05 mol% Sm2O3 (No. 4) dried at 60 ◦C
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Table 3
The crystallite size calculated by Scherrer’s equation of the undoped and doped SnO2
nd then calcined at different temperatures for 2 h.

Temperature (◦C) 60 200 400 500 700
The crystallite size (nm) 2.5 3.3 5.9 6.0 9.9

ntensity increased with the increasing of calcination tempera-
ure. At the same time, broadening of the peak decreased with the
ncreasing of temperature. Several reasons such as burning out of
olatiles, increasing of crystallinity and partial sintering between
he particles may justify these observations. Particle growth is also
ffected by calcination temperature.

The crystallite sizes from Scherrer’s equation with 2� near
6.63◦ are listed in Table 2. The crystallite size of the sample doped
ith 0.05 mol% Sm2O3 (No. 4), dried at 60 ◦C, was about 2.5 nm. This

ample, however, had a large amount of water molecules adsorbed
n its surface and also considerable amount of hydroxyl groups in
ts structure [27]. SnO2 crystallites grew slowly by the increasing
f calcination temperature from 200 ◦C to 700 ◦C.

The XRD patterns of different systems (Nos. 1, 2, 3 and 7) cal-
ined at 700 ◦C for 2 h are illustrated in Fig. 3. The XRD patterns
isplayed only a tetragonal rutile structure for the undoped SnO2
No. 1) and the Co-doped SnO2 (No. 2). The crystallite size of
ndoped SnO2 was 15.6 nm. This value was 12.7 nm for the Co-
oped SnO2. So, it is clear that addition of cobalt oxide reduces the
rystallite size of SnO2, which is in agreement with the findings of
ther researchers [15,28].

As Table 3 shows, the addition of Nb2O5 reduces the crystallite
ize of Co-doped SnO2 system. The crystallite size of the sample
was 12.2 nm. This is in accordance with the findings of Leite et

l. [29,30]. They have reported that the particle growth of SnO2
an be controlled by addition of Nb O , which will segregate and
2 5
ontribute to the growth inhibition of SnO2. This may produce two
eneficial effects. The first is on the solute drag, which causes a
ecrease in particle mobility. The second is a reduction in the driv-

ng force. In both cases, the formation of a metastable solid solution

ig. 3. The XRD patterns of the undoped SnO2 (No. 1), Co-doped SnO2 (No. 2), (Co,
b)-doped SnO2 (No. 3) and (Co, Nb, Sm)-doped SnO2 (No. 7) systems calcined at
00 ◦C for 2 h.
with different additives calcined at 700 ◦C for 2 h.

Sample No. 1 2 3 4 5 6 7 8 9
Crystallite size (nm) 15.6 12.7 12.2 9.9 9.5 8.8 7.5 7.4 7.0

is fundamental to the development of a segregation layer of cations
on the particle surface [18,31].

The amount of Sm2O3 only affected the crystallite size of
nanosized SnO2 powders and the XRD patterns displayed only a
tetragonal rutile structure SnO2 for the samples 4–9. The addition of
Sm2O3 reduced the crystallite size of (Co, Nb)-doped SnO2 and pre-
vented the grains from growing. According to Table 3, small amount
of Sm2O3 (for example, No. 4) has a great influence in reducing
the crystallite size of SnO2 powders. This effect was observed by
Carreño et al. for (Ce, Y, La)-doped SnO2 prepared by hydrothermal
route [18]. They reported that rare earth dopants could inhibit SnO2
particles from growing at high temperatures.

The solubility limit of three-valence rare earth (RE) ions in SnO2
is known to be around 0.05 mol% and the excess ions are supposed
to segregate at grain boundaries, probably as pyrochlore crystal
phase, RE2Sn2O7 [32].

Since the ionic radius of Sm3+ (0.97 Å) is larger than that of Sn4+

(0.71 Å), the substitution of Sn4 +by Sm3+ leads to distortion of SnO2
lattice according to the following reaction:

Sm2O3
SnO2−→2Sm′

Sn + 3OO + VO
•• (9)

For this reason, probably the mentioned reaction, which takes
place at grain boundaries, will inhibit SnO2 particles from growing.
It is most probable that a metastable solid solution will be formed,
yielding a segregation of Sm cations on the surface of SnO2 [18].

TG/DTA results of the sample doped with 0.05 mol% Sm2O3
(No. 4), dried at 60 ◦C, are shown in Fig. 4. The total weight loss
value upon heating to 1000 ◦C was about 15.5%. An endother-
mic peak was observed at about 80 ◦C (with a weight loss
of 4%), indicating the physically absorbed water on the sur-
face of the precursor. A great exothermic peak was found at
236 ◦C on the DTA curve, which may correspond to the decom-
position of precursor to form SnO2 and/or other oxides in the
sample. Other peaks appearing between 300 ◦C and 550 ◦C cor-
respond to elimination of the nitrates and crystallization of the

oxides [10]. No significant weight loss was observed beyond
700 ◦C. Thus, the synthesized powders were calcined at 700 ◦C for
2 h.

The detailed FTIR spectra of the samples 1, 2, 3 and 7, dried at
60 ◦C, are shown in Fig. 5. The strong vibrations extending from

Fig. 4. TG/DTA plots of the sample doped with 0.05 mol% Sm2O3 dried at 60 ◦C in
air with the rate of 5 ◦C/min.
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ig. 5. The IR spectra for undoped SnO2 (No. 1), Co-doped SnO2 (No. 2), (Co, Nb)-
oped SnO2 (No. 3) and (Co, Nb, Sm)-doped SnO2 (No. 7) systems dried at 60 ◦C.

500 cm−1 to 2500 cm−1 indicate the presence of hydrogen bonds
nvolved in O–H oscillators, which may be due to adsorbed water
nd Sn–OH groups. The peak at 1400 cm−1 can be assigned to the
ending vibration of NO3. The peak appeared at 690 cm−1 relates

o the O–Sn–O bridge functional groups of SnO2, while the peak
ppearing at 534 cm−1 is due to the terminal oxygen vibration of
n–OH. These are characteristic vibration absorption peaks of the
n–O bond in SnO2 [33]. The peak located at 690 cm−1 confirms the

ig. 6. The SEM micrograph of the sample doped with 0.05 mol% Sm2O3 dried at
0 ◦C and then calcined at 700 ◦C for 2 h.
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presence of SnO2 as crystalline phase. This is in agreement with
the results of the XRD analysis. Addition of dopants changed the
positions of two characteristic vibration peaks of the Sn–O bond in
SnO2. The sample doped with cobalt (No. 2) changed the positions of
these two peaks to 542 cm−1 and 711 cm−1, respectively. The posi-
tions of these two peaks were changed to 561 cm−1 and 717 cm−1,
respectively in the (Co, Nb)-doped SnO2 (No. 3). There were two
peaks located at 652 cm−1 and 733 cm−1 in the (Co, Nb, Sm)-doped
SnO2 (No. 7). Since FTIR is a technique characterizing the surface
of materials [34], the shift of two peaks due to the increasing of
dopants may indicate the formation of a metastable solid solution
[35], inhibiting the grain growth of nanoparticles.

The SEM micrograph of the sample doped with 0.05 mol% Sm2O3
(No. 4) calcined at 700 ◦C for 2 h is shown in Fig. 6. As it can be seen,
most of the particles are spherical in shape and are in the size range
of 45–70 nm.

4. Conclusions

In the present work, nanosized (98.95 − x)SnO2 + 1CoO +
0.05Nb2O5 + xSm2O3 (mol%) (x = 0.05, 0.10, 0.20, 0.50, 1.00 and
2.00) powders were synthesized using chemical route. The
obtained results are as follows:

(1) The products had a uniform morphology and narrow particle
size distribution.

(2) No other phase besides SnO2 rutile structure was observed in
the samples calcined at different temperatures.

(3) The mean crystallite size of the sample doped with 0.05 mol%
Sm2O3 calcined at 700 ◦C for 2 h was about 10 nm.

(4) Addition of Sm2O3 reduced the crystallite size of (Co, Nb)-doped
SnO2.

(5) The formation of a metastable solid solution on the surface of
nanoparticles reduced the crystallite size of doped samples.

(6) Most of the particles were spherical in shape and were in the
size range of 45–70 nm.
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