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Abstract:  

In this article, we report on a controllable synthesis of superhydrophobic 

Sb2O3 microcrystals via a solvothermal method assisted with the soluble 

inorganic Na2WO4 salt. Morphologies of the final products depend on the 

amount of the OH- ions adsorbed on Sb2O3 nanoplates. By varying the amount 

of NaOH, the octahedral Sb2O3 can be switched to microcrystals or 

microspindles. Reaction and formation mechanisms of Sb2O3 were also 

proposed, which may also benefit synthesis of other metal oxides with 

controllable morphology. Additionally, after modified by 

(Heptadecafluoro-1,1,2,2-tetradecyl) trimethoxysilane, the as-synthesized 

octahedral Sb2O3 microcrystals and Sb2O3 microspindles show 

superhydrophobic and excellent anticorrosion properties in acidic and basic 

circumstances.  
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1. Introduction 

Superhydrophobicity refers to surface with water static contact angles 

(SCAs) above 150° and sliding angles (SAs) below 10°. Due to its unique 

applications in self-cleaning [1-3], corrosion resistance [4-6], anti-icing [7,8] 

and drag-reduction [9], various investigations have been carried out to reach 

this special wettability. When a CA hysteresis is considered, the 

superhydrophobic surfaces often show five possible states: Wenzel s state, 

Cassie s state, the lotus  state, the transitional state between Wenzel s and 

Cassie s states, and the gecko  state. Among them, the Wenzel s state and 

Cassie s state are two classical models to explain the surface 

superhydrophobicity. The Wenzel s state applies to the not-so-rough surfaces 

on which water is repelled [10]. In this state, water droplets adhere to the 

superhydrophobic surface, even when the surface is turned upside down 

[11-13]. Such an adhesive but superhydrophobic surface attracts a lot of 

interests because of the promising potentials in droplet-based technologies 

[14-17]. Cassie s state, in contrast, dominates the wettability when the surface 

is extremely rough. In this state, the water droplet on solid surfaces is adopting 

a non-wet-contact mode and can roll off easily because of their low adhesive 

force [18, 19]. The lotus  state exists on surfaces with strong repellency to 

water. Large CAs (>150o) and small SAs (<5o) are normally found [20]. It can 

be considered as a unique case of Cassie state, because a lotus leaf exhibits 

the self-cleaning effect. Additionally, a transitional state between Wenzel s and 



Cassie s states often exists when water droplets contact most practical 

samples. The water droplet can be hung, even after flipping the surface. A 

typical example can be visualized as the water droplets on a rose petal. 

Consequently, this special transition state is also called etal state [21]. 

Originated from the superhydrophobic surface of the PS nanotube [22], the 

high-adhesive gecko  state is composed of air pockets trapped in the PS 

nanotubes, and open air pockets linked to the atmosphere. The trapped air 

results in a high CA, and the negative pressure from the sealed air in the 

nanotubes produces the adhesive force. 

To reach surface hydrophobicity, coating materials with specific micro- to 

nano- structures are usually needed. As an important member of the main 

group metal oxides, antimony trioxide (Sb2O3) is widely used in several 

and textile [23]. It is also functional as a catalyst in the polyester industry and 

indirect-gap semiconductor material with extraordinary optoelectronic 

properties [24]. The surface morphology strongly affects materials properties. 

Recently, several synthesis methods have been reported to prepare Sb2O3 in 

morphologies of nanorods [25], nanotubes [26], and nanobelts [27]. These 

specific nanostructures may enable the practical application in 

superhydrophobic coatings. The synthesis was developed e.g., through micro 

emulsion method [28], chemical reducing method [29] and solution route [30]. 

Although synthesis of Sb2O3 by solvothermal method has been reported 



[31-34], they are suffering from the addition of surfactant [31, 32], long reaction 

time [33], or the generation of poisonous gas [34]. Therefore, a simple and 

environmentally friendly method is desired for the synthesis of Sb2O3 with 

different morphologies.  

In this work, morphology-controllable Sb2O3 nanostructures were 

fabricated by a facile solvothermal method. We obtained cubic-phased 

octahedra microcrystals and orthorhombic-phased microspindles at different 

synthesis pH values. Possible reaction and growth mechanisms of Sb2O3 were 

proposed. After modification of (Heptadecafluoro-1,1,2,2-tetradecyl) 

trimethoxysilane (PFOST), the as-synthesized octahedral Sb2O3 microcrystals 

and Sb2O3 microspindles turned to be superhydrophobic and anticorrosive in 

acidic and basic ambiences.  

2. Materials and methods 

2.1. Preparation of Sb2O3 microstructure 

All of the reagents were analytical graded and used without further 

purification. In a typical procedure, 4 mmol SbCl3 was dissolved in 8 ml ethanol 

solution and 2 mmol Na2WO4·2H2O was dissolved in 8 mL distilled water, and 

both of them were stirred for 10 mins. After that, two solutions were mixed 

together to form homogeneous systems. A certain amount of NaOH solution 

was added to adjust the pH values of the solution from 9 to11. After 30 min 

stirring, the mixture was transferred into a Teflon-lined autoclave of 20 mL 

capacity. It was sealed and heated to 180 oC for 24 h, and then cooled down to 



room temperature naturally. The white powders were collected, washed with 

deionized water and absolute alcohol for several times and then dried in 

vacuum at 60 oC for 12 h. Depending on the pH value of the precursor (9, 10, 

11), the products with different morphologies can be synthesized and labelled 

as S9, S10 and S11, respectively. 

To investigate the role of reaction time in the synthesis of Sb2O3, different 

reaction time was applied for the preparation of Sample S1 (pH=9, t=12h), S2 

(pH=9, t=48h), S3 (pH=11, t=12h) and S4 (pH=11, t=48h). For comparison 

purpose, sample S5 (S6) were prepared under the same conditions as the 

sample S9 (S11) except for the adding of Na2WO4. The detailed conditions are 

tabulated in Table 1. 

Table 1 

samples SbCl3/g Na2WO4·2H2O
/g pH reaction 

condition 

S1 0.912 0.660 9 180oC, 12h 

S2 0.912 0.660 9 180oC, 48h 

S3 0.912 0.660 11 180oC, 12h 

S4 0.912 0.660 11 180oC, 48h 

S5 0.912 0 9 180oC, 24h 

S6 0.912 0 11 180oC, 24h 

S9 0.912 0.660 9 180oC, 24h 

S10 0.912 0.660 10 180oC, 24h 

S11 0.912 0.660 11 180oC, 24h 

2.2. Characterization of Sb2O3 

The crystalline structure of the as-prepared Sb2O3 powders were 

characterized by powder X-ray diffraction (XRD) with a Shimadzu Dmax A 

X-ray diffractometer, using monochromatized Cu-K  ( =0.15418 nm), and 



scanning over the range of 20° 2 80°. The morphologies and 

microstructures characterizations were performed on the scanning electron 

microscopy (SEM, JEOL JSM-6700F). The contact angles (CAs) were 

measured through a dynamic CA analyzer (FTÅ 200, USA) at room 

temperature. 

2.3. Wettability measurement 

The contact angle (CA) was measured with an optical contact angle meter 

(250-F1) at room temperature. Glass substrates were cleaned ultrasonically in 

acetone, ethanol and deionized water, successively, then dried in a vacuum 

oven at about 60°C for 6 h. Products were added into 2 mL ethanol solution 

and ultrasonicated for 30 min. Then, the suspensions were dipped onto the 

glass substrates and formed a thin film that was dried naturally. Finally, the film 

was treated by the methanol solution of 2% (v/v) 1H, 1H, 2H, 

2H-perfluorodecyltriethoxysilane (PFOST) at room temperature, followed by 

drying at 80  carefully dropped 

onto the surfaces, and the average value of five measurements obtained at 

different positions was used as the final contact angle. 

3. Results and discussion 

3.1. Structural and Elemental analysis 

The XRD patterns of the samples were shown in Fig. 1. All diffraction 

peaks of S9 can be indexed to a pure cubic phase Sb2O3 (JCPDS: 43-1071). 

No impurity peak was detected. The sharp and strong characteristic peaks 



suggest that the products were well crystallized. The sample S10 contains a 

mixture of cubic (JCPDS NO. 43-1071, majority) and orthorhombic (JCPDS 

NO. 11-0689, minor) crystalline phases. When the initial pH value was 

increased to 11, all peaks of the obtained sample in the XRD pattern could be 

well indexed to orthorhombic phase of Sb2O3 (JCPDS: 11-689). No impurity 

peak was observed, which indicates the high phase purity of the as-prepared 

samples. The above results of different crystal type indicate that the cubic 

phase Sb2O3 completely transformed into orthorhombic phase Sb2O3 at pH=11. 

Therefore, the pH value plays an important role in controlling the crystal type of 

Sb2O3. 

 

Fig. 1 

The elemental composition and electronic states of Sb2O3 (S9) powder 

was investigated by XPS analysis. Figure 2a shows the general XPS survey of 

the products, where the peaks of Sb, O, and C were found. The Sb 3d 3/2 and 



Sb 3d 5/2 binding energies (539.59 and 529.98 eV, respectively) are solely 

attributed to the presence of Sb3+ cations from Sb2O3 (Fig. 2b). The peak at 

530.06 eV corresponds to the O 1s binding energy (Fig. 2c). The above results 

further confirmed the formation of Sb2O3 and high purity of the product. 

 

Fig. 2 

3.2. Morphology analysis 

Morphologies of the products were investigated by SEM. The SEM 

images of Sb2O3 powders prepared via the solvothermal method at different 

pH values is shown in Fig. 3. It is clear that when the synthesis pH value was 

tuned to 9, the obtained products consist of a large quantity of Sb2O3 

octahedron microcrystals at good dispersions. In Fig. 3d, the 



high-magnification SEM image shows that these regular octahedral 

edge to another. As shown in Fig. 3b and Fig. 3e, sample S10 was composed 

of octahedron microcrystals and a few microspindles. The morphology is quite 

different from that prepared at pH=11 as shown in Fig. 3c and Fig. 3f. In Fig. 3c, 

the sample is composed of particles with spindle-like structures, which is 

uniform with monodispersed size distribution. The magnified SEM image in Fig. 

3f average diameter is 3 

Moreover, the surface of the sample is very rough, which indicates that the 

microspindles are composed of many smaller homogeneous nanoparticles. 

These results reveal that the pH value during preparations has a significant 

influence on the size and morphology of the final products. 

 

Fig. 3 

To explore the shape developing process of Sb2O3 octahedron 

microcrystals, samples prepared at different reaction time were characterized 

through SEM observation. Fig. 4a exhibits SEM image of the Sb2O3 sample 



obtained after the reaction was conducted for 12 h. The sample S1 was 

composed of irregular nanoplates and a small quantity of quadrilateral 

microcrystals. Besides, the truncated octahedron microcrystals were observed. 

When the reaction time increased to 24 h, the obtained products were mainly 

consisted of octahedron microcrystals (Fig. 4b). As the reaction time was 

further prolonged to 48h, the octahedron microcrystals were completely 

disappeared and were broken into nanoplates (Fig. 4c). This suggests that the 

structure of Sb2O3 octahedron microcrystals were destroyed when the reaction 

time was too long. 

 

Fig. 4 

To study the impact of reaction time on the formation mechanism of Sb2O3 

microspindles, we investigated the products by changing the solvothermal time. 

Fig. 5 depicts the morphologies of the products synthesized at 12, 24 and 48 h, 

respectively. The products prepared at 12h (S3) are obviously spindle-like 

nanoparticles in the figure. Interestingly, there are some nanoplates 

distributing among the spindle-like nanoparticles, which are possibly the 

primary building brick  nanoparticles of Sb2O3 microspindles. Besides, the 

surface of spindle shape is relatively smooth. Upon further prolonging the 

reaction time to 24 h, homogeneous and monodispersed spindle-like products 



were formed, while relative smooth surface became rough. For an even longer 

reaction time of 48 h, the product S4 was composed of flower-like structures 

due to probable self-assemblies of the spindle-like nanoparticles. The above 

morphology evolution indicates that reaction time plays a key role in 

determining the shape of orthorhombic Sb2O3. 

 

Fig. 5 

3.3. Reaction mechanism  

Based on the above results, we propose a possible reaction mechanism 

for the formation of Sb2O3 microcrystals. hydrolysis of 

anhydrous SbCl3 is restrained by the weak interaction between Sb3+ and 

CH3CH2OH. Then, with the adding of NaOH solution, [Sb···CH3CH2OH]3+ can 

react with OH-. This leads to the generation of milky Sb(OH)3 precipitates. In 

hydrothermal process, the Sb(OH)3 precursor can be oxidized in the condition 

of high pressure and temperature, leading to nucleation of Sb2O3 particles. 

Finally, the Sb2O3 particles are aggregated and self-assembled to Sb2O3 

microcrystals according to Ostwald ripening process. To sum up, the reaction 

mechanism can be described as follows: 

Sb3+ + CH3CH2OH  [Sb CH3CH2OH]3+                         (1) 

[Sb CH3CH2OH]3+ + 3NaOH  Sb(OH)3 + CH3CH2OH + 3Na+      (2) 



4Sb(OH)3 + 3O2  2Sb2O3 + 12OH-                                   (3) 

3.4. Influence of Na2WO4·2H2O 

To investigate the impact of Na2WO4·2H2O on final morphology of 

products, the Sb2O3 powders were also synthesized in the absence of Na2WO4 

at different pH values. Fig.6a shows the SEM image of the product 

synthesized at pH=9. The Sb2O3 were square nanoparticles and some 

irregular particles. Besides, the irregular nanoparticles were obtained in the 

absence of Na2WO4·2H2O for sample S6 (Fig. 6b). Hence, the WO42- is very 

important in the formation process of Sb2O3 microcrystals. Indeed, there are 

many reports on the morphological control via inorganic salts. These inorganic 

salts can be absorbed on a specific crystal facet and selectively etch certain 

crystal plane, resulting in specific morphology of the products [35-37]. For 

example, Ha et al found that three distinct gold nanostructures were produced 

by solely controlling the content of halide ions [35]. In 2010, Niu et. al reported 

that a series of palladium nanocrystals with varying shapes were obtained 

through manipulation of the concentration of KI [36]. Additionally, different 

anions could be adsorbed on the surface of the nuclei, which result in the 

formation of Fe2O3 solid urchin-like structures [37]. Similarly, in this work, the 

anions WO42- and OH- were probably adsorbed at a specific crystal plane of 

Sb2O3 through electrostatic interaction, which decelerated the growth rate of 

Sb2O3 crystal nucleation and prevents the growth of a specific crystal plane of 

Sb2O3. 



 

Fig. 6 

3.5. Formation mechanism of the Sb2O3 microcrystals  

Based on the morphology evolution and Ostwald ripening mechanism, a 

possible formation mechanism of the Sb2O3 octahedron microcrystals has 

been proposed and illustrated as Scheme 1. The whole process includes 

nucleation, growth, and oriented attachment. At  step, Sb2O3 

nanoparticles self-aggregate and grow into nanoplates through dissolution and 

recrystallization (Ostwald ripening) following the well-known Gibbs-Thomson 

law [38]. Studies showed that the selective adsorption of ions in solution on 

different crystal faces will make the nanoparticles grow into various shapes by 

controlling the growth rates along different crystal directions [39]. At the growth 

stage, when the pH value is 9, adsorption of OH- and WO42- ions plays a 

crucial role in guiding the Sb2O3 nanoplates. This results in the formation of 

intermediate diamond-shaped structure. However, when the initial pH value is 

tuned to 11, more OH- ions were adsorbed on Sb2O3 nanoplates, as confirmed 

by the SEM image (Fig. 4 and Fig. 5). 

To conclude, the formation process of Sb2O3 octahedron (microspindles) 

can be divided into three stages as following. The first stage refers to an initial 



formation of Sb2O3 nanoplates. In the second stage, formation of intermediate 

structure is accompanied with the adsorption of different amount of OH- ions. 

At the final stage, the octahedrons (spindle-like structures) are formed with the 

proceeding of the reaction [38, 40]. 

 

Scheme 1 

3.6. CA measurements 

Fig.7 shows the surface wettability tests for Sb2O3 crystals with 

different types. The superhydrophobic surface was prepared via a facile 

dip-coating method. In Fig. 7a, a value of 141.7o is determined to the 

contact angle of water droplets on the hydrophobic surface of the cubic 

phase Sb2O3 (S9). The water droplets stick to the surface even when it was 

turned upside down, as shown in Fig. 8 (a) and (b). Modified by PFOST, the 

CA of water increased to 159.8° (Fig. 7b), exhibiting an excellent 

superhydrophobic property. The shape of water droplet on the film surface 

is spherical. The water droplet is not able to stick to the cubic phase Sb2O3 

surface but rolls off easily, indicating low adhesive force of cubic Sb2O3 



modified by PFOST. This is attributed to the existence of PFOST on the 

surface lowers the surface free energy. Fig. 7c shows the contact angles of 

water droplets on orthorhombic Sb2O3 film (S11), where the CA value was 

134.5o. Compared with the cubic Sb2O3 films, the CA value of orthorhombic 

Sb2O3 film is smaller due to a different surface morphology. Similarly, the 

orthorhombic Sb2O3 film exhibits strong adhesive force (see Fig 8(c) and 

(d)). After modification of PFOST, the CA of water increased to 155.7° 

(Fig.7d).  

 

Fig. 7 

 

Fig. 8 



The experimental results show that the wetting state of Sb2O3 film has 

been obviously changed and transferred to other states. As reported in Ref. 

[38], the transition could be induced between Cassie and Wenzel 

configurations under various disturbances from the environment. In this report, 

the wetting state is changed after modifying by PFOST. A schematic drawing 

of the regime was depicted in Fig. 9. Without being modified by the PFOST, 

the Sb2O3 film possesses high adhesive properties and  In 

this case, the water droplet is pinned on the surface, leading to a high CA 

hysteresis and the generation of a high adhesive force [41]. When the Sb2O3 

was transferred 

film and can roll off easily 

from the solid Sb2O3 surface film due to air trapped between water droplets 

and substrates. 



 

Fig. 9 

It is necessary to investigate the wettability of corrosive liquids on the 

superhydrophobic surface. Fig. 10 shows the relationship between pH values 

of water droplets and the contact angles on the as-synthesized porous 

superhydrophobic surface. In Fig. 10a, the contact angles on the 

PFOTS-treated surface (S9) range from about 152.2o to 159.4o when the pH 

varied from 3 to 13. Only when the pH value decreased to 1, did the contact 

angle show a larger fluctuation in the value but still reached about 146.4o. As 

for sample S11, the fluctuation of the CA with pH is similar to that of the S9 

surface. The CA remained in the range of 150.4o-153.4o when the pH 

increased from 3 to 13. The contact angle decreased to 144.5o when pH =1. 



The above results indicated that the superhydrophobic Sb2O3 films possess 

excellent anticorrosion properties against both strong acid and alkali. 

 

Fig.10 

Moreover, the tolerability of Sb2O3 film modified by PFOST was also 

studied. When 5 wt% aqueous solution of NaCl was dripped onto the film, the 

static CAs of S9 film and S11 films modified by PFOST are 159.4° and 162.4°, 

respectively (Fig.11). Thus, it is speculated that the corrosion reaction of a 5 

wt% aqueous solution of NaCl has little impact on the superhydrophobic 

surface formed by Sb2O3 samples. 

 

Fig.11 



In order to figure out the role of Sb2O3 microcrystals on the surface 

wettability, we also provided the CA of the film only coated by PFOST. As can 

be seen from Figure 12, the CA of the film is 93.5o, demonstrating that the 

existence of Sb2O3 microcrystals is the key factor to the superhydrophobic 

surfaces. 

 

Fig.12 

4. Conclusions 

In summary, cubic Sb2O3 octahedra and orthorhombic Sb2O3 

microspindles have been successfully synthesized by the solvothermal 

method. The pH values and reaction time strongly affect the morphology, size 

and crystal phase of products. Possible formation mechanisms for different 

microstructures are proposed based on the experimental results. Surface 

coated with Sb2O3 show excellent superhydrophobic property and excellent 

anticorrosion in acidic and basic circumstances. 
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Table and Figure captions 

Table 1The synthetic conditions of Sb2O3samples. 

Fig.1. XRD patterns of the prepared Sb2O3 microcrystalline at different pH values. 

Fig. 2. (a) Whole XPS spectrum pattern of the Sb2O3 (S9), (b) Sb 3d of Sb2O3 (S9), 

(c) O1s of Sb2O3 (S9). 

Fig. 3. SEM images of the Sb2O3 prepared at different pH: (a) and (b) S9, (c) and (d) 

S10, (e) and (f) S11. 

Fig. 4. SEM images of the octahedral Sb2O3 prepared at different reaction time: (a) S1 

(t = 12 h), (b) S9 (t = 24 h), (c) S2(t = 48 h). 

Fig. 5. SEM images of the microspindles Sb2O3 prepared at different reaction time: (a) 

S3 (t = 12 h), (b) S11 (t = 24 h), (c) S4 (t = 48 h). 

Fig. 6. SEM images of the Sb2O3 prepared in the absent of Na2WO4 and different pH: 

(a) S5 (pH=9), (b) S6 (pH=11). 

Fig. 7. The CA value of Sb2O3 microcrystalline: (a) and (b) S9 without modification 

and modified by a methanol solution of 2% (v/v) PFOST. (c) and (d) S11 without 

modification and modified by a methanol solution of 2% (v/v) PFOST. 

Fig. 8. (a) and (b) profile of a water droplet on the S9 film without modification, 

when set upright and turned upside down,(c) and (d) Profile of a water droplet on the 

S11 film without modification, when set upright and turned upside down, 

respectively. 

Fig. 9. Schematic illustration of interactions between the water droplets and surfaces: 

Cassie-Wenzel regime. 



Fig. 10. Variation of water contact angle with the different pH values of the dipping 

water on the (a) Sb2O3 film (S9); (b) Sb2O3 film (S11) modified by PFOST. 

Fig. 11. The tolerability of (a) cubic Sb2O3 film (S9) modified by PFOST, (b) 

orthorhombic Sb2O3 film (S11) modified by PFOST in 5 wt% NaCl aqueous solution. 

Fig. 12. The CA of the film prepared by PFOST only. 

Scheme 1. Possible schematic illustration of the growth process of Sb2O3 

microcrystals at different pH values. 

 


