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bstract

n this present work, we report the synthesis of SnO2 nanorod clusters by means of hydrothermal treatment of colloidal hydrous tin oxide at 200 ◦C.
ffect of synthesis parameters including concentrations of Na2SnO3·3H2O and NaOH, and hydrothermal time on morphology and yield of the
roducts is investigated. At optimum synthesis condition, nanorod clusters consisting of single crystalline, tetragonal-shaped rutile SnO2 nanorod

ith uniform shape and size of 190 ± 6 nm in diameter and 1.4 ± 0.2 �m in length were obtained. The influence of precursor concentration on yield

nd morphology development was discussed. Grown mechanism is described based on aggregation of nanocrystals and their subsequent growth
omocentrically.

2011 Elsevier Ltd. All rights reserved.
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. Introduction

Since the recognition of gas-sensing capability of a semicon-
ucting oxide in 1960s,1 research in this field have been widely
onducted both in the aspect of materials and devices. Recently,
he development of high sensitive gas sensors is of the great inter-
st owing to the need in detection of toxic or inflammable gases
n the industry and for air pollution monitoring. In principle any
emiconducting oxide can be exploited as a sensor by monitoring
hanges of its resistance during interaction with the detected gas
olecules at an operating temperature typically above 200 ◦C.
in oxide (SnO2), an n-type semiconductor with the wide band-
ap of 3.6 eV, has been extensively explored for many years as
gas-sensing material due to its high sensitivity at conveniently

ow operating temperatures, fast response and good selectivity
o different gases although lately many studies extended also
o other oxides.2–4 To take the advantage of their high surface-

o-volume ratio, nanostructured SnO2 of various morphologies
uch as nanorod, nanowire, nanotube, nanoflower and hollow
phere have been studied for gas-sensing performance.5–10 Sev-
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er-chemical preparation

ral synthetic methods such as thermal evaporation, thermal
ecomposition, molten-salt synthesis, sonochemical synthesis,
queous growth and hydrothermal have been used to pre-
are SnO2 nanostructures with a variety of morphologies.11–14

lthough these methods can be effective for controlling particle
orphology, some drawbacks are found in some methods. For

xample, the complicated process of sonication procedure and
he use of very high temperature of molten-salt method may not
e favorable for large-scale synthesis. Recently, hydrothermal
as been used widely to synthesize 1-dimensional nanostruc-
ured oxide materials since the anisotropic growth of the crystal
an be favored under high pressure and temperature.

In this present work, we report the influence of synthesis con-
ition including concentrations of precursors, hydrothermal time
nd temperature on morphology and yield of SnO2 nanorods.
rown mechanism is also proposed.

. Experimental procedure

.1. Synthesis of SnO2 nanorod clusters
Sodium stannate trihydrate (Na2SnO3·3H2O, Aldrich),
odium hydroxide (NaOH, RCI Labscan) and absolute ethanol
C2H5OH, RCI Labscan) were used as received. In a typical syn-
hesis, 20 mL of absolute ethanol was slowly added into 20 mL
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Fig. 1. XRD patterns of SnO2 nanorod clusters prepared at fixed NaOH concen-
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f 0.188 M [Na2SnO3·3H2O]/0.35 M [NaOH] aqueous solution
t ambient room temperature under stirring condition. To ensure
omplete reaction, the mixed solution was stirred for 30 min to
btain white suspension. The suspension was transferred into
50-mL Teflon-lined stainless steel autoclave, and held in an

lectric oven at 200 ◦C for 48 h. After cooling down to room
emperature, the products were washed for at least 3 times with
eionized water by vacuum filtration using a 0.1-�m cellulose
embrane and finally dried at 105 ◦C overnight. To study the

ffect of precursor concentration on morphology and yield of the
roduct, the hydrothermal synthesis was performed at various
oncentrations of Na2SnO3·3H2O and NaOH. To further inves-
igate a mechanism for crystal growth, morphology development
t various hydrothermal times was studied.

.2. Characterization

Crystal structure of the synthesized product was identi-
ed by using an X-ray diffractometer (XRD, JDX 3530).
icrostructural analysis was performed by using scanning elec-

ron microscopes (SEM, JSM 6301F and S-3400N) and a
ransmission electron microscope (TEM, JEM 2010). Several
solated clusters were observed by TEM to investigate their for-

ation mechanism. The cluster size was averaged from the size
f 5 clusters measured from SEM image while the size of the
anorod was the average size of 20 nanorods lying parallel to
he paper surface.

. Results and discussion

Fig. 1 shows XRD patterns of the samples prepared from dif-
erent concentration of Na2SnO3·3H2O at 200 ◦C for 48 h. All
he samples had similar XRD patterns which were identified as
nO2 with rutile structure (JCPDS# 41-1445). Concentration
f Na2SnO3·3H2O solution had no effect on crystal struc-
ure of the SnO2 nanorods at the fixed pH employed. Relative
ntensities of the major planes are similar to those of standard
owder diffraction pattern, indicating that the samples had no
referred orientation. It has been reported that the hydrothermal-
rown SnO2 nanorods can exhibit a preferred orientation.15

uch preferred growth is not observed in this work, possibly
ecause of different crystallization mechanism taking place in
ur hydrothermal reactor.

Fig. 2 shows SEM images of the SnO2 nanorod clus-
ers prepared at various concentrations of Na2SnO3·3H2O.
he morphology of the product is found to be dependent
n the concentration of the Na2SnO3·3H2O. At the lowest
oncentration employed, elongated particles and some short
etragonal-shaped nanorods of 204 ± 45 nm in diameter and
.8 ± 0.5 �m long are observed (Fig. 2(a)). When the con-
entration was raised to 0.113 M, complete development of
etragonal-shaped nanorods was clearly observed (Fig. 2(b)).
he product consisted of short nanorods with diameter of

90 ± 8 nm and length of 1.1 ± 0.2 �m aggregating homocen-
rically to form nanorod cluster of 2.2 ± 0.15 �m in size similar
o the structure of an urchin. More well-defined clusters of
.8 ± 0.15 �m in size made up of longer nanorods (diame-

f
g
b
o

ration of 0.35 M and Na2SnO3·3H2O concentration of (a) 0.075 M, (b) 0.113 M,
c) 0.150 M and (d) 0.188 M.

er = 190 ± 6 nm, length = 1.4 ± 0.2 �m) was obtained when the
oncentration was further increased. Detailed analysis of several
anorod clusters by TEM, a typical image shown in Fig. 2(d),
learly revealed that the cluster consists of many nanorods
f uniform size and shape having the common point. The
elected-area electron diffraction pattern (inset) indicated that
he nanorods are single crystalline. This result suggests that
he cluster grew via the growth of individual nanorods which
rew outwards homocentrically. It is not likely that the clus-
er is formed by aggregation of the fully grown nanorods. The
lusters with longer nanorods obtained at higher concentration
f Na2SnO3·3H2O can be attributed to the more supersaturated
ondition attained.

Fig. 3 shows the relationship between the amount of the SnO2
anorods and concentration of the Na2SnO3·3H2O employed.
he amount of SnO2 increases parabolically with the increase of
a2SnO3·3H2O concentration, indicating its significant effect

t high concentration. According to the trend in Fig. 3, it is
ery likely that higher percent yield can be obtained at the
oncentration higher than 0.188 M. The dramatic increase of
ydrothermal product with increasing concentration can be
escribed based on the enhanced solubility of solid precursor. At
ow Na2SnO3·3H2O concentration, the supersaturation regime
or crystallization is narrow leading to limited extent of crystal

rowth. At high Na2SnO3·3H2O concentration, this regime can
e widen particularly under hydrothermal condition as a result
f increased solubility of the solid precursor compared to that
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ig. 2. SEM images of SnO2 nanorod clusters prepared at fixed NaOH concent
c) 0.188 M. TEM image of the cluster obtained from 0.188 M [Na2SnO3·3H2O

t normal condition for a typical chemical synthesis (ambient
ressure, temperature < 100 ◦C).16 Therefore, numerous nuclei

re formed and growth can be at large extent as long as the
egree of supersaturation does not fall below the limit for crystal
rowth.
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of 0.35 M and Na2SnO3·3H2O concentration of (a) 0.075 M, (b) 0.113 M and
5 M [NaOH] is shown in (d).

It is known that the hydrothermal process takes place through
steps: a dissolution and subsequent crystallization. SnO2

anorods can be formed through dissolution of the solid pre-
ursor followed nucleation when supersaturated concentration
t the hydrothermal condition is reached. The increase of percent
ield at higher Na2SnO3·3H2O concentration can be explained
ased on the increase of degree of supersaturation (S) which is a
atio of a concentration of the hydrolyzed Sn species and a con-
entration of the solution in equilibrium with the crystal. In our
xperiment, higher concentration of Na2SnO3·3H2O resulted in
ore amount of the amorphous precipitate, which consequently

esulting in higher concentration of dissolved Sn cation in the
ydrothermal solution. The more supersaturated solution leads
o more crystallization since it requires lower activation energy
or nucleation (�G*) which is defined by17:

G∗ = 16πσ3M2

3(ρRT ln S)2 , (1)
here σ is the interfacial tension between the crystal and its
urrounding, ρ is the crystal’s density and M is the crystal’s
olecular weight.



2456 S. Supothina et al. / Journal of the European Ceramic Society 31 (2011) 2453–2458

F
[

d
h
w
i
n
S
t
c
c

[Sn(O
H

)n (4-n)+]

[NaOH] 

Supersaturation 

Crystals 

Solution 
co

tim
e 

Spontaneous 
nucleation 

Crystal 
growth 

1          2            3             4 

F
s

t
N
t
i
n
c

F

ig. 4. SEM image of SnO2 prepared from 0.188 [Na2SnO3·3H2O]/0.5 M
NaOH].

It should be pointed out that nanorod structure can be
eveloped without the use of shape-forming agents. In our
ydrothermal system, at the initial stage, the solid precursor
as continuously dissolved in the basic fluid as temperature

ncreased followed by hydrolysis of a dissolved Sn4+ resulting in
umerous hydrolyzed tin species such as Sn(OH)3+, Sn(OH)2

2+,
n(OH)3+, Sn(OH)4(aq) and Sn(OH)6

2−.18 The concentration of

hese hydrolyzed species increased with time. Once a critical
oncentration was reached, nuclei were formed and subsequent
rystal growth took place.

a
i
h

ig. 6. SEM images of SnO2 nanorod clusters prepared from 0.188 M [Na2SnO3·3H
ig. 5. Schematic illustration of stability diagram of SnO2 which represents
ynthesis conditions at various [NaOH] and fixed [Na2SnO3·3H2O] of 0.188 M.

To investigate the influence of pH of the medium on crys-
allization of the products, the experiments was carried at fixed
a2SnO3·3H2O concentration of 0.188 M and NaOH concen-

rations of 0.1 M, 0.5 M and 1.0 M instead of 0.35 M as employed
n the typical synthesis. The use of 0.1 M and 1.0 M NaOH did
ot lead to the formation of any type of solid product as no pre-
ipitate product was found. The use of 0.5 M NaOH resulted in

ggregated SnO2 nanorods and irregular-shaped SnO2 as seen
n Fig. 4. It is evident from this result that either too low or too
igh basic concentration was unfavorable for crystallization of

2O]/0.35 M [NaOH] at 200 ◦C for (a) 24 h, (b) 36 h, (c) 48 h and (d) 72 h.
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he SnO2 nanorods. Effect of NaOH concentration on crystal-
ization behavior is schematically shown in Fig. 5 which is a
ypical stability diagram of metal oxides. Most oxides including
nO2 are amphoteric as they can be dissolved in both acid and
asic media. At high and low pHs, solubility of the oxides is high,
nd the dissolved hydrolyzed species are their stable phase. As
he pH approaching neutral, the stability is decreasing and crys-
allization can occur provided that the critical concentrations for
pontaneous nucleation and growth are satisfied.

At fixed concentration of tin oxide precursor in our
ydrothermal fluid, the solid precursor continuously dissolved
n the basic medium as the temperature increased resulting
n Sn4+ solution with concentration of co. The Sn4+ under-
ent hydrolysis reaction producing hydrolyzed Sn species

i.e. Sn(OH)n
(4−n)+) which resulted in the increase of degree

f supersaturation of the solution. It is known that hydroxyl
on (OH−) plays a significant role in the hydrolysis reaction.
t low NaOH concentration (arrow 1, representing 0.188 M

Na2SnO3·3H2O]/0.10 M [NaOH] solution), total concentration
f hydrolyzed Sn species is below the critical concentra-
ion for spontaneous nucleation, and therefore nucleation did
ot occur. At medium NaOH concentration (arrows 2 and 3,
epresenting 0.188 M [Na2SnO3·3H2O]/0.35 M [NaOH] and
.188 M [Na2SnO3·3H2O]/0.5 M [NaOH] solutions, respec-
ively), total concentration of the hydrolyzed Sn species reaches
he critical concentration for spontaneous nucleation, and nucle-
tion occurs. A subsequent crystal growth can take place
s long as the total concentration is in the supersaturation
egime. At high NaOH concentration (arrows 4, representing
.188 M [Na2SnO3·3H2O]/1.0 M [NaOH] solution), the hydrol-
sis occurs at largest extent compared to other conditions
esulting in highest total concentration of Sn species. However,
he concentration of Sn species is below the critical concentra-
ion for spontaneous nucleation, and therefore nucleation did not
ccur.

In order to reveal formation mechanism of the SnO2 nanorod
lusters, the experiment was carried out at various hydrothermal
imes and the results are shown in Fig. 6. At the hydrothermal
ime of 24 h, aggregates of tetragonal-shaped SnO2 nanocrystals
ere observed. When the time was prolonged to 36 h, the clusters

omposing of nanorods with diameters of ∼190 nm and lengths
f ∼1 �m were obtained. The nanorods of the same diameter and
ength of ∼1.4 �m was obtained when the time was 48 h. When
he time was prolonged further to 72 h, the nanorod clusters of
imilar microstructure were obtained indicating that the crys-
al growth was completed. Based on the above observation, the
ossible formation mechanism of SnO2 nanorod clusters can be
chematically shown in Fig. 7. Under hydrothermal condition,
umerous SnO2 nuclei were formed rapidly once the critical
oncentration for spontaneous nucleation was reached. These
uclei grew and aggregated to minimize the total surface area
hus minimizing the total interfacial energy. These nanocrystals
hen grew homocentrically, resulting to the urchin-like clusters.
similar growth mechanism of nanorod clusters via aggregation
nd Ostwald ripening of nanocrystals followed by their growth
s also reported in the synthesis of Zn-doped SnO2 nanorod
lusters.19
ig. 7. Schematic illustration describing the growth mechanism of SnO2

anorod clusters.

. Conclusions

SnO2 nanorod clusters consisting of single crystalline,
etragonal-shaped nanorods have been synthesized by using a
imple hydrothermal method without the use of shape-inducing
gent. The concentrations of both Na2SnO3·3H2O and NaOH
trongly affected the formation, morphology and yield of the
nO2 products. The increase of Na2SnO3·3H2O concentration

ed to more yield and more well-defined, longer nanorods as
result of high degree of supersaturation attained. The effect

f NaOH concentration was found to be more complicated. The
anorods were obtained only at moderate concentrations that led
o supersaturated solution satisfying nucleation and growth. Too
igh concentration resulted in stable solution because of ampho-
eric nature of the SnO2 while too low concentration resulted
n low hydrolysis reaction. Based on the time-dependent study,
t is proposed that the nanorod clusters were formed via the
ggregation of SnO2 nanocrystals followed by their homocentric
rowth.
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