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Abstract Antimony trioxide (Sb,O3) nanoparticles with
particle sizes ranging from 2 to 12 nm, spherical in shape,
and well-distributed were successfully synthesized by
chemical reduction method. The nanoparticles were syn-
thesized in the presence of hydrazine as a reduction agent
in ethylene glycol through the reaction between antimony
trichloride and sodium hydroxide. Effects of reaction
temperature, reaction time, precursor concentration and
boiling temperature on the particle size, shape, and distri-
bution of the Sb,O; nanoparticles were investigated.
Morphology of the nanoparticles was examined by trans-
mission electron microscope (TEM). It was revealed that
the particle size increased when reaction temperature,
reaction time and concentration of precursor were
increased. Moreover, the mixture needed to be boiled prior
to the addition of hydrazine as a reduction agent, in order to
obtain an optimum reduction. X-ray diffraction (XRD) was
employed to study the crystallinity and phase of the
nanoparticles. The nanoparticles were determined as cubic
phase of Sb,O; (ICDD file no. 00-043-1071) by XRD.
Interrelation between UV-vis absorption spectra of the
nanoparticles and their particle size were obtained.

Introduction

At present time, progressive development of nanotechnol-
ogy has triggered the synthesis of particles in nanometer
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scale. Nanoparticles possess novel electronic, chemical,
mechanical, optical, sensing and catalytic properties, which
are different from those bulk materials due to their high
surface-to-volume ratio [1, 2]. These properties find
applications in the field of flame retardant synergist, cata-
lyst, optical material, sensor, electronic and optoelectronic
devices [3—10]. Nanoparticles are commonly incorporated
in polymers acting as a flame retardant compound to pre-
vent burning of the polymers. There are some commonly
used flame retardants such as antimony trioxide (Sb,03),
aluminum trihydrate, and magnesium hydroxide [4].
Among those reported candidates, Sb,O5 is a well known
flame retardant synergist, which is applied in plastics and
rubber. However, larger particle size and lower mechanical
properties of Sb,Oj3 particles have limited their applications
[4]. Thus, most efforts have been focused to synthesize
Sb,O3 nanoparticles in the smallest size, with spherical
shape and well distribution.

Up to now, Sb,O5 nanoparticles have been successfully
synthesized in polyhedral shape with particle size less than
200 nm by chemical method [11]. This method enables
Sb,03 to be synthesized in nanoparticles form at the
shortest time (~1 h) with the lowest cost and simplest
route, if compared to other reported methods [12—-19]. In
this method, polyvinyl alcohol (PVA) and sodium
hydroxide (NaOH) were used to synthesize the Sb,O3;
nanoparticles. However, larger particle size with polyhe-
dral shape has limitation in their application as flame
retardant synergist. To overcome this issue, the chemical
method had been modified into chemical reduction method,
where hydrazine (N,HsOH) acting as a reducing agent and
ethylene glycol (EG) acting as a protective agent solvent
were introduced. It was reported that this chemical reduc-
ing method was able to synthesize nanoparticles of nickel
(Ni) with mean particle size of 9.2 nm in spherical shape
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and the size was distributed uniformly [20]. In the system
of cobalt (Co), particle size ranging from 4 to 13 nm in
spherical shape with well distribution were successfully
synthesized by reduction of Co?" with hydrazine in EG
[21].

In chemical reduction method, there are a few process
parameters that contribute to the particle size, shape, and
size distribution of nanoparticles. Some of the reported
parameters are concentration of hydrazine, NaOH and
precursor, reaction temperature, and reaction time [21-28].
Increasing reaction temperature [26, 27], reaction time [22,
23, 25], and concentration of precursor [21, 24] exhibited
greater effect on the growth rather than on the nucleation of
other systems, where particle size increased with the
increase of reaction temperature, reaction time, and con-
centration of precursor, respectively. The effect of hydra-
zine and NaOH concentration on Sb,O5; nanoparticles had
been reported via chemical reducing method [28]. It was
found that the particle size decreased and remained con-
stant (2-12 nm) when [NZHSOH]/[Sb”] > 10 and
[NaOH]/[Sb”] = 3. In order to further improve the par-
ticle size, shape, and size distribution of Sb,O5; nanopar-
ticles, the aforementioned three effects (concentrations of
precursor, reaction temperature, and reaction time) and
boiling temperature have been investigated in this study.

Experimental

The synthesis of Sb,O5; nanoparticles was carried out in a
fume cupboard. The precursor was prepared by dissolving
25 mM of SbCl; in EG. Subsequently, an appropriate
amount of NaOH ([NaOH]/[Sb3+] = 3) was added to the
above solution under a constant stirring. The mixture was
heated until it boiled, immediately after that, an appropriate
amount of hydrazine ([N2H5OH]/[Sb3+] = 10) was added
into the mixture under vigorous stirring condition. The
mixture was stirred for 60 min at various reaction tem-
peratures (60, 90, 120, and 150 °C) until white precipitates
were obtained. Then, the precipitates were filtered by
washing several times with distilled water and ethanol.
After that, the precipitates were dried at 100 °C for 1 h.
Same procedures were repeated under different parameters
when the effect of reaction time (30, 60, 90, and 120 min),
concentration of precursor ([Sb3+]/[N2H5OH] = 0.05, 0.1,
0.15, and 0.2), and boiling temperature (25, 50, 80, and
110 °C) were investigated.

The particle size was examined by using a CM Philips
transmission electron microscope (TEM) operated at
120 kV. For one sample, a total of 300 particles were
measured to determine the particles size, as well as their
size distribution. This analysis was carried out by Imagel
software. Crystalline phases of nanoparticles were detected
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by a D500 Siemens diffractometer using Cu-Ko; radiation
with 2 = 1.5406 A as an X-ray source and was adjusted at
a voltage of 40 kV and a current of 40 mA. X-ray dif-
fraction (XRD) measurements were scanned from
20 = 10°-90° by using a step time of 71.60 s and step size
of 0.034°. A Perkin Elmer spectrophotometer equipped
with a 10 mm quartz cell was employed to obtain UV-vis
absorption spectra of the nanoparticles.

Results and discussions
Effect of reaction temperature

In order to study the effect of reaction temperature on the
particle size, shape, and size distribution of the nanoparti-
cles, other process parameters were fixed. Those fixed
process parameters were concentration of hydrazine at
[N,HsOHJ/[Sb>"] = 10, concentration of NaOH at
[NaOH]/[Sb”] = 3, reaction time at 60 min, concentra-
tion of precursor at [Sb”]/[NzHSOH] = 0.1, and boiling
temperature at 110 °C.

Figure 1 shows TEM images and histogram of particle
size distribution of as-synthesized nanoparticles prepared
at different reaction temperatures (60, 90, 120, and
150 °C). At 60 °C (Fig. 1a), no nanoparticles were
observed, but some fibrous materials were formed after
heating for 60 min. It may be due to slow reduction rate of
Sb>" by hydrazine. Since no nanoparticles were formed at
60 °C, the reaction temperature was then increased to
90 °C. At this temperature, mixture of fibrous materials
and nanoparticles were found as presented in Fig. 1b.
Formation of the mixture was due to incomplete reduction
of Sb>*, where those un-reduced Sb>* were tended to form
fibrous materials and those reduced Sb>* were underwent
nucleation and oxidization processes to form oxide nano-
particles. As the reaction temperature was increased to
120 °C, nanoparticles with well-distributed spherical shape
(Fig. 1c) were observed and the particle size is ranged from
2 to 12 nm (Fig. le). These promising findings offer a
viable solution to the issue raised by Zhang et al. [11], in
which their Sb,0;3 particles were in polyhedral shape with
particle size less than 200 nm that will limit their
applications.

The formation mechanism of Sb,O3; nanoparticles can
be explained by four processes [28], i.e., reduction,
nucleation, oxidization, and growth. At first, ion Sb3* is
reduced to Sb atom by hydrazine as shown in Eq. 1

4Sb*" 4+ 3N,H, 4 120H™ — 4Sb + 3N, + 12H,0. (1)
Nucleation occurs to form nuclei by collision between

formed Sb atoms. Subsequently, growth process is initiated
once the nuclei are formed. Sb,O5 nanoparticles are formed
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Fig. 1 TEM images of Sb,0O;
nanoparticles with effect of
reaction temperature a 60 °C,
b 90 °C, ¢ 120 °C [28] (With
kind permission from Springer
Science+Business Media:
Journal of Nanoparticle
Research, Controlled synthesis
of Sb,O3 nanoparticles by
chemical reducing method in
ethylene glycol, DOI
10.1007/s11051-010-0169-y,
2010, Hui Shun Chin, Kuan
Yew Cheong, Khairunisak
Abdul Razak, Fig. 1c), and

d 150 °C and the corresponding
particle size distribution

e 120 °C [28] and f 150 °C
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when those grown nuclei are oxidized in environment, as
shown in Eq. 2

4Sb + 30, — 28b,0;. (2)

Since both oxidization and growth process happen simul-
taneously, there is a possibility to form a core—shell
structure of Sb—Sb,03. The core—shell structure may form
if the growth rate is faster than oxidization rate. In this
study, based on TEM images, none of any structures with
dark core capping with lighter shell were observed, thus,
core—shell structure of Sb,O3 nanoparticles did not form. It
is suggested that the oxidization rate is faster than the
growth rate. Meanwhile, the presence of well-distributed
nanoparticles may be due to extremely fast nucleation rate,
which attributes to a complete separation of nucleation and
the growth process.

By further increasing of the reaction temperature to
150 °C, nanoparticles with spherical shape were nearly
agglomerated as shown in Fig. 1d. The agglomeration may

810 10-12 12-15 1518 18-21
Particle size (nm)

21-24  24-27
Particle size (nm)

be due to ripening effect [26], where larger particles are
formed from those smaller particles, which have higher
surface energy than the larger ones. Besides, Rautio et al.
[29] reported that at higher temperature, polymeric network
of nanoparticles collapsed and nanoparticles were able to
grow easily. Figure le and f presents particle size distri-
bution of Sb,O; nanoparticles. It is clearly seen that the
particle size distribution became broader from 2—12 nm to
12-27 nm, when reaction temperature was increased from
120 to 150 °C, respectively. It is also noted that the pre-
dominated size range was increased from 4-6 nm (mean
particle size: 4.72 nm) to 18-21 nm (mean particle size:
18.97 nm), as the reaction temperature was increased from
120 to 150 °C. Similar trend had been reported by other
researchers [26, 27]. However, mean particle size of Sb,O3
nanoparticles prepared at 60 °C and 90 °C could not be
measured because no nanoparticles were formed at 60 °C
and mixture of fibrous materials and nanoparticles were
formed at 90 °C.
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The corresponding XRD patterns of Sb,O5 nanoparticles
at different reaction temperatures are shown in Fig. 2. A
mixture of amorphous and polycrystalline phases were
detected in sample prepared at 60 °C (Fig. 2a). Those
phases were stable unless altering them with heat treat-
ment. The amorphous phase was detected at diffraction
angle 20 < 27°. Similar findings were found at 90 °C
(Fig. 2b), where both amorphous and polycrystalline pha-
ses were detected. But, the amorphous phase (20 < 27°)
gradually decreased while the crystalline phase gradually
appeared, as denoted by the appearance of diffraction peaks
at 20 > 60°. At 120 °C, all of the diffraction peaks mat-
ched with cubic phase of Sb,O3; (ICDD file no. 00-043-
1071) as shown in Fig. 2c. Those matched diffraction
peaks were associated with (222), (400), (331), (440),
(622), (444), (551), (731), (800), (733), (662), (840) and
(844) planes. They are in good agreement with the findings
reported by Zhang et al. [11] and Zeng et al. [16]. From the
XRD pattern, no other impurities were detected. As reac-
tion temperature was increased to 150 °C (Fig. 2d), same
diffraction peaks were detected at reaction temperature of
120 °C. However, intensities of those peaks were of higher
intensity and sharper as compared to reaction temperature
at 120 °C. This is associated with the increase in the Sb,O3
nanoparticles size.

Figure 3 depicts typical UV—vis absorption spectra of
Sb,03 nanoparticles obtained from different reaction tem-
peratures (60, 90, 120, and 150 °C). Overall, the maximum
absorption wavelengths occurred at the range of
280-314 nm, which are consistent with the literature,
where the maximum absorption wavelength occurred at the
range of 200-360 nm [15] and 250-300 nm [30]. The
maximum absorption wavelengths of reaction temperature
at 120 °C and 150 °C were 280 nm and 298 nm, respec-
tively. The shifting of maximum absorption wavelength to

N~ —_ = gﬁ .
(d)
=
\ﬂi J\__k _A e AN
2 | (©
2]
fony
9
= f_ W W .
(b)
__/\_,—s.l_-/ A
(a)
20 20 60 80
26 (%)

Fig. 2 XRD patterns of Sb,O3; nanoparticles with effect of reaction
temperature (a) 60 °C, (b) 90 °C, (c) 120 °C [28], and (d) 150 °C
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Fig. 3 UV-vis absorption spectra of Sb,O5 nanoparticles with effect
of reaction temperature (a) 60 °C, (b) 90 °C, (c) 120 °C [28], and
(d) 150 °C

a lower wavelength was due to the smaller particles formed
at 120 °C nm (mean particle size: 4.72 nm) (Fig. 1c) as
compared to particles formed at 150 °C (mean particle
size: 18.97 nm) (Fig. 1d). At 90 °C, the maximum
absorption wavelength was at 288 nm, between the maxi-
mum absorption wavelength of 120 °C (280 nm) and
150 °C (298 nm). This may be due to the mixture of both
amorphous and crystalline phases that had been formed
(Fig. 1b). The significant red-shift [26] of maximum
absorption wavelength to 314 nm was detected at 60 °C,
which may be attributed to the formation of larger fibrous
materials (Fig. 1a).

Effect of reaction time

To understand the effect of reaction time on the particle
size, shape, and size distribution of the nanoparticles, other
process parameters are kept stable. Those process param-
eters were concentration of hydrazine at [N,HsOH]/
[Sb3+] = 10, concentration of NaOH at [NaOH]/
[Sb3+] = 3, reaction temperature at 120 °C, concentration
of precursor at [Sb3+]/[N2H50H] = 0.1, and boiling tem-
perature at 110 °C.

Transmission electron microscope (TEM) images and
particle size distribution of Sb,O5 nanoparticles prepared at
different reaction times (30, 60, 90, and 120 min) are
presented in Fig. 4. At reaction time of 30 min (Fig. 4a),
well-agglomerated particles were observed and the particle
size distribution hardly measured. Therefore, this result
was unable to be presented. Since there were no well-dis-
tributed nanoparticles, reaction time was increased to
60 min and well-distributed Sb,O3; nanoparticles with
spherical shape were observed, as shown in Fig. 4b. Up to
now, Sb,Oj3; nanoparticles with mean particle size of
4.72 nm, spherical in shape, and narrow particle size



J Mater Sci (2011) 46:5129-5139

5133

Fig. 4 TEM images of Sb,0O;
nanoparticles with effect of
reaction time a 30 min,

b 60 min [28] (With kind
permission from Springer
Science+Business Media:
Journal of Nanoparticle
Research, Controlled synthesis
of Sb,O5 nanoparticles by
chemical reducing method in
ethylene glycol, DOI
10.1007/s11051-010-0169-y,
2010, Hui Shun Chin, Kuan
Yew Cheong, Khairunisak
Abdul Razak, Fig. 1c),

¢ 90 min, and d 120 min and
the corresponding particle size
distribution e 90 min and

f 120 min

(e) 50 f)*
® — 30
£ I 25
5 3 z 20
3 ]
3 315
g > §
jr (T
10
A ; |
. — X [ ]

7-10 10-13 13-16 16-19 19-22 2225
Particle size (nm)

distribution (2-12 nm) is a promising finding as compared
to other reported findings (less than 200 nm with polyhe-
dral shape [11] and longer synthesizing time [2, 12, 13,
17]). As reaction time increased to 90 min and 120 min,
the nanoparticles grew larger and nearly agglomerated, as
presented in Fig. 4c and d. Particle size distribution
became broader from 2—12 nm to 7-25 nm (mean particle
size: 12.94 nm) (Fig. 4e) and 8-32 nm (mean particle size:
17.02 nm) (Fig. 4f), with respective to reaction time of
60 min, 90 min and 120 min in sequence. This occurrence
was mainly due to the prolonged reaction time that accel-
erated growth rate of the nanoparticles gradually after
oxidization process was completed. Thus, particle size of
Sb,O3 nanoparticles increased when reaction time was
increased from 60 to 120 min, as elucidated in Fig. 5. This
trend had also been reported by Kim et al. [23] and Yang
et al. [25].

Figure 6 shows XRD patterns of Sb,O5 nanoparticles at
different reaction times. Mixture of amorphous and
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Fig. 5 Effect of reaction time on particle size of Sb,O3 nanoparticles.
The error bars indicate the maximum, minimum, and mean values of
the particle size. (Particle size at reaction time of 30 min could not
measure because no particles were observed)
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Fig. 6 XRD patterns of Sb,O3 nanoparticles with effect of reaction
time (a) 30 min, (b) 60 min [28], (¢) 90 min, and (d) 120 min

polycrystalline phases in sample with reaction time of
30 min is shown in Fig. 6a. Amorphous phase was detected
at 260 < 27° and some polycrystalline peaks were detected,
which are in good agreement with cubic phase of Sb,O3
(ICDD file no. 00-043-1071). As reaction time increased to
60 min (Fig. 6b), the amorphous phase disappeared, but
there were total of 13 diffraction peaks that had been
detected. The detected diffraction peaks are associated with
(222), (400), (331), (440), (622), (444), (551), (731), (800),
(733), (662), (840) and (844) planes. All of the diffraction
peaks can be indexed to cubic phase of Sb,O5; (ICDD file
no. 00-043-1071). When reaction time increased to 90 min,
similar diffraction peaks were detected as aforementioned,
but the diffraction peaks became sharper with higher
intensity when compared with reaction time at 60 min, as
shown in Fig. 6¢c. It was due to the formation of larger
Sb,03 nanoparticles. By further increasing the reaction
time to 120 min (Fig. 6d), same diffraction peaks were
detected as compared to reaction time of 60 min and
90 min. However, additional five diffraction peaks were
also detected, which are associated with (422), (511),
(531), (911), and (931) planes. Nevertheless, the additional
peaks also matched with the same ICDD file as discussed
above. Moreover, those diffraction peaks exhibited the
sharpest and highest intensity among other reaction times
(60 and 90 min). The diffraction peaks with the sharpest
and highest intensity are corresponded to the formation
largest particles. Those detected diffraction peaks (60 min,
90 min and 120 min) were in agreement with the findings
reported by Zhang et al. [11] and Zeng et al. [16]. From the
XRD patterns (Fig. 6), it was also noted that cubic phase of
Sb,O3 was the only phase detected and no other impurities.

UV-vis absorption spectra of Sb,O5; nanoparticles pro-
duced by different reaction times (30, 60, 90, and 120 min)
are presented in Fig. 7. It is clearly seen that the maximum
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Fig. 7 UV-vis absorption spectra of Sb,O3 nanoparticles with effect
of reaction time (a) 30 min, (b) 60 min [28], (¢) 90 min, and
(d) 120 min

absorption wavelength took place from 280 to 310 nm,
which are comparable with the previous reported findings
(maximum absorption wavelength are occurred from 200
to 360 nm [15] and 250 to 300 nm [30]). At reaction time
of 30 min, maximum absorption wavelength was occurred
at 310 nm. When reaction time increased to 60, 90, and
120 min, the corresponding maximum absorption wave-
lengths were 280 nm (mean particle size: 4.72 nm),
290 nm (mean particle size: 12.94 nm), and 294 nm (mean
particle size: 17.02 nm), respectively. Relative to the
reaction time at 30 min, the maximum absorption wave-
lengths of reaction time at 60, 90, and 120 min were blue-
shifted. It is well known that optical absorption would
change accordingly to the changes of morphology and
crystallinity of nanoparticles [25]. The shifting of the
maximum absorption wavelength could be proved by
varying the particle size of Sb,O3, as shown in Figs. 4 and
5, in which a blue-shift of maximum absorption wave-
length was detected when the particle size decreased when
the reaction time was decreased.

Effect of precursor concentration

Aiming to investigate the effect of concentration of pre-
cursor (SbCl;) on the particle size, shape, and size distri-
bution of the nanoparticles, other process parameters are
kept constant. The constant process parameters were con-
centration of hydrazine at [N2H50H]/[Sb3+] = 10, con-
centration of NaOH at [NaOH]/[Sb3+] = 3, reaction
temperature at 120 °C, reaction time at 60 min and boiling
temperature at 110 °C.

Figure 8 shows TEM images and particle size distribu-
tion of Sb,O5 nanoparticles with different concentrations of
precursor ([Sb>*T)/[N,HsOH] = 0.05, 0.1, 0.15, and 0.2).
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Fig. 8 TEM images of Sb,0O;
nanoparticles with effect of
concentration of precursor
[Sb**1/[N,HsOH] = a 0.05,

b 0.1 [28] (With kind
permission from Springer
Science+Business Media:
Journal of Nanoparticle
Research, Controlled synthesis
of Sb,O5 nanoparticles by
chemical reducing method in
ethylene glycol, DOI
10.1007/s11051-010-0169-y,
2010, Hui Shun Chin, Kuan
Yew Cheong, Khairunisak
Abdul Razak, Fig. 1c), ¢ 0.15,
and d 0.2 and the corresponding
particle size distribution e 0.05
and f 0.15
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When the concentration of precursor was low ([Sb3+]/
[N,HsOH] = 0.05), well-distributed Sb,O5 nanoaparticles
with spherical shape (Fig. 8a) and mean particle size of
5.01 nm (Fig. 8e) were observed. However, relatively
lesser particles were formed, as shown in Fig. 8a. The low
yield phenomenon can be due to insufficient supply of
precursor during initial stage of synthesizing the Sb,O3
nanoparticles. In this study, precursor was a main chemical
substance that will supply ion Sb for synthesizing Sb,O;
nanoparticles. As concentration of precursor increased to
0.1 and 0.15, particle size was gradually increased as
shown in Fig. 9. This trend had been reported by other
researchers [21, 24]. However, the low yield phenomenon
had been improved, where more well-distributed nano-
particles (2-12 nm) with spherical shape were formed, as
presented in Fig. 8b and c. Relative to other reported
findings [2, 11, 13, 17], this method was able to synthesize
spherical shape of Sb,O5 nanoparticles with a smaller mean
particle size (4.72 nm) and a narrower particle size distri-
bution (2-12 nm). Besides, particle size distribution also

&10 10-12 4.7 7-10 10-13 13-17 17-20
Paticle size (nm)

became broader, from 2—-12 nm to 4-20 nm (mean particle
size: 12.25 nm) (Fig. 8f) as concentration of precursor
increased from 0.1 to 0.15. Larger particles were found in
0.15 concentration of precursor and the increment in par-
ticle size may be due to ripening effect [26], where smaller
particles with higher surface energy favored to dissolve
into larger particles. Nevertheless, fibrous materials formed
when concentration of precursor increased to 0.2, as shown
in Fig. 8d. This may be due to insufficient supply of
hydrazine, which acted as a reduction agent to reduce ion
Sb>" to Sb atom completely when concentration of pre-
cursor was increased.

XRD patterns of Sb,O3; nanoparticles prepared with
different concentrations of precursor are shown in Fig. 10.
A total of 13 diffraction peaks were perfectly indexed to
cubic phase of Sb,O3; (ICDD file no. 00-043-1071). Those
diffraction peaks were associated with (222), (400), (331),
(440), (622), (444), (551), (731), (800), (733), (662), (840)
and (844) planes, as shown in Fig. 10. It was revealed that
no other impurities were detected, apart from pure cubic
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Fig. 9 Effect of concentration of precursor on particle size of Sb,O3
nanoparticles. The error bars indicate the maximum, minimum, and
mean values of the particle size. (Particle size at [Sb3 i
[N,HsO0H] = 0.2 could not measure because no particles were
observed)
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Fig. 10 XRD patterns of Sb,0O5 nanoparticles with effect of concen-
tration of precursor [Sb>*1/[N,HsOH] = (a) 0.05, (b) 0.1 [28],
(¢) 0.15 and (d) 0.2

phase of Sb,O;. In addition, Zhang et al. [11] and Zeng
et al. [16] also reported similar findings. As concentration
of precursor increased from 0.05 to 0.15, the diffraction
peaks became stronger and higher intensity (Fig. 10a—c),
which was related to the increase in particle size of Sb,O3
nanoparticles, as shown in Fig. 9. By further increasing the
concentration of precursor to 0.2, mixture of amorphous
and polycrystalline phases was detected as presented in
Fig. 10d. The amorphous phase occurred at 20 < 27°,
while two types of polycrystalline phases were detected.
The polycrystalline phases consisted of four diffraction
peaks [(400), (440), (444) and (800) planes] of Sb,O3 and
three diffraction peaks [(312), (240) and (401) planes] of
SbOCl (ICDD file no. 01-073-2196).
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Fig. 11 UV-vis absorption spectra of Sb,O; nanoparticles with
effect of concentrations of precursor [Sb3+]/[N2H50H] = (a) 0.05,
(b) 0.1 [28], (¢) 0.15, and (d) 0.2

Figure 11 presents UV—vis absorption spectra of Sb,O3
nanoparticles with effect of concentration of precursor
([Sb3+]/[N2H50H] = 0.05, 0.15, and 0.2). From the
UV-vis absorption spectra, the maximum absorption
wavelengths ranged from 280 to 316 nm, which are well
consistent with the findings from other researchers, in
which the reported maximum absorption wavelengths are
occurred from 200 to 360 nm [15] and 250 to 300 nm [30].
Lowest absorbance intensity was revealed at the lowest
concentration of precursor ([Sb>T)/[N,HsOH] = 0.05).
This matched with the TEM morphology (lower yield of
particle), as shown in Fig. 10a. The maximum absorption
wavelength of this concentration occurred at 282 nm.
When concentration of precursor increased to 0.1, the
maximum absorption wavelength appeared at 280 nm with
higher absorbance intensity as compared to concentration
of precursor at 0.05. This occurrence was due to the con-
sequence from the yield improvement of particle. The
maximum absorption wavelength was shifted to the higher
wavelength at 290 nm, when concentration of precursor
increased to 0.15. The shifting effect [26] indicated that the
particle size became larger (mean particle size: 12.25 nm)
as compared to concentration of precursor at 0.1 (mean
particle size: 4.72 nm). This observation is also reflected in
TEM images, as shown in Fig. 10b and c. Furthermore,
fibrous materials (Fig. 10d) formed at a higher concentra-
tion of precursor ([Sb>*T)/[N,HsOH] = 0.2) and a longer
maximum absorption wavelength was revealed at 316 nm
as compared to other maximum absorption wavelengths.

Effect of boiling temperature

To understand the effect of boiling temperature on the
particle size, shape, and size distribution of the
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Fig. 12 TEM images of Sb,O3 nanoparticles with effect of boiling
temperature a 25 °C, b 50 °C, ¢ 80 °C, and d 110 °C [28] (With kind
permission from Springer Science+Business Media: Journal of
Nanoparticle Research, Controlled synthesis of Sb,O3 nanoparticles

nanoparticles, other process parameters are kept invariable.
Those process parameters were concentration of hydrazine
at [NZHSOH]/[Sb3+] = 10, concentration of NaOH at
[NaOH]/[Sb3+] = 3, reaction temperature at 120 °C,
reaction time at 60 min, and concentration of precursor at
[Sb*"/[N,Hs0H] = 0.1.

Transmission electron microscope (TEM) images and
particle size of Sb,O3 nanoparticles with effect of boiling
temperature are presented in Fig. 12. The investigated
boiling temperatures were 25, 50, 80, and 110 °C. Fig-
ure 12a and b shows fibrous materials were formed when
boiling temperature was altered between 25 and 50 °C. The
fibrous materials are believed to be some complex com-
pound formed from SbCl;, NaOH, hydrazine, and EG. No
nanoparticles were formed in this range of temperature as
hydrazine was added to the un-boiled mixture. This
observation may be associated to the lack of spontaneous
reaction between hydrazine and the mixture (SbCl; and
NaOH in EG). Spontaneous reaction may occur if hydra-
zine was added to the boiled mixture. Literature [25]
showed that spontaneous reaction is needed to gain an
optimum reduction. When the boiling temperature of
mixture was increased to 80 °C (the mixture was not
boiled), combination of fibrous materials and nanoparticles
were formed, as shown in Fig. 12c. When hydrazine was
added to the boiled mixture (110 °C), well-dispersed Sb,03
nanoparticles with spherical shape were synthesized, as

S e o ¥

by chemical reducing method in ethylene glycol, DOI 10.1007/
s11051-010-0169-y, 2010, Hui Shun Chin, Kuan Yew Cheong,
Khairunisak Abdul Razak, Fig. 1c)

shown in Fig. 12d. Thus, it was proven that hydrazine
performed well when it was added to the boiled mixture.
The mean particle size of Sb,O5; nanoparticles synthesized
at 110 °C (boiling temperature) was 4.72 nm, while no
data was available for 25, 50, and 80 °C, as no nanopar-
ticles were formed. Literature reported that Sb,O5; nano-
particles had been synthesized in polyhedral shape with
less than 200 nm via chemical method [11]. Thus, this
chemical reduction method is able to overcome the limi-
tation, in which well-distributed (2-12 nm), smaller
(4.72 nm), and spherical shape of Sb,O; nanoparticles
were synthesized.

Figure 13 shows XRD patterns of Sb,O; nanoparticles
prepared at different boiling temperatures. At 25 °C, two
diffraction peaks of SbCl; were detected, which are asso-
ciated with (111) and (021) planes. Apart from that, a total
of 14 diffraction peaks could be indexed to cubic phase of
Sb,O5; (ICDD file no. 00-043-1071), which are associated
with (111), (222), (400), (331), (440), (622), (444), (551),
(731), (800), (733), (662), (840) and (844) planes, as shown
in Fig. 13a. When hydrazine was added to the mixture with
temperature of 50 °C, the two diffraction peaks of SbCl;
[(111) and (021) planes] gradually decreased, while one of
the diffraction peaks of Sb,O3 [(111) plane] increased, as
shown in Fig. 13b. The diffraction peaks of SbCl; were due
to the incomplete reduction of ion Sb>", since no sponta-
neous reaction took part. On the other hand, diffraction
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Fig. 13 XRD patterns of Sb,O; nanoparticles with effect of boiling
temperature (a) 25 °C, (b) 50 °C, (c¢) 80 °C and (d) 110 °C [28]
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Fig. 14 UV-vis absorption spectra of Sb,O; nanoparticles with
effect of boiling temperature (a) 25 °C, (b) 50 °C, (c¢) 80 °C, and
(d) 110 °C [28]

peaks of Sb,O; were due to the subsequent heating at
120 °C for 60 min, in which partial Sb,O3 phases were
promoted. Mixture of amorphous and polycrystalline pha-
ses was detected at 80 °C. The amorphous phase was
detected at diffraction angle <27°, while a total of 13
diffraction peaks matched with cubic phase of Sb,O;
(ICDD file no. 00-043-1071), as shown in Fig. 13c. The 13
diffraction peaks are associated with (222), (400), (331),
(440), (622), (444), (551), (731), (800), (733), (662), (840),
and (844) planes. Moreover, the two diffraction peaks of
SbCl; were disappeared at 80 °C. Figure 13d shows dif-
fraction peak of Sb,Oj3 nanoparticles prepared at 110 °C.
Similar diffraction peaks were detected as compared to
temperature at 80 °C. Those diffraction peaks exhibited
good crystallinity (no amorphous phase) and high purity
(no impurities). Similar findings had been reported by
Zhang et al. [11] and Zeng et al. [16].

@ Springer

UV-vis absorption spectra of Sb,O3 nanoparticles with
effect of boiling temperature (25, 50, 80, and 110 °C) are
presented in Fig. 14. From the UV-vis absorption spectra,
the sequenced (from higher to lower) maximum absorption
wavelengths were 318, 316, 310, and 280 nm, with respec-
tive to the boiling temperatures at 25, 50, 80, and 110 °C
(mean particle size: 4.72 nm). The detected maximum
absorption wavelengths are comparable with the earlier
reported finding, where the maximum absorption wave-
lengths of Sb,03 ranged from 200 to 360 nm [15] and 250 to
300 nm [30]. The shifting of maximum absorption wave-
length to a higher wavelength was mainly due to the various
particle sizes and formation of fibrous materials [26]. In the
case of absorbance intensity, there was a similarity of
intensity with temperatures at 25, 50, and 80 °C. However,
lower absorbance intensity was revealed at temperature
110 °C. The difference in the absorbance intensity was due
to the formation of fibrous materials, as shown in Fig. 12a—c.

Conclusions

In summary, a detailed investigation of the chemical reduc-
tion method approach to synthesize Sb,O; nanoparticles was
carried out. Well-distributed and spherical shape of Sb,O3
nanoparticles with particle size ranges of 2—12 nm have been
successfully synthesized by reducing SbCl; with hydrazine in
EG. Effects of reaction temperature, reaction time, precursor
concentration and boiling temperature on the particle size,
shape, and distribution of the Sb,O5; have been discussed.
XRD revealed that the nanoparticles were indexed as the
cubic phase of Sb,O3;. The UV-vis maximum absorption
wavelengths of Sb,O5 nanoparticles occurred in the range of
280-318 nm. Relationship between UV-vis absorption
wavelength of the nanoparticles and their particle size of
aforementioned effects were explored. The particle size and
UV-vis absorption wavelength increased when reaction
temperature, reaction time, and concentrations of SbCl; were
increased. Therefore, aiming to synthesize well-distributed
and smaller nanoaparticles with spherical shape, the proposed
process parameters are: reaction temperature at 120 °C,
reaction time at 60 min, concentration of precursor ([Sb3 s
[N,H5OH]) at 0.1, and boiling temperature at 110 °C.
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