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Abstract In this article, synthesis methods, properties, and

applications of antimony oxide nanoparticles are reviewed.

Oxides of antimony exist in three phases, namely anti-

mony trioxide, antimony tetroxide, and antimony pentoxide.

Physical and optical properties of these nanoparticles are

reviewed and compared with their bulk forms. According to

literature works, a total of eight synthesis methods have been

used to produce these nanoparticles. The size, distribution,

shape, and structure of the nanoparticles which are synthe-

sized by different methods are compiled and compared. It is

reported that the properties are strongly dependent on the

synthesis methods. Advantages and disadvantages of each

synthesis method are discussed and compared. Most litera-

tures report on the optical and physical properties of the

nanoparticles. Reports on the electrical properties are scarce.

As the applications of these nanoparticles cover a wide

range, several challenges must be overcome to use them

well. These challenges are also being presented and

explained in this article.

Introduction

Oxide nanoparticles have received considerable attention

over the last few decades for scientific research and tech-

nological applications. This is largely related to the exhi-

bition of novel properties by the nanostructure materials

when compared with the bulk materials [1, 2]. It is well

known that the fundamental properties of the nanostructure

materials depend strongly on their sizes and shapes [3, 4].

Therefore, researchers have placed much effort into con-

trolling the desired morphologies of these nanostructure

materials [5–14].

Oxides of antimony (OA) are a key member among all

the other metal oxides from V to VI groups [15]. Literature

[16] reports that there are three phases of well-indentified

OA, which are antimony trioxide (Sb2O3), antimony

tetroxide (Sb2O4), and antimony pentoxide (Sb2O5). The

change in Gibbs energy is the key parameter that affects the

formation of the desired phase [17–20]. For instance,

Sb2O5 does not exist above 525 �C, only Sb2O3 and Sb2O4

are formed. Literature proves that nanoparticles of OA

possess excellent properties as compared to bulk OA, for

example, a higher refractive index [21, 22], higher abrasive

resistance, higher proton conductivity [23, 24], excellent

mechanical strength [25], and higher absorbability [26].

In general, OA nanoparticles can be synthesized via

several methods, which can be classified according to the

starting material for synthesizing nanoparticles. There are

three main groups of starting material namely antimony

trichloride (SbCl3), antimony (Sb), and slag. For SbCl3 as a

starting material, microemulsion [27], solution phase

reduction [28], hydrothermal [29–32], c-ray radiation–

oxidization [33, 34], and biosynthesis [35, 36] methods

have been used. On the other hand, pure Sb is used as a

precursor to synthesize OA nanoparticles via a hybrid

induction method and laser heating (HILH) [26, 37–42] as

well as thermal oxidation [43]. Furthermore, vacuum

evaporation [44] method using slag as starting material

has been reported as potential solutions for producing

OA nanoparticles. However, there are some limitations

associated with these methods mainly due to the high
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temperature and high pressure for hydrothermal synthesis

[32] and complicated techniques for the c-ray radiation–

oxidization route [33].

In view of the unique properties of OA nanoparticles, a

few technological applications have been raised eventually.

These applications can be grouped into three fields, namely,

chemical, sensing, and semiconductors. In the chemical

field, OA nanoparticles are useful as a flame retardant syn-

ergist using it together with halogenated compounds in

plastics, paints, adhesives, sealants, rubbers, and textile back

coatings [45–51]. In addition, OA nanoparticles also possess

a remarkable catalytic property in poly(ethylene tere-

phthalate) (PET) and organic synthesis industries [52–56].

Further established uses of OA nanoparticles include as a

clarifying agent [57, 58], opacifier [59], filling agent [60],

pigments, and medicine [35] in the chemical field. In the

sensing field, OA nanoparticles are found to possess high

proton conductivity properties, making it potentially useful

as a promising humidity sensing material [23, 24]. In the

semiconducting field, extremely fine particles of colloidal

OA are used as optical materials due to their high refractive

index and high abrasive resistance [21, 22].

This article aims to review various types of methods to

synthesis OA nanoparticles, its outcomes and challenges

faced during synthesizing. At the same time, properties of

the different phases of OA (bulk), as well as a comparison

of properties between nanoparticles and bulk OA are being

addressed. Taking into consideration the excellent proper-

ties being demonstrated, some of the potential applications

of OA nanoparticles are being reported.

Phases and properties

Phases

Massalski et al. [16] identified three main phases of OA,

namely, Sb2O3, Sb2O4, and Sb2O5. Typically, Sb2O3 has two

crystalline modifications, cubic polymorph (senarmon-

tite stable phase) and orthorhombic polymorph (valentinite

metastable phase) [61]. It was found that orthorhombic

polymorph can be transformed into cubic polymorph at

490–530 �C [62]. In addition, senarmontite exists as a low

temperature a-phase and valentinite as a high temperature

b-phase [63, 64]. The differences of both polymorphs lie in

their different physicochemical properties.

Formation of the three phases is controlled by the

reaction of both thermodynamic and kinetic activities of

the metal and oxides, which is related directly to the

change in Gibbs energy [17–20]. For example, Sb2O5 does

not form above 525 �C, and thus, only both Sb2O3 and

SbO2 (Sb2O4) exist. According to the theory of oxidation, a

multilayer scale will form on the metal when more than

one type of oxide coexists with the metal in the system

[19]. The multilayer scale described by varying oxygen

content, from metal-rich oxides (low oxygen equilibrium

pressure) to oxygen-rich oxides (high oxygen equilibrium

pressure) is shown in Fig. 1a. At the same time, SbO2 will

be further oxidized in air to form a much more stable oxide,

which is Sb2O3 (Fig. 1b).

On the other hand, Sb2O5 can be prepared by oxidizing

antimony with concentrated nitric acid and the prepared

Sb2O5 is normally in hydrated state [61]. Sb2O4 is a

compound of Sb2O3 and Sb2O5, where it contains mixed

valence of Sb(III) and Sb(V). The two stable modifications

of Sb2O4 are the room temperature orthorhombic a-phase

(cervantite) and high temperature monoclinic b-phase [65].

Hence, Sb2O4 can be obtained by two possible routes,

either heating Sb2O3 in air or prolonged heating hydrated

Sb2O5 at 800 �C, as shown in Eqs. 1 and 2 [61].

Sb2O3 þ 0:5O2 ! Sb2O4 DH ¼ �187 kJ/mol ð1Þ
Sb2O5 ! Sb2O4 þ 0:5O2 DH ¼ �64 kJ/mol ð2Þ

Properties

Table 1 [61] presents various properties of the three phases

of OA (Sb2O3, Sb2O4, and Sb2O5) in the bulk form. In

general, OA appears as a solid or powder ranging from

white to yellow in color. These are the white solid (Sb2O3),

white or yellow solid (Sb2O4), and yellow solid (Sb2O5).

The densities of OA phases will sequence from Sb2O3,

Sb2O4, and Sb2O5 are 5.2, 6.64, and 3.78 g/cm3, respec-

tively. Sb2O3 melts at 636 �C and boils at 1425 �C, in

which the melting point is higher than that of Sb2O5 which

is 380 �C. Based on the solubility in water only Sb2O5 is

reported to be very soluble when compared to both Sb2O3

Fig. 1 Illustration of the formation of a multilayer scale on metal Sb,

b stable Sb2O3 particles [43]
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and Sb2O4, which are insoluble in water. Sb2O3 exists in

two forms, cubic and orthorhombic. When heating is car-

ried out above 570 �C, orthorhombic Sb2O3 is formed and

cubic Sb2O3 will be formed when heating is conducted

below 570 �C.

Researchers reported that OA nanoparticles possess

novel or excellent properties when compared to bulk

OA [1–3], some of the studied properties are summa-

rized in Table 2. By definition, nanoparticles have sizes

\100 nm with a much bigger surface area as compared to

bulk materials. In flame-retardant manufacturing, impact

strength and translucent are two main properties that affect

the quality of the products [49]. The bulk OA contributes to

higher losses in translucency, which restricts the range of

available color choices. It is because higher colorant

loading is required to counterbalance the tinting effect of

OA. Using nanoparticles of OA, colorant loadings can be

abridged one-third to one-half of the normal quantity uti-

lized. Thus, it helps in reducing the manufacturing cost and

improves the properties or quality of the products. Conse-

quently, the mechanical properties (impact strength and

tensile strength) of OA nanoparticles are improved [25]. In

conjunction with the bigger surface area of OA nanopar-

ticles, it has strong absorption property [26] for metallic

impurities, thus enhancing the performance of the epoxy in

electronic applications. Furthermore, Lie et al. [66] repor-

ted that OA nanoparticles behave stable superhydrophobic

properties with a small sliding angle (5�) when compared

to bulk OA, where this will expand the existing applica-

tions of OA.

By investigating the photoluminescence properties of

OA nanoparticles, it indicated strong emission band at

374 nm with an optical bandgap Eg = 3.3 eV, which are

located in the near-ultraviolet (UV) region [60]. Besides,

the quantum effect of the OA nanoparticles will enhance

the UV absorbance of OA [67]. Therefore, it could be used

in a UV light emitting device (LED) and in solar cell

technology [68]. Moreover, Chen et al. [32] claimed that

OA nanoparticles exhibited a significant red shift

(2.32–3.33 eV) in emission band, as compared to bulk OA

(4.31 eV), which suggested potential usage in optoelec-

tronic devices. On the other hand, OA nanoparticles-based

glasses exhibited extended infrared transmission, higher

refractive index, and higher abrasive resistance, as com-

pared to borosilicates [21, 22]. For instance, orthorhombic

phase of OA nanoparticles is a main component in Sb2O3–

B2O3 glasses, where it helps in improving the non-linear

optical properties [69].

In term of sensing perspective, OA nanoparticles pos-

sess both humidity and gas-sensing properties. Owing to its

higher proton conductivity properties when compared to

bulk form, OA nanoparticles are found to be a potential

humidity sensor. Ozawa et al. [23] and Dzimitrowicz et al.

[24] investigated that the electrical conductivity of OA

Table 1 Summary properties

of three phases of OA

in bulk [61]

Properties Sb2O3 Sb2O4 Sb2O5

Appearance White solid White or yellow solid Yellow solid

Molecular weight (g/mol) 291.52 307.52 323.52

Density (g/cm3) 5.2 6.64 3.78

Melting point (�C) 656 N/A 380

Boiling point (�C) 1425 N/A N/A

Crystal structure Cubic (\570 �C)

Orthorhombic ([570 �C)

Orthorhombic

Monoclinic

N/A

Solubility in water Insoluble Insoluble Very slightly soluble

Table 2 Comparison properties

of both bulk and nanoparticles

of OA [21–26, 49, 66–68, 95]

Properties OA-bulk OA-nanoparticles

Particle size [100 nm \100 nm

Translucent Maximum loss Minimum loss

Colorant loading Higher Reduced half of bulk

Impact strength Lower Higher

Tensile strength Lower (\4.05 MPa) Higher (4.05–9.35 MPa)

Absorbability Weak Strong

Superhydrophobic Unstable (sliding angle [ 5�) Stable (sliding angle \ 5�)

Refractive index Lower (\2) Higher ([2)

Abrasive resistance Lower Higher

UV vis absorbance Lower (\0.3 a.u of absorbance) Higher ([0.3 a.u of absorbance)

Proton conductivity Lower (\2.89 9 10-3 S/cm) Higher (2.89 9 10-3 S/cm)
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increases from 1.69 9 10-5 to 2.89 9 10-3 S/cm as the

relative humidity altered from 11 to 85%. In the case of

gas-sensing properties, OA-based gas sensor prepared by

metal organic chemical vapor deposition (MOCVD)

method, indicated a great response to methane gas and

fully recovered once the removal of the gas [70]. By pre-

paring via screen printing method, OA-based gas sensor

exhibited fast response to 100 ppm of ethanol at operating

temperature of 500 �C. Meanwhile, OA-based gas sensor

also behaved quick recovery, when changing from ethanol

flow to clean air flow [70].

Synthesis methods

There are few methods that have been reported to synthesis

OA nanoparticles, which can be categorized into three

groups according to the starting material during synthe-

sis. The three groups are: SbCl3, Sb, and slag as start-

ing materials. The details of the synthesis methods are

reviewed in the subsequent paragraphs and are summarized

in Table 3.

Starting material: SbCl3

Microemulsion

Zhang et al. [27] reported the synthesis of OA nanoparti-

cles via microemulsion method using polyvinyl alcohol

(PVA). There are two main functions of PVA in this

method: one is to prevent agglomeration of the formed

nanoparticles, and the other is to form a spherical reactor.

In this method, a 228 mg of SbCl3 as a starting material

was dissolved into 100 mL of hydrochloride acid solution

(1 M). After dissolving, 3 g of PVA was added. Then the

mixture was ultrasonically vibrated for 15 min, followed

by dropping 12 mL of sodium hydroxide (NaOH) into the

mixture slowly until the mixture turns to transparent pale

yellow color. In order to bring about a more intense color,

the solution was refluxed for 1 h. During refluxing, the

solvent was evaporated at 80 �C at in a reduced atmo-

sphere. The final product, which was in the form of dry

powders were obtained by heating the solvent at 350 �C

under an ambient atmosphere for 1 h.

Transmission electron microscope (TEM) analysis

revealed that the nanoparticles are in polyhedral shape

while their sizes range from 10 to 80 nm (Fig. 2). The

difference in shape and size of the nanoparticles is mainly

Table 3 Summary of varies synthesis methods of Sb2O3 nanoparticles

Starting

material

Synthesis methods Size

(nm)

Size

distribution

Shape Structure Limitations References

SbCl3 Microemulsion 10–80 Random Polyhedral Cubic (FCC) Required heating to 350 �C to get

powder

[27]

Solution phase reduction 17 ± 1 Uniform Spherical Cubic (FCC) Required stirring for 24 h [28]

Hydrothermal *500 N/A Spherical Cubic (FCC) Required heating for 12 h [32]

\100 Uniform N/A Orthorhombic

c-Ray radiation–oxidization 8–48 N/A Spherical Cubic (FCC) Complex techniques [33]

Biosynthesis 2–10 Uniform Spherical Cubic (FCC) Longer processing time (*6 days) [35, 36]

Sb Hybrid induction and laser

heating (HILH)

80 Uniform Spherical Cubic (FCC) Obtained mixture of Sb and Sb2O3

nanoparticles

[37, 38]

Expensive experimental setup

Thermal oxidation 10–100 Random Polyhedral Cubic (FCC) Required minimum deposition time

for 4 h

[43]

Slag Vacuum evaporation \100 Uniform Spherical Cubic (FCC) High temperature (893 K) and high

pressure (250 Pa)

[44]

Fig. 2 TEM micrograph showing the morphology of antimony oxide

nanoparticles and the corresponding SAED is inserted at the right
bottom corner [27]
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due to the growth process of the nanoparticles, in which

they begin to grow in a different stages and periods. Fur-

thermore, the selected area electron diffraction pattern

(SAED) inserted at right bottom corner of Fig. 2 shows that

the nanoparticles consist of many reflection rings, which

means the structure of nanoparticles are polycrystalline.

Table 4 shows the comparison of experimental planar

spacing and the standard data from JCPDS card (43-1071).

It is observed that both planar spacing are well consistent

with cubic Sb2O3, which has the space group Fd3m. Large-

angle tilting diffraction patterns on a larger antimony oxide

nanoparticle (*60 nm) as shown in Fig. 3 show that the

crystal structure of nanoparticles is face-centered cubic

(FCC).

In summary, this method is a simple way to synthesis of

OA nanoparticles using PVA through a reaction between

SbCl3 and NaOH [27]. The achieved sizes of the nano-

particles are range from 10 to 80 nm in polyhedral forms.

SAED revealed that the nanoparticles are polycrystalline in

structure. From characterization, it can be concluded that

the nanoparticles are mainly Sb2O3 cubic (FCC) structure.

Solution phase reduction

Ye et al. [28], on the other hand, reported the successful syn-

thesis of Sb2O3 nanoparticles using cetyltrimethylammonium

bromide (CTAB) as a soft template and employing Sb(OH)4
- as

an inorganic precursor (formed by controlling pH of the SbCl3
solution to value of 14 [71]). In this solution phase reduction

method, 0.15 mmol (or even less) of CTAB was added into a

100-mL solution of 0.01-M SbCl3 under constant stirring for

2 h until CTAB is dissolved fully. In order to reach a pH value

of 14, 1 M of NaOH solution was added dropwise to the above

mixture. Subsequently, the resulting solution was stirred for

24 h at room temperature, followed by putting it into an oven at

60 �C for 4 h. After heating was completed, the light brown

precipitate was centrifuged and washed multiple times using

ethanol and distilled water. Then, the precipitate was dried

under vacuum at room temperature gradually.

In Fig. 4, Sb2O3 nanoparticles in spherical shape with a

narrow size distribution or having a diameter of 17 ± 1 nm

were observed under the scanning electron microscope

(SEM). These morphologies can be explained in terms of

the CTAB concentration, where lower CTAB concentra-

tion favors the lowest order phase such as the spherical

Table 4 Comparison between the experimental planar spacing and

the standard data from JCPDS card [27]

Radium (mm) dexp dcal (hkl) Relative

intensity

R1 = 1.98 6.35 6.439 (111) 15

R2 = 3.90 3.17 3.219 (222) 100

R3 = 4.50 2.75 2.788 (400) 33

R4 = 4.87 2.54 2.558 (331) 8

R5 = 5.60 2.21 2.2765 (422) 1

R6 = 6.40 1.93 1.9714 (440) 33

R7 = 7.50 1.65 1.6812 (622) 30

dcal from the JCPDS card

Fig. 3 Large-angle tilting diffraction patterns on a larger antimony oxide particle (*60 nm) [27]

Fig. 4 SEM image of Sb2O3 nanoparticles obtained by CTAB [28]
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shape structure and higher CTAB concentration contributes

to a higher ordered phase such as nanowires and nanorib-

bons [72–75]. The electrostatic interaction between

Sb(OH)4
- anions and CTAB cations formed CTA?–

Sb(OH)4
- ion pairs [76]. The lower concentrations of

CTA? cations caused the necessary charge compensating

anions to decrease, and led the system to find its minimum

energy configuration by adopting the spherical structure

[77]. Therefore, Sb2O3 nanoparticles were formed after the

subsequent thermal treatment. In order to understand the

crystal structure and phase of the nanoparticles, X-ray

diffraction (XRD) was carried out. From the diffraction

peak in the XRD spectrum as shown in Fig. 5, it was

concluded that the Sb2O3 nanoparticles were in cubic phase

according to the literature (JCPDS card 42-1466). Mean-

while, the XRD results also indicated that no other phases

were detected from the spectrum.

In conclusion, Sb2O3 cubic phase nanoparticles with

narrow distribution (17 ± 1 nm) and spherical shape were

successfully synthesized by adopting CTAB as soft template.

The advantages of this method are easy handling, relatively

low cost, and large-scale production. The control of the

CTAB concentration to synthesize Sb2O3 nanostructures is

beneficial in flame-retardant and catalyst applications.

Furthermore, this facile synthesis method could be explored

to synthesize other nanostructures, such as SnO2 [78].

Hydrothermal

Chen et al. [32] studied the preparation of antimony oxide

nanoparticles via a hydrothermal method. Both cubic and

orthorhombic phase of Sb2O3 nanoparticles can be

obtained by varying the solvent composition, such as eth-

ylene glycol (EG)–water (H2O) and toluene–H2O. Besides,

the control of pH value is an important parameter to

determine the morphologies of the nanostructures. In this

method, 2 mmol of SbCl3 was dissolved in 20 mL of EG

solution under vigorous stirring to form a transparent

solution. Subsequently, 20 mL of distilled water was added

to the above solution to obtain a lacteous colloid. Then, the

resulting mixture was stirred for 15 min and 6 M of NaOH

solution was added to adjust the pH value in the range

of 8–9. The whole solution was stirred for another

20 min before being transferred into a 100-mL Teflon-

lined stainless steel autoclave. The autoclave was sealed

and kept at 120 �C. After 12 h, the resulting white product

was centrifuged and washed several times with distilled

water and ethanol, and then vacuum dried at 60 �C for 6 h.

In order to investigate the effect of solvent composition on

the phase formation of Sb2O3 nanoparticles, the same

procedures were repeated by replacing EG solution with

toluene solution.

XRD was used to observe the phase presence, crystal-

linity, and purity of the samples which were synthesized in

both EG–H2O and toluene–H2O at 120 �C for 12 h. The

reflection spectrums in both Figs. 6 and 7 could be directly

indexed as cubic Sb2O3 (JCPDS card 5-534) and ortho-

rhombic Sb2O3 (JCPDS card 11-689), respectively. Fur-

thermore, no other phases existed in both spectrums, which

strongly suggested the formation of pure cubic Sb2O3 and

orthorhombic Sb2O3 in pH 8–9. From the XRD spectrums,

solvent composition is critical to control the phase of

Sb2O3. TEM image in Fig. 8 displays the morphology of

sub-micronmeter (*500 nm) cubic (FCC) Sb2O3 particles

which are almost spherical shape. Figure 9 shows the

corresponding HRTEM image obtained at the edge of the

Sb2O3 nanoparticle, broad lattice spaces of 0.32 and

0.64 nm are found and matched the (222) and (111) planes,

which are indicated in the inserted SAED image. Tiny

orthorhombic Sb2O3 nanoparticles (\100 nm) are revealed

in Fig. 10 which were obtained at pH 8–9 in toluene–H2O.

From the nanostructure synthesis perspective, EG is well

known to support two functions: one as a reducing agent to

prepare metal or alloy nanoparticles, and the other one as

Fig. 5 XRD spectrum of Sb2O3 cubic phase [28]

Fig. 6 XRD spectrum of the sample obtained in EG–H2O [32]
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coordination agent or temporary ligand in the synthesis of

SnO2, TiO2, PbO, and In2O3 nanoparticles [79–81]. The

chelating ligand EG binds strongly to metal to form a more

stable complex, whereas the nonchelating ligand toluene

binds weakly to the metal. The different capability in its

ability to bind with metal contributed to the formation of

different phases of Sb2O3 nanoparticles. Thus, cubic Sb2O3

and orthorhombic Sb2O3 can be synthesized by choosing a

proper solvent composition.

In summary (Table 5), the sizes and phases of nano-

particles in this study were strongly affected by the sol-

vent composition and pH of the reaction mixture [32]. In

this content, Sb2O3 nanoparticles were synthesized at pH

8–9 in both EG–H2O and toluene–H2O. EG–H2O favored

the formation of cubic Sb2O3 nanoparticles whereas tol-

uene–H2O favored the formation of orthorhombic Sb2O3

nanoparticles.

Fig. 7 XRD spectrum of the sample obtained in toluene–H2O [32]

Fig. 8 TEM image of sample obtained in EG–H2O [32]

Fig. 9 HRTEM SAED image of sample obtained in EG–H2O [32]

Fig. 10 TEM image of sample obtained in toluene–H2O [32]

Table 5 Summary of Sb2O3 particles obtained at 120 �C for 12 h in

mixed solvents [32]

Product pH Solvent composition Phase Size (nm)

Sb2O3 8–9 EG–H2O Cubic (FCC) *500

Toluene–H2O Orthorhombic \100

J Mater Sci (2010) 45:5993–6008 5999
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c-Ray radiation–oxidization

Liu et al. [33] discovered c-ray radiation–oxidization to

synthesize Sb2O3 nanoparticles from aqueous solutions at

room temperature and ambient pressure. Particle size and

yield rate were mainly affected by the concentration of

SbCl3, radiation dose, kind, and concentration of the sur-

factant. The experiment started by adding SbCl3 in distilled

water, followed by dropping NaOH to dissolve the white

precipitate which came from Sb3? hydrolysis in water.

Two types of surfactants were selected in this study, which

were PVA and sodium dodecyl sulfate (SDS), and iso-

propanol acting as a scavenger for hydroxyl radicals. The

dissolved oxygen was removed by bubbling it with nitro-

gen gas for 30 min. Subsequently, the mixture solution was

irradiated with c-ray in a field of a 70000Ci 60Co c-ray

source. After separating the precipitate, it was washed with

distilled water and alcohol, and then dried under oxygen or

air atmosphere at 60 �C in a drier. The Sb2O3 nanoparticles

were black in color.

Table 6 summarizes the experimental conditions and the

experimental results of preparing Sb2O3 nanoparticles. The

XRD spectrum in Fig. 11 shows that nanoparticles are pure

Sb2O3 nanoparticles, and no other phases are observed. The

average particle size of nanoparticles can be calculated by

adopting the Scherrer formula: L = (Kk)/(bcosh), where

L is the average particle size, K is the Scherrer constant

related with the shape and (hkl) of crystals [82], k is the

wavelength (k = 1.5418 Å) of X-ray, and b is obtained

from the Warren and Biscoe equation [83]: b2 = B2 - b2,

where B and b are the angular half widths for the experi-

mental samples and for the standard sample, respectively.

From the XRD spectrum, the calculated particle size is

19 nm. TEM images in Fig. 12 displays both sample 2 and

8 particles having quasi-spherical shapes.

Table 6 The correlation

between the experimental

conditions and the experimental

results [33]

Sample Concentration

of SbCl3 (M)

Surfactant Radiation

dose (9104 Gy)

Average

particle

size (nm)

Yield rate (%)

1 0.005 0.1% PVA 5.3 15 –

2 0.01 0.1% PVA 5.3 19 54

3 0.015 0.1% PVA 5.3 21 –

4 0.02 0.1% PVA 5.3 21 –

5 0.03 0.1% PVA 5.3 22 50

6 0.01 0.01% PVA 5.3 42 –

7 0.01 0.05% PVA 5.3 33 –

8 0.01 0.2% PVA 5.3 8 –

9 0.01 0.01% SDS 5.3 25 –

10 0.01 0.04% SDS 5.3 8 –

11 0.01 0.1% PVA 6.24 34 64

12 0.01 0.1% PVA 8.03 48 72

Fig. 11 XRD spectrum of Sb2O3 nanoparticles (sample 2 in Table 6)

[33]

Fig. 12 TEM images of Sb2O3 nanoparticles; a samples 2 and b 8

(from Table 6) [33]
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From Table 6, there are three parameters affecting the

particle size and yield rate of Sb2O3 nanoparticles, which

are concentration of SbCl3, radiation dose, types and

composition of surfactants. Results revealed that the

increase in concentration of SbCl3 and radiation dose

contributed to an increase in the average particle size of

Sb2O3 nanoparticles. In addition, the increase of radiation

dose caused the yield rate to increase. Surfactant (PVA and

SDS) was applied to prevent aggregation and growth of

particles in solutions, where the surfactant molecules coat

the particles and subsequently separate each of the parti-

cles. Results indicated that smaller particles were produced

when higher concentration of surfactant was applied. In

this study, PVA is favored as compared to SDS, where SDS

could be washed out easily from products.

In conclusion, the c-ray radiation–oxidization method is

beneficial to produce quasi-spherical-shaped particles in

the range 8–48 nm [33]. The highest yield rate of 72% can

be gained by adopting these conditions: 0.005–0.3 M of

SbCl3, 0.01–0.3% of PVA concentration and a radiation

dose of 5–8 9 104 Gy. Thus, different sizes of particles

can be achieved by controlling three conditions stated

above accordingly.

Biosynthesis method

Jha and Prasad [35, 36] reported the successful synthesis

of Sb2O3 nanoparticles via a biosynthesis method, where

yeast was used as starting material. In view of the

restrictions of hazardous substances (RoHS) issued by

European Union, it is a must to develop a green approach

to synthesize nanoparticles. Green approach here means no

toxic chemicals are allowed during synthesis of nanopar-

ticles. Literature [35, 36] reviewed that interaction between

inorganic nanoparticles and biological structures are one of

the most promising areas of research in modern nanosci-

ence and technology. In their study, yeast (Saccharomyces

cerevisiae) has been selected to study its potential as a

putative candidate of fungal genus for the synthesis of

Sb2O3 nanoparticles. The experiment started by preparing

the source culture. The source culture was prepared by

allowing the yeast to grow as a suspension culture in the

presence of carbon and nitrogen source for 36 h. 25 mL of

the culture solution was filtered and diluted four times by

adding 30% ethanol solvent (Et-OH). The diluted culture

was allowed to grow for another 24 h until a light straw

color is observed. After growing for 24 h, 20 mL of SbCl3
(0.025 M) solution was added to the culture solution and

the mixture was heated to 60 �C for 10–20 min until a

white precipitate was noticed. This indicated the initiation

of Sb2O3 nanoparticles synthesis. After incubating for

3–4 days at room temperature, coalescent white clusters

precipitated at the bottom of the tube.

Figure 13 shows the Sb2O3 nanoparticles are distributed

uniformly with only a few of them showing aggregates of

varying sizes as observed under TEM. The TEM image

also shows that the Sb2O3 nanoparticles are almost in

spherical shape and having a size range between 2 and

10 nm. The difference in size is mainly due to the nano-

particles being formed by varying times, where nano-

particles are constrained during nucleating inside the

organisms. The mechanism of synthesis Sb2O3 nanoparti-

cles is carried out at two distinct levels: (1) tautomerization

of quinones are triggered at the cell membrane level once

SbCl3 solution is added and (2) oxidases get activated at

low value of pH and initiate molecular oxygen for syn-

thesis of Sb2O3 nanoparticles. The XRD spectrum of Sb2O3

Fig. 13 TEM image of Sb2O3 nanoparticles obtained by biosynthesis

method [35, 36]

Fig. 14 XRD spectrum of Sb2O3 nanoparticles obtained by biosyn-

thesis method [35, 36]
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nanoparticles is depicted in Fig. 14. It was found that both

the observed and the calculated profile perfectly matched.

The XRD spectrum indicated that the sample was in FCC

structure of Sb2O3 nanoparticles with the lattice parameter:

a = 11.138 Å, which matched with the literature report

(PCPDF Nos: 72-1334 and 75-1565).

The present biosynthesis method is a low-cost green

approach, and successfully synthesizes Sb2O3 nanoparticles

almost spherical in shape and having sizes of 2–10 nm [35].

In this study, yeast is used as starting material to synthesize

Sb2O3 nanoparticles at room temperature. There are two

different mechanisms involved during synthesis of Sb2O3

nanoparticles, which are tautomerization of membrane-

bound quinines and the pH-sensitive oxidoreductases.

Starting material: Sb

Hybrid induction and laser heating (HILH)

Zeng et al. [37, 38] reported the successful synthesis of

Sb2O3 nanoparticles with an average size of 80 nm via the

HILH method. In this study, Sb2O3 nanoparticles were

synthesized from pure Sb in the flowing mixture gas of

argon (Ar) and oxygen (O2) environment by the vapor

condensation concept. Figure 15 shows the basic experi-

mental setup of this method, where an inductive resource

and a continuous wave of carbon dioxide (CO2) laser beam

were hybridized as a heating resource. The whole graphite

crucible containing bulk pure Sb (99.5%) was put in a

vacuum chamber. Then, the chamber was flowed with a

mixture of Ar and O2 gas at a pressure of 1 9 104 Pa and

2 9 103 Pa, respectively. The oxygen partial pressure

could be obtained by controlling the oxygen flux. Zeng

et al. [38] also studied the effect of oxygen partial pressure

on Sb2O3 nanoparticles, where two oxygen partial pres-

sures of 0.5 9 103 Pa and 4 9 103 Pa were selected. After

the required oxygen partial pressure was maintained for

20 min, the bulk Sb was heated by an inductive resource to

its melting point. Subsequently, the laser beam was focused

on the Sb liquid surface under normal incidence. It was

observed that the absorption coefficient of the molten metal

liquid to laser was much higher as compared to the solid

metal [84]. Thus, melting the pure solid Sb by induction

heating resource first and subsequently laser irradiation on

the liquid Sb increased the yield rate of the Sb2O3 nano-

particles. The Sb2O3 nanoparticles could be obtained via

the reaction of the evaporated Sb clusters from the liquid

surface with the O2 gas, which was channeled away toward

the nanoparticles collection chamber.

Figure 16 depicts the Sb2O3 nanoparticles in spherical

shape with an average size of approximately 80 nm (sizes

ranging from 50 to 180 nm), which is a similar finding to

the c-ray radiation–oxidation route [33]. The size distribu-

tions are mainly bimodal, where two categories: 60–70 and

120–140 nm are identified. The second category is caused

by the tendency of the small particles to agglomerate and

subsequently form larger nanoparticles ([100 nm). TEM

images of nanoparticles at 0.5 9 103 Pa and 4 9 103 Pa as

shown in Fig. 17 indicate that the nanoparticles are spher-

ical in shape with sizes ranging from 40 to 150 nm. At a

higher oxygen partial pressure (4 9 103 Pa), there exist

only a few irregular polyhedron Sb2O3 nanoparticle which

marked by ‘‘A’’ as shown in Fig. 17b.

Figure 18 shows XRD spectrum of the Sb2O3 nanopar-

ticles at three different oxygen partial pressures, where two

phases: pure Sb and its oxide Sb2O3 are observed. It

revealed that the Sb-to-Sb2O3 ratio of the relative diffrac-

tion peak intensity decreased remarkably with increasing

oxygen partial pressure. In other words, it could be

explained that pure Sb elements decreased significantly

when higher oxygen partial pressure was applied. The size

of the Sb2O3 nanoparticles was calculated using the

Scherrer equation [85]. The calculated average size of the
Fig. 15 Schematic diagram of the experimental HILH setup for the

synthesis of the nanoparticles [38]

Fig. 16 TEM image of the Sb2O3 nanoparticles obtained by HILH

method [37]
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Sb2O3 nanoparticles was *60 nm, which was consistent

with the low particle size distribution observed in the TEM

images.

In summary, Sb2O3 nanoparticles were successfully

synthesized via the HILH method from pure Sb in the

atmosphere of a flowing mixture of Ar ? O2 gas under

different oxygen partial pressures [37, 38]. The Sb2O3

nanoparticles are in spherical shape with an average size of

*80 nm. Furthermore, the HILH method can be applied to

a larger-scale production of nanoparticles due to the high

absorption characteristic of the metallic liquid to the CO2

laser [26]. In addition, oxygen partial pressure is one of the

key parameters to control the formation and stability of the

Sb2O3 nanoparticles. Higher oxygen partial pressure

caused metallic Sb element in the nanoparticles to decrease

significantly.

Thermal oxidation

Xu et al. [43] discovered the synthesis of pure Sb2O3

nanoparticles by heating metal Sb in its solid state in an

oxidizing environment and collecting Sb2O3 vapor on the

substrate at the downstream of the gas flow. The purpose of

exploring this method is to overcome the limitation of the

HILH method, where the mixture of Sb and Sb2O3 nano-

particles are usually obtained via the HILH method

[26, 38]. Figure 19 shows the experimental setup for the

synthesis Sb2O3 nanoparticles by the thermal oxidation

method. The experiment started by putting commercial

granular Sb with an average diameter of 1.5 mm (purity:

99.99% Sb) in an alumina crucible. Sb granular in the

alumina crucible was placed in the middle of a tube furnace

in compressed air at a pressure of 1 atm with a constant

flow rate of 400 mL/min for 4 and 20 h. The temperature at

the center of the furnace where the sample was placed was

set at 550 �C (melting point of Sb is 630.5 �C). Aluminum

(Al)-foil substrate was put in the downstream of gas flow

(250 �C) to collect Sb2O3 nanoparticles. The Sb2O3 nano-

particles deposited on the substrates were in white color.

SEM images revealed that the size of Sb2O3 nanopar-

ticles ranges from 10 to 100 nm after deposition of 4 h and

150 to 250 nm after deposition of 20 h as illustrated in

Fig. 20. As the deposition time increased, the size of

nanoparticles increased accordingly. Those large particles

are in polyhedral shape, such as triangular, hexagonal, and

rectangular shape, with well-defined crystal structures,

while the small ones tend to be round in shape. Figure 19

Fig. 17 TEM image of the Sb2O3 nanoparticles under different

oxygen partial pressure: a 0.5 9 103 Pa and b 4 9 103 Pa [38]

Fig. 18 XRD spectrum of Sb2O3 nanoparticles at 0.5 9 103 Pa,

2 9 103 Pa, and 4 9 103 Pa [38]

Fig. 19 Experimental setup shows the position of granular antimony

and the substrates [43]

J Mater Sci (2010) 45:5993–6008 6003

123



shows TEM images of Sb2O3 nanoparticles with grain size

ranging from 10 to 100 nm. A pile of Sb2O3 and the cor-

responding SAED pattern are shown in Fig. 21a, where all

rings can be indexed to the diffraction peaks of FCC Sb2O3.

Figure 21b displays a large triangular shape of the grain

and its corresponding SAED pattern. The SAED pattern

comes from Sb2O3, indicating that the triangular surface is

the (111) surface of Sb2O3. The lattice space of 1.95 Å

obtained from the high-resolution TEM examination on the

triangular Sb2O3, corresponds to the (440) plane of Sb2O3.

Figure 22 shows the XRD spectrum of granular Sb and

oxidized granular Sb deposited on the substrates after 4 and

20 h. Before reaction, pure Sb with a rhombohedral

structure was examined and the result is illustrated in

Fig. 22a. After deposition of 4 h, the oxidized granular Sb

in the alumina crucible formed an orthorhombic structure

of SbO2, which is shown in Fig. 22b. Figure 22c displays

the XRD spectrum of oxide deposited on the Al foil after

4 h, the Al peaks dominated while only one oxide peak

presents in a small amount and the phase of the oxide is

hard to be identified. The oxide particles deposited on Al

foil after 20 h exhibit a pure cubic (FCC) structure of

Sb2O3 (without the presence of metallic Sb), which is

shown in Fig. 22d.

From this method, pure Sb2O3 nanoparticles with size

ranges 10–100 nm can be synthesized by heating metal-

lic Sb at 550 �C under a pressure of 1 atm in a con-

stant air flow rate 400 mL/min [43]. The cubic (FCC)

Sb2O3 nanoparticles are deposited on a substrate at the

Fig. 20 TEM images of the

Sb2O3 deposited on Al-foil

substrate, showing size of

nanoparticles a about

10–100 nm after the reaction of

4 h and b 150–250 nm after the

reaction of 20 h [43]

Fig. 21 TEM images for Sb2O3 particles a the morphology of a pile

of Sb2O3 (right) and the corresponding SAED pattern (left), b the

morphology of a large triangle grain (left), the corresponding SAED

pattern (right bottom) and the related high-resolution image taken on

the triangle Sb2O3 (right top) [43]

Fig. 22 XRD spectrum a granular Sb before the reaction, b the

oxidized granular Sb in the alumina crucible after the reaction of 4 h,

showing SbO2 oxide, c the deposited oxide on Al-foil after the

reaction of 4 h, and d the deposited oxide on Al-foil after the reaction

of 20 h, showing Sb2O3 [43]
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downstream of gas flow. Comparing to the HILH method,

the present method is able to synthesis pure Sb2O3 nano-

particles in a more cost-effective manner.

Starting material: slag

Vacuum evaporation method

Qiu and Zhang [44] investigated the synthesis of Sb2O3

nanoparticles from slag-containing Sb via a vacuum

evaporation method. Particle size and whiteness of Sb2O3

are influenced by temperature, time, and pressure depend-

ing on the evaporation rate of Sb. The starting materials,

which was slag, consisted of 39.49 wt% Sb, 27.87 wt%

lead (Pb), 7.45 wt% Tin (Sn), and 2.33 wt% iron (Fe). The

main phase compositions of Sb, Pb, and Sn were Sb2O3,

PbO, and SnO2, respectively. The slag was placed in the

vacuum chamber and was heated to a certain temperature

by an electric heater, and then the timing of the thermal

evaporation process was started. A series of experimental

conditions including evaporation temperature, residual

pressure, and time were carried out to obtain the optimum

process conditions for preparing the desired particle size

and whiteness of the Sb2O3 nanoparticles (Table 7). A

thermoelectric couple was connected with a temperature-

controlling device. The slag was evaporated in the vacuum

chamber, and Sb2O3 nanoparticles were collected from the

condensation cavity. The basic principle of separating

Sb2O3 from slag is due to the difference in vapor pressure

of each substance in the slag at a temperature, which is

presented in Table 8. From Table 8, the saturation vapor

pressure of both PbO and SnO2 is low, which are 5.67 and

1 Pa, respectively. Thus, Sb2O3 with higher vapor pressure

evaporates into gas phase, while PbO and SnO2 remain in

residual liquid or residue.

The SEM image in Fig. 23 shows Sb2O3 nanoparticles

are spherical in shape with particle sizes ranging from 45 to

140 nm and mean sizes of approximately 100 nm. On the

other hand, the XRD spectrum of pure cubic (FCC)

structure of Sb2O3 nanoparticles is observed in Fig. 24.

Moreover, there are no other impurities which are detected

Table 7 Experimental results under various conditions [44]

Sample Temperature

(K)

Pressure

(Pa)

Time

(h)

Whiteness

(%)

Average

particle

size (nm)

1 893 250 1 91.2 64

2 993 250 1 82.4 86

3 1043 250 1 75.7 N/A

4 1093 250 1 70.6 N/A

5 893 65 2 89.4 N/A

6 893 250 2 90.0 72

7 893 450 2 90.4 77

8 893 650 2 90.7 84

9 993 250 0.5 82.8 N/A

10 993 250 2 81.9 91

Table 8 Relationships between saturation vapor pressure of Sb2O3

and PbO and values of P0
Sb2O3

=P0
PbO and temperature [44]

T (K) P0
Sb2O3

(Pa) P0
PbO (Pa) P0

Sb2O3
=P0

PbO

893 458.91 0.02 22945.50

943 1331.26 0.13 10240.46

993 2150.34 0.63 3413.24

1043 3317.31 2.59 1280.81

1073 4220.18 5.67 744.30

Fig. 23 SEM image of Sb2O3 nanoparticles with mean particle size

*100 nm obtained by vacuum evaporation method [44]

Fig. 24 XRD spectrum of Sb2O3 nanoparticles obtained by vacuum

evaporation method [44]
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from the spectrum and the average particle size calculated

using the Scherrer equation is 40 nm.

In conclusion, pure spherical shapes of Sb2O3 nano-

particles with cubic (FCC) structure and an average particle

size of 72 nm were synthesized successfully via the

vacuum evaporation method of slag under optimum

experimental conditions [44]. The optimum experimental

conditions are evaporation temperature 893 K and pressure

250 Pa for 2 h. Results revealed that the average particle

size of Sb2O3 nanoparticles increased with increasing

temperature, while the whiteness of Sb2O3 nanoparticles

decreased with increasing temperature. Furthermore, low-

ering the pressure will decrease the average particle size of

Sb2O3, which is the basic concept for synthesis Sb2O3

nanoparticles. The advantages of this method are simple

technological flow sheet, no or less environmental pollu-

tion, less floor area, low consumption of energy and raw

material, and good economic effects [44].

Applications

In general, OA nanoparticles have been widely used in

numerous industries over the past decade. It can be cate-

gorized into three main fields; chemical, sensing, and

semiconducting. Details of each field are reviewed in the

subsequent paragraphs.

Chemical

The main applications of OA nanoparticles are as a flame-

retardant synergist in plastics, paints, adhesives, sealants,

rubber, and textile back coatings [45–51, 86–94]. Flame

retardants can be defined as chemicals that help to slow

down the combustion reaction of polymers [95]. The flame-

retardant synergist will only start to function when com-

bined with halogenated compounds, such as chlorine or

bromine-based compounds. There are a few properties of

the OA nanoparticles which contribute to this application,

which are high heat stability, covering power, and trans-

parency [96]. Literature [97] reported that the senarmontite

phase (cubic polymorph of Sb2O3) has long been used as an

additive to enhance the flame retardancy of polymer resins,

whereas valentinite phase (orthorhombic polymorph of

Sb2O3) has not due to its undesirable oxidation when

exposed to air or sunlight. Although halogenated flame

retardants are highly effective for reducing the heat release

rate of commodity thermoplastics, the future use of these

flame retardants has raised environmental concerns in

Europe [91]. Therefore, Laachachi et al. [48] investigated

the influence of Sb2O3 on the thermal stability and flam-

mability properties of poly(methyl methacrylate) (PMMA),

as one of the halogen-free flame retardants. Results

indicated that both the thermal stability and the flamma-

bility properties of PMMA were improved when incorpo-

rated with a certain amount of Sb2O3.

OA nanoparticles also possess excellent catalytic per-

formance in PET and organic synthesis industries. In the

PET industry, Sb2O3 plays the role of a catalyst to produce

PET plastic which is used in the packaging of mineral

water and soft drinks [52–56]. OA is a favorable poly-

condensation catalyst because it possesses a high catalytic

activity, does not create unwanted colors, and has a low

affinity to catalyze side reactions. In addition, OA acts as a

catalytic agent in organic synthesis, especially when

combined with uranium, molybdenum oxide, or iron oxide

for propane ammoxidation and propene oxidation and

ammoxidation [52, 54, 55, 98]. Research [54] has shown

that the senarmontite phase (cubic polymorph of Sb2O3)

also acts as a catalyst in combination with vanadium for the

selective oxidation of o-xylene. Besides, antimony dioxide

(Sb2O4) works as a catalyst together with other oxides for

hydrocarbon cracking, hydrogen reduction, and produc-

ing ceramic materials. Matsumura et al. [56] reported that

the mixture of molybdenum oxide (MoO3) and a-Sb2O4

showed high performance in the selective oxidation of

methanol to formaldehyde.

Legouera et al. [57] reported that OA is widely used as a

clarifying or refining agent in optical glass, television’s

tube, lighting (bulbs and tube lights), and crystal manu-

facturing, where it helps to remove bubbles during pro-

duction. It also acts as an opacifier to densify porcelain,

enamel, and low fire glazes [59]. At the same time, it works

as a filling or covering agents and retardants for rubber,

ceramics, enamels, fabrics, and fiber products [60]. Addi-

tionally, it is used as pigments and retardants in oil paint

and coating material industry in conjunction with its white

pigment property [35]. From a medicinal perspective,

Sb2O3 or Sb2O5 is well known to be a potential chemical

for the synthesis of antimony gluconate, which is believed

to be the effective medicine to cure the Kala azar (Visceral

Leishmaniasis) disease [35].

Sensing

Recently, some researchers [23, 24] have reported that

hydrous Sb2O3 exhibits high proton conductivity, which is

potentially useful in humidity-sensing material. In fact,

Sb2O3 [70] and Sb2O3 plus ZnO [99] have been applied to

create films for gas-sensing purposes [100]. Preliminary

reports [101] discovered that a small response to methane

gas (resistance decreased by 15%) and some recovery on

the removal of the gas exist when using OA as a gas sensor.

Nevertheless, this report observed a dramatic change in

resistance of the baseline (resistance increased by 25%)

over a 15-min period than the actual sensor response.
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Hence, Binions et al. [70] have successfully prepared gas

sensors by the atmospheric pressure chemical vapor

deposition (APCVD) and screen printed method, which is

useful for reducing gases, such as ethanol at an operating

temperature of 400 and 500 �C, respectively.

Semiconducting

Semiconducting of V and VI compounds have potential in

optical, electronic, and optoelectronic applications. Among

them, Sb2O3 is a crucial compound and predominantly

interesting, due to its large and indirect bandgap situated

near the UV region [68]. In conjunction with that, it is also

an amazing UV filter for interferometric applications, as

well as applied in UV light emitting device (LED) and

solar cell technology [22, 68]. Moreover, OA nanoparticles

are considered as one of the important optical materials

because of their high refractive index and high abrasive

resistance [21, 22]. Literature [69] reviewed that the

valentinite phase, which is an orthorhombic polymorph of

Sb2O3, is the main element of the Sb2O3–B2O3 binary

glasses that has nonlinear optical properties.

Conclusion

In conclusion, there are total of eight synthesis methods to

synthesis oxides of antimony nanoparticles which have

been reviewed. They are discussed in term of their prop-

erties and applications. Among them the biosynthesis

method using yeast as staring material is able to synthesis

the smallest size (2–10 nm) and uniformly distributed

particles in spherical shape. However, it requires a longer

processing time (*6 h). Therefore, more efforts are nee-

ded to seek a synthesis method that is capable to produce

uniformly dispersed and smaller sized (\10 nm) nanopar-

ticles in a shorter time at a relatively lower cost. Thus, it is

believed that these improvements may lead to the mass

commercialization for future applications.
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