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Additives as surfactant can affect the structural, morphological, and optical properties of WO3 

nanostructures. However, it is important to find optimum amount of additive for obtaining the best 

nanostructure of WO3. Therefore, the effect of oxalic acid (C2H2O4) and potassium sulfate (K2SO4) 

concentration as organic and inorganic additives were studied in this work. Also, the effect of pH 

adjustment stage (before/after oxalic acid addition) in the synthesis process was investigated for the 

first time. The WO3 nanostructures were characterized by X-ray powder diffraction (XRD), Raman 

scattering, field emission scanning electron microscopy (FESEM) and diffuse reflection spectroscopy 

(DRS). In addition, the photocatalysis activities of the samples with suitable properties were studied. 

The results proved that the WO3 properties can be affected by additive concentration and pH value of 

the solution. The creation of uniform nanorods (the length to diameter ratio of 9.4) was showed by 

FESEM analysis due to the addition of K2SO4. The smallest crystallite size (about 24.10 nm) was 

obtained for the sample synthesized at low concentration of potassium sulfate with the band gap of 

2.64 eV (the ratio of Na2WO42H2O:K2SO4 1:3). Furthermore, the 10 mg of synthesized nanorod 

displayed the meritorious degradation of methylene blue (10 ppm) under UV light and visible light 

with the degradation efficiency of 88% and 77% in 90 min, respectively. 
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1. Introduction 

Photocatalysis oxidation method is the best way to solve 
the issue of environment pollution due to its high efficiency. 
This technology can turn organic contaminants into H2O and 
CO2 under light irradiation. The elimination of water 
pollution is one of the most significant applications of 
semiconductors. Besides, the photocatalysis activity 
depends on the different factors like crystalline structure, 
degree of crystallinity, surface area, shape, and size of 
particles. Hence, scientists have tried to synthesize different 
materials, including TiO2, ZnO, WO3, MoS2/CdS, and 
TiO2/SnO2 [1-3]. Among them, tungsten oxide is counted as 
a more qualified catalyst due to its morphological diversity, 
various oxidation states, and narrow bandgap (2.7-3.5 eV) 
[4]. In addition, the structure and composition of WO3 can 
affect its photocatalysis activity [5].  

Many scientists have tried to achieve special 
morphologies of WO3 through various techniques. Hence, 

the hydrothermal method was widely employed in the 
fabrication of WO3 nanostructures [6,7]. Also, different 
assisted agents such as organic materials, inorganic salts, 
and a combination of them have been utilized in the 
hydrothermal synthesis to obtain different morphologies 
e.g. flower-like, nanorods, nanoplates, and spherical [8,9]. 
Moreover, these additives were found to be effective 
intermediates to stabilize nanoparticles, control the size 
and stoichiometry, and to prevent nanoparticles 
agglomeration [10]. Wei and his co-workers applied organic 
surfactants like Malic acid (C4H6O5) and Ammonium tartrate 
(C4H12N2O6) to form cauliflower-like hierarchical structure 
[11]. In another work, the nanorod and nanowire of 
tungsten oxides have been synthesized by applying 
Thiourea (NH2CSNH2) and Glycine acid (C2H5NO2) as 
organic surfactants [12,13]. It has been shown that the 
organic acid had an effective coordination capacity with 
WO42- to prevent the aggregation. In addition, the organic 

https://ppam.semnan.ac.ir/
https://ppam.semnan.ac.ir/article_8271.html
https://creativecommons.org/licenses/by/4.0/


106                                                               B. Purhadi/ Progress in Physics of Applied Materials 3 (2023) 105-118 
  

surfactant has a key role on the selective adsorption and 
growth rate of crystal facet of WO3.   

The utilization of oxalic acid, an organic surfactant, has 
known as an executable procedure for the synthesis of 
tungsten oxide nanostructures. Oxalic acid can coordinate 
via carboxylate functionalities to adsorb onto the surface of 
the nanoparticles and expose the carboxylic acid group. 
Then, the surface of nanoparticles become hydrophilic and 
stop their agglomeration. Furthermore, the surface of 
nanoparticle can be modified by the formation of various 
functional groups [14,15]. Li and co-workers have 
synthesized the different morphologies of tungsten oxide 
like cubic and spherical structures using oxalic acid as 
capping agent through hydrothermal method at 90°C for 3h. 
The value of pH is considered as an important parameter to 
the synthesis of WO3 nanostructure in the hydrothermal 
method [16]. It is usually adjusted by adding hydrochloric 
acid with various molarity (concentration) [17,18].  

On the other hands, inorganic additives have been also 
employed to fabricate WO3 nanostructures. The hierarchical 
hollow nest-like and nanosheet structures of WO3 were 
successfully synthesized by adding Na2C2O4 [19] and NaClO4 

[20], respectively. Furthermore, sulfates were engaged as 
inorganic additives [21,22]. The interaction among the 
sulfates and the surface of crystals may have a significant 
role in controlling the morphology of the synthesized WO3 
nanostructures. 

Wu and his co-workers reported that WO3 nanorods 
were synthesized through adding oxalic acid and sodium 
sulfate to the tungstate solution. Their products degraded 
several organic dye molecules under xenon lamp irradiation 
[23]. Mehta [24] and Shen [25] have successfully obtained a 
self-assemble structure of tungsten oxide by adding oxalic 
acid and potassium sulfate simultaneously for the detection 
of ethanol vapor and NO2 gas. They have used different 
kinds of acids (H2SO4 and HCl 3M, respectively) to adjust the 
pH value at 1 and achieved the various crystallite phases of 
hexagonal and orthorhombic, respectively. Also, Zeng and 
his coworkers obtained different morphologies of WO3 from 
0D to 3D using oxalic acid and potassium sulfate 
individually for the investigating of the gas sensing 
properties [26]. The pH adjustment stage can be effective on 
the properties of the nanomaterials in the presence of 
additives such as a surfactant. Patil and his co-workers have 
regulated the pH value at 1 before adding oxalic acid to 
synthesize Ti-doped WO3 nanostructures [27]. Meanwhile, 
many scientists have controlled the pH value after pouring 
surfactants into the solution [13,16,24,28]. However, there 
is no comparison study on the stage of pH adjustment. 

In this work, several amounts of oxalic acid have been 
selected as an organic surfactant to synthesize WO3 
nanostructure. In addition, the effect of pH adjustment time 
has been studied on the structural, morphological, and 
optical properties of hydrothermally synthesized WO3. Also, 
potassium sulfate has been selected as an inorganic additive 
to fabricate WO3 nanorods. Finally, the photocatalyst 
activity of the synthesized nanorod has been investigated.  

2. Materials and methods 

Sodium tungsten dihydrate, oxalic acid, and 
hydrochloric acid were purchased from Merk company, 

and applied without more purification as a starter, 
surfactant, and pH regulator, respectively. First, 3.3gr of 
Na2WO4.2(H2O) were added to 100 ml deionized water 
(DW) and the pH value was adjusted to 2 using few drops 
of HCl (2M). Then, oxalic acid was poured into the solution 
with different weight ratios. The ratios of oxalic acid to 
Na2WO4.2(H2O) were selected as 1:1, 0.5:1, 0.25:1, 0.125:1 
and 0.0625:1 and the samples were correspondingly 
denoted as W1, W2, W4, W8, and W16, respectively. In the 
second experiment, Na2WO4.2(H2O) (3.3 gr) and oxalic acid 
were dissolved in deionized water (DW) simultaneously 
with the ratios of 0.125:1 and 0.0625:1. Then, HCl was 
added to the above solution dropwise until the pH of the 
mixed solution reached 2. The samples were named W8(2) 
and W16(2), respectively. The solution was sealed in an100 
ml autoclave and maintained at 180°C for 48h. Finally, the 
samples were washed with DW and ethanol several times, 
and were dried at 80°C for 12h. 

For the third experiment, sodium tungstate dihydrate 
(3.3 gr) was used as a precursor, and potassium sulfate was 
added as a surfactant. HCl was employed to adjust the pH 
value at 2. The hydrothermal condition had been carried 
out same as the previous section. Different weight ratios of 
Na2WO42H2O:K2SO4 (1:1, 1:2, 1:3, and 1:4) were selected. 
No powder was obtained for the first two concentrations of 
surfactant (1:1 and 1:2), and the other samples (1:3, and 
1:4) were named as WP3 and WP4 respectively. 

The structural, morphological, and optical 
characterizations of the products were performed by X-ray 
diffraction (XRD) (D8-Advance diffractometer employing 
CuKα radiation, fabricated by Brucker), field emission 
scanning electron microscopy (FESEM) (MIRA3, fabricated 
by Tescan), Raman (TakRam N1-541, Teksan Co) 
spectroscopy, and diffuse reflection spectroscopy (DRS) 
(Shimadzu, Uv-1800). In addition, N2 adsorption-
desorption measurement was used to characterize the 
surface area and porosity analysis samples by using 
Brunauer-Emmett-Teller (BET) approach (Belsorb mini 
system). Also, the photocatalysis activities of 10 mg of WP3 
sample were estimated for methylene blue (MB) solution 
with 10 ppm concentration under UV light at 380 nm and 
visible light and the MB degradation was obtained by 
measuring the absorbance of the MB solution at certain 
time intervals using spectrophotometry. Before irradiation, 
the MB solution in contact with photocatalyst was stirred 
for 120 min in the dark condition until reaching the 
adsorption-desorption equilibrium.  

3. Results and discussion 

 3.1. Oxalic acid  

 3.1.1. The effect of surfactant concentration 

 3.1.1.1. XRD 

      The XRD patterns of W1, W2, W4, W8, and W16 samples 
are displayed in Figure 1. The results indicate that the 
phase transition from orthorhombic to hexagonal has 
occurred with the increment of oxalic acid concentration 
from 0.125:1 to 0.0625:1. In addition, the preferred growth 
direction changed upon phase transition. The 
orthorhombic and hexagonal phases were matched with 
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the ICDD-087-1203 (space group: Fmm2, lattice 
parameter: a=7.32Å, b=12.62 Å and c=7.81 Å) and JCPDS-
033-1387 (space group: P6/mmm, lattice parameter: 
a=b=7.29 Å and c=3.89 Å) cards, respectively. The 
orthorhombic phase was related to the WO31.3H2O 
structure. In the hydrothermal method, the dielectric 
constant of water diminishes with temperature 
enhancement. As a result, the electrostatic repulsion 
between W+6 ions becomes stronger and leads to the 
formation of the WO31.3H2O structure [29].   

 
Fig. 1. The XRD patterns of WO3 samples synthesized at different oxalic 
acid concentrations. 

 
Table 1. Microstructural parameters of WO3 nanoparticles 
synthesized at different oxalic acid concentrations. 
Sample 

ID 

Crystallite 

size (nm) 

Microstrain Dislocation 

density(1/nm2)  

W1 37.80 0.0057 6.999 

W2 46.51 0.0033 4.623 

W4 52.71 0.0065 3.599 

W8 37.67 0.0093 7.047 

 W16 37.17 0.0054 7.238 

W8(2) 42.79 0.0047 5.461 

W16(2) 41.88 0.0049 5.701 

      Table 1 summarized the microstructural parameters of  
the samples including crystallite size, micro strain (ε), and 
dislocation density (δ) [30]. The average crystallite size of 
the W1, W2, W4, W8, and W16 samples are 37.80, 46.51, 
52.71, 37.67, and 37.17 nm, respectively, as calculated 
using Williamson-Hall method [31]. According to Table 1, 
the crystallite size increased with increasing oxalic acid 
concentration from 1:1 to 0.25:1. However, it decreased 
with further increment of oxalic acid concentration.   Since 
dislocation density depends on the crystallite size, a 
gradual change of dislocation density was observed in the 
same way as crystallite size variation. Also, minor changes 
were observed in another parameter such as microstrain. 

 3.1.1.2. Raman scattering spectroscopy 

      The Raman signals are sensitive to the crystal structure 
and its defects. Hence, the Raman spectra were recorded to 
study the structure of synthesized WO3 nanostructures 
(Figure 2). Table 2 gives the peak position and related 
vibrational modes of the samples. The dominant 
vibrational mode of samples was labelled as symmetric 
stretching of W-O-W bridging oxygen bonds located at 
about 807 cm-1. Another major peak was observed in the 
region of 927-943 cm-1 which belongs to a terminal W=O 
stretching mode of cluster boundaries. The W=O terminal 
corresponds to the W-O bond at the free surface of the 
internal grain that is created by water molecules [32]. 
Therefore, the reduction or elimination of the W=O bond 
can indicate the formation of the porous structure due to 
the removal of structural water. Also, Figure 3 depicts 
peaks in the range of 702-754 cm-1, corresponding to O-W-
O asymmetric stretching vibration mode [33]. Another 
Raman band found at the 603-673 cm-1 region can be 
ascribed to the asymmetric bending vibration of O-W-O. 
Obviously, there was a group of peaks with low intensities 
at about 243-329 cm-1 in the Raman spectra of the samples 
that are attributed to O-W-O symmetric bending vibration 
mode or O-W-O bond deformation [34,35]. 

 

 

 
Fig. 2. The Raman scattering spectra of WO3 synthesized with different concentrations of oxalic acid. 
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Table 2. The vibrational modes of synthesized samples with different oxalic acid concentration [17, 36]. 

 

Modes 

Raman shift (cm-1) 

W1 W2 W4 W8 W16 W8(2) W16(2) 

W=O stretching 
944-

994 

942-

994 
933 933 927 927 931 

W-O-W symmetric 

stretching 
807 807 801 812 812 812 812 

O-W-O asymmetric 

stretching 
- 702 708 714 754 752 

714-

760 

W-O asymmetric 

bending 
673 673 603 670 661 661 662 

O-W-O symmetric 

bending 

243-

329 

243- 

268-

324 

243-

268-324 

243-

274-329 

243-

280-329 

243-329 

 

243-

274-

329 

 

 

The chemical bond length of molecules and the residual 
stress can be the reason for partial shifts in the Raman peak 
positions. The higher bond length caused a movement 
toward shorter wavenumbers and vice versa [36]. 
Moreover, the Raman peak position shifts to higher/ lower 
wavenumbers due to the compressive/tensile stress 
increment [37]. 
      In the following, the integrated intensity ratio is 
calculated for the W−O−W/ W=O bonds located at 807 and 
943 cm-1. The measured integrated intensity ratios were 
5.39, 5.54, 49.37, 4.97, and 4.94 for W1, W2, W4, W8, and W16, 
respectively. There is a correlation between integrated 
intensity ratio and the particle size [38]. Higher integrated 
intensity ratios relate to higher particle sizes. 

3.1.1.3. Morphology 
The morphology of the samples was investigated by 

FESEM images, as shown in Figure 3. The shapeless, 
agglomerated and non-uniform particles were observed for 
the sample W1 (synthesized with high oxalic acid 
concentration) (Figure 3a). The nano-plates were formed 
in the W2 sample that stick together and leads to a bigger 
particle size (Figure 3b). The nanoparticles were observed 
for W4 sample with more homogeneity, although they were 
still stuck together (Figure 3c). By decreasing oxalic acid 
concentration, the limitations in the growth dimensions 
were removed, resulting in the formation of nanorods with 
diameters/lengths of about 129 nm/564 nm for the W8 
(Figure 3d) [16]. Figure 3e shows that the W16 sample tends 
to create nanorods with a longer length, greater diameter, 
reduced dissociability, and growth in batches. For this 
sample, the diameter and length of rods were calculated 
about 238 nm and 2322 nm, respectively. Generally, the 
reduction of oxalic acid has affected the formation and 

dimensions of nanoparticles. The less the surfactant 
amount, the longer the nanorod length. 

It is concluded that although adding oxalic acid as a 
surfactant in the synthesis process results in directional 
growth, but the surfactant concentration is a critical 
parameter and high concentration is not favorable for 
growth of one dimensional nanorods.  

 The released oxalate ions (C2O4-2) during the synthesis 
are responsible for shape and morphology control. The 
C2O4-2 ions interact with the interlayer H2O molecules in 
WO3.2H2O nuclei, and destroy the formed hydrogen bonds. 
Then, the dehydration occurs in the WO3.2H2O structure. 
The variation of oxalate ions concentration leads to change 
the formation of bonds and control of morphology, because 
the growth direction of different facets are influenced by 
the binding to particular facets [16, 39]. The high number 
of ions limits the particles growth. Also, it can cause 
separation of the interlayer water from structural water 
and then exit during washing and thermal treatment [40]. 

 3.1.1.3. DRS analysis 

The diffuse reflectance spectroscopy (DRS) 
measurements were surveyed to assay the light 
absorbance and the bandgap energy of the samples. From 
DRS results acquired in Figure 4, it can be concluded that 
all samples were highly reflective in the visible region. In 
addition, they significantly absorb light in the ultra-violet 
region. The minimum reflectance was observed at a 
wavelength around 300 nm for the W8 sample. The 
absorption edges of the products are located around 434, 
459, 473, 434, and 423 nm for W1, W2, W4, W8, and W16, 
respectively. Upon decreasing oxalic acid concentration, 
firstly, the absorbance edge showed a red-shift (W1 to W4), 
then a blue-shift has been observed for W8 and W16.  
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Fig. 3. The FESEM images of WO3 powders synthesized at different surfactant concentrations: a) W1, b) W2, c) W4, d) W8, and e) W16. 
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Fig. 4. DRS spectra of WO3 nanostructures synthesized at different 
oxalic acid concentrations. 

      The energy bandgap (Eg) is one of the most important 

parameters in the semiconducting materials to predict 

their behavior under light illumination. In order to 

calculate the energy bandgap of the samples, Kubelka-

Munk formula [41] and Tauc method [42] were employed, 

and the corresponding profile is given as an inset in Figure 

5. As can be seen from Table 3, the lowest (2.55 eV) and 

highest (2.88 eV) bandgaps were related to W4 and W16 

samples, respectively. The results showed that the 

variations of absorption edge and bandgap were almost 

correlated with the variations of crystallite size, such that 

higher values of absorption edge and lower bandgaps 

occurred for the samples containing bigger crystallites. 

Furthermore, it seems that the crystal phase 

transformation of nanoparticles and surface plasmon 

resonance (SPR) effect of WO3 can affect the absorption 

edge of the samples [43], [44]. 

Table 3. The optical parameters of WO3 nanostructures synthesized at 
different surfactant concentrations. 

 

Samples 

Optical parameters 

Bandgap 

(eV) 

Absorption 

edge (nm) 

EVB 

(eV) 

ECB 

(eV) 

W1 2.83 434 3.50 0.67 

W2 2.58 459 3.38 0.80 

W4 2.55 473 3.36 0.82 

W8 2.77 434 3.47 0.71 

W16 2.88 423 3.53 0.65 

W8(2) 2.77 437 3.47 0.71 

W16(2) 2.66 476 3.42 0.76 

 

 

Besides, the energy band potential of the samples was 

evaluated as a key parameter in the photochemical activity 

of WO3 nanostructure. The following relations (Equations 

(1) and (2)) were used to obtain the valence band energy 

(EVB) and the conduction band energy (ECB): 

EVB= X – Ee + 0.5 Eg                                              (1) 

ECB= EVB - Eg                                              (2) 

      Where X is the absolute electronegativity of WO3 and Ee 

is the energy of free electron on the hydrogen scale that 

were found 6.59 eV and 4.5 eV, respectively [45].  Based on 

the achieved values mentioned in Table 3, the values of EVB 

were more positive than hydroxyl group reduction 

potential (E°(OH/•OH) = 2.38 eV) for all the samples. It 

means that hydroxyl radicals can collaborate in the 

photochemical activity of the synthesized samples. In 

addition, the values of ECB were more positive than oxygen 

reduction potential (E° (O2/ •O2-) = -0.33). This implies that 

superoxide radicals cannot convert O2 to •O2- under light 

emission in applications like photocatalyst. 

 3.1.2. The effect of pH adjustment stage 

 3.1.2.1. XRD 

      Fig. 5 represents the XRD patterns of the samples 

synthesized at two different oxalic acid concentrations (W8 

and W16) with different pH adjustment stages. The 

identified diffraction peaks can be indexed to orthorhombic 

WO3.1.3H2O (ICDD-087-1203) and hexagonal WO3 (JCPDS 

033-1387) for W8(2) and W16(2) samples, respectively. The 

phase transition was detected from orthorhombic to 

hexagonal for the W8 sample upon changing pH adjustment 

stage, but there was no phase difference between W16 and 

W16(2) samples. The crystallite size was obtained 42.79 nm 

and 41.88 nm for W8(2) and W16(2), respectively. 

Therefore, the crystallite size was slightly decreased with 

the surfactant decrement in this pH adjustment method, 

too. However, an enhancement was observed in the 

crystallite size of W8(2) and W16(2) compared to the W8 and 

W16 samples. This can be attributed to the pH adjustment 

stage in the synthesis process. The final pH of the solution 

was different for the two synthesis methods because the 

used surfactant (oxalic acid) is acidic in nature. The higher 

pH (in the second method) leads to the formation of larger 

crystals due to the lower number of capping agent 

molecules in the solution [46]. Also, other microstructural 

parameters like microstrain, dislocation density, and 

stacking fault were changed according to the crystallite size 

variation as denoted in Table 1. 
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Fig. 5. The XRD patterns of W8 and W16 samples with different pH 
adjustment stage. 

3.1.2.2. Raman scattering spectroscopy 

      The Raman scattering spectra of W8(2) and W16(2) 

samples are shown  in Figure 6. The corresponding bonds 

were summarized in Table 2. A slight shift was happened in 

the Raman peaks positions which its reason was explained 

earlier in section 3.1.2. The integrated intensity of W-O-

W/W=O peaks was obtained 4.96 and 6.99 for the W8(2) 

and W16(2), respectively. An increment in the values of 

integrated intensity ratio of W−O−W/W=O was found with 

decreasing oxalic acid concentration. Furthermore, the 

integrated intensity ratio was almost similar for W8 and 

W8(2) samples, but it was greater in the case of the W16(2) 

sample compared with W16. This suggests that the 

crystallinity of W16(2) was enhanced compared with W16. 

 
Fig. 6. Raman scattering spectra of W8 and W16 samples synthesized 
under different pH adjustment stage. 

3.1.2.3. Morphology 

      As shown in Figure 7, the FESEM images of the samples, 

nanorods were formed with more uniformity toward W8 

and W16. It was due to the low concentration of surfactant 

that reduced applied restrictions on the particles. The 

diameter and length of the nanorods were estimated about 

373 and 1433 nm for the W8(2) and around 354 and 1779 

nm for the W16(2). Decreasing the amount of surfactant has 

increased the length of the nanorods and has prevented 

them from accumulating [47]. Although the length of 

nanorods decreased for the W16(2) sample compared to the 

W16, the aspect ratio was increased for both samples in the 

second method of pH adjustment, which leads to an 

increment in the surface area of the samples. 

 

 
Fig. 7. The FESEM images of a) W8(2) and b) W16(2) specimens. 

      

       In conclusion, as the existence of cationic ions like Na+ 

play key roles in the formation of various WO3 

nanostructures, the pH adjustment process can affect the 

amount of NaCl cussed by the reaction between HCl and 

Na2WO4 in the solution [48]. More Na+ ions lead to further 

control of WO3 nucleus. When Oxalic acid is added before 

pH adjustment, the initial pH of solution decreases, so more 

HCl is needed to adjust the pH value at 2 which results in 

formation of more NaCl to control the morphology and 

hence the different properties of WO3 nanostructures. 

 



112                                                               B. Purhadi/ Progress in Physics of Applied Materials 3 (2023) 105-118 
  

3.1.2.3. DRS analysis 

According to DRS plot (Figure 8), there were no remarkable 

changes in the reflectance of the samples in the visible 

region. The minimum reflectance corresponded to the 

W8(2) sample. It was also observed that the minimum 

reflection for the sample synthesized by the second method 

of pH adjustment had a lower intensity, resulting in more 

absorption in the ultraviolet region. The absorption edges 

were estimated around 433 nm and 476 nm for W8(2) and 

W16(2), respectively. The absorption edge was enhanced in 

the second method as well as with the decrement of 

surfactant concentration. Despite of decreasing bandgap 

energy for W16(2) compared to W16, the same values were 

achieved for W8 and W8(2) samples (Table 3). This result 

was also inferred from the appearance of reflection spectra. 

The valence band energy (EVB) and the conduction band 

energy (ECB) were evaluated, and the variation of the values 

was found to depend on the bandgap energy variations.  

Generally, because of increasing the pH value of the 

solution in both cases (i.e., surfactant concentration 

decrement and second method of the pH adjustment), the 

variation of optical properties can be attributed to the pH 

effect [18]. 

 
Fig. 8. The DRS spectra of WO3 nanostructures synthesized with 
different pH adjustment stage. 

      Generally, the utilization of oxalic acid can affect the 

properties of WO3 nanostructures via the variation of 

synthesis conditions. For example, the nanosheet structure 

of WO3 has been synthesized through the microwave 

method at 200 ºC for 30 min with the band gap of 2.53 eV 

[49]. Also, co-precipitation method and oxalic acid have 

been employed to the fabrication of the WO3 nanoparticles 

using other surfactants like N- trimethylammonium 

bromide (CTAB) (crystallites size of 9.58 nm and band gap 

2.86 eV) and Sodium dodecyl sulfate (SDS) (crystallites size 

of 11.2 nm and band gap 2.92 eV) in addition to oxalic acid 

to control of WO3 properties [50]. 

 

 

3.2. Potassium sulfate 

3.2.1. XRD 

As can be seen in Figure 9, the XRD patterns of synthesized 

WO3 samples using different concentrations of K2SO4 as a 

surfactant, the diffraction peaks of the samples are 

consistent with the hexagonal WO3 (JCPDS No.075-2178). 

Compared to first experiment, the crystalline phase of the 

sample has not changed, but the intensity of the peaks has 

greatly decreased because of the addition of surfactant. 

This indicates the decrease in order and the increase in the 

formation of defects. Moreover, the crystallite size of the 

samples was calculated using the Williamson-Hall method 

[31] (Table 4). The results show that the addition of K2SO4 

leads to a decrease in crystallite size. When K2SO4 is 

dissolved in an aqueous solution containing Na2WO4, K+ 

ions with a larger radius than Na+ ions are released. These 

ions are surrounded by water molecules and form hydrated 

K+ with a smaller radius than hydrated Na+ ions. The 

hydrated K+ and Na+ ions surround the nucleus of WO3 and 

then restrict the growth of particles [51]. However, 

surfactant enrichment (1:4 weight ratio) led to an increase 

in crystallite size, microstrain, and dislocation density. 

 

Fig. 9. XRD patterns of WO3 nanostructures synthesized at different 
concentrations of K2SO4. 

 

Table 4. The structural parameters of WO3 nanostructures 
synthesized at different concentrations of K2SO4. 

Dislocation 
density 
(1/nm2) 

Microstrain Crystallite 
size (nm) 

Sample 

1.72 0.0032 24.10 WP3 

5.81 0.0055 41.5 WP4 
 

3.2.2. Raman scattering spectroscopy 

      Fig. 10 illustrates the Raman spectra of WP3 and WP4 

samples. There are three main regions in the Raman 

spectra of WO3, divided into 200- 400, 600-800, and 900-
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1000 nm, which belong to the bending modes of W-O-W, 

the stretching vibrations of W-O, and the terminal oxygen 

atoms, respectively. The presence of the highest peak 

around 800 cm-1 confirmed the formation of crystalline 

WO3 [52]. The variation in molecular length can change the 

position of the peaks, i.e., the longer (shorter) bond length 

causes a shift to a lower (higher) wavenumber [36].  

      The intensity of the Raman peaks does not change 

considerably with increasing the K2SO4 concentration, 

indicating almost similar crystalline quality of WP3 and 

WP4 samples. The obtained result is in agreement with the 

XRD. 

 
Fig. 10. Raman spectroscopy of WO3 nanostructures synthesized at 
different concentration of K2SO4. 

3.2.3. FESEM 

      The FESEM images of the synthesized samples are 

shown in Figure 11. The nanorods were formed uniformly. 

The nanorods have a longer length with a higher aspect 

ratio in the WP3 sample than WP3 sample. Although the 

uniform nanorods were observed in WP4, the length of 

nanorods decreased and the diameter increased with the 

increase in the concentration of surfactant. The ratio of 

length to diameter was 9.4 and 7 for WP3 and WP4 

samples, respectively. As described in section 3.1, 

potassium ions play a key role in the formation of nanorods. 

However, increasing the number of K+ ions in the solution 

results in excessive potassium ions surrounding each 

nucleus and limiting nanorods growth. By comparing these 

results with those obtained for samples prepared using 

oxalic acid, it is concluded that K2SO4 is a much more 

suitable additive for controlling the morphology and 

formation of more uniform and dispersed nanorods with 

higher aspect ratios. 

      A possible growth mechanism for forming the uniform 

WO3 nanorod is explained according to the equation in 

Figure 12 [53]. The Na+ and K+ ions form after the 

interaction between precursors in the solution mediate. 

These ions act as directing agents to control the 

morphology of the initial nuclei of WO3 formed at the 

beginning of the hydrothermal reaction. Besides, the (200) 

plane of WO3 provides more adsorbed opportunity of 

cations at the initial step as compared with the (001) plane 

because of the energy difference between (001) and (200) 

faces. Hence, the growth of (200) plane will be restrict by 

ions adsorption. As a result, WO3 nanoparticles 

continuously grow along [001] direction to form uniform 

nanorods with a high aspect ratio. 

 

 
Fig. 11. The FESEM image of the WO3 nanostructures synthesized at 
the different concentrations of K2SO4. 
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Fig. 12. The schematic of the growth mechanism of WO3 nanorods. 

3.2.4. DRS 

      DRS technique was applied to study the optical 

properties of the synthesized samples (WP3 and WP4). As 

shown in Figure 13, the samples have weak absorbance in 

the visible region due to the defect states and surface trap 

states [54]. The absorption edges are located at 455 and 

453 nm for WP3 and WP4 samples, respectively. The 

maximum absorption is observed in the ultraviolet region 

(around 330 nm) for both samples. It is also noticed that, in 

the case of using K2SO4 as a surfactant, the reflectance 

values of the samples in the UV region are significantly 

lower than those of the samples synthesized using oxalic 

acid observed in previous sections. This can be useful for 

the optical applications such as photocatalytic process. 

      The bandgap energy was computed using the Kubelka-

Munk function and the Tauc method. The values of the 

calculated bandgaps are reported in Table 4. The WP3 

sample showed lower bandgap (2.64 eV) than WP4 (2.76 

eV) one. The variation of surfactant concentration leads to 

minor changes in the structural properties and bending 

energy. As a result, the bandgap energy is modified because 

of a direct dependency on these parameters. 

 
Fig. 13. DRS spectra of WO3 nanostructures synthesized at the different 
concentrations of K2SO4. 

 

 

Table 4. The optical parameters of WO3 nanostructures synthesized at 
different K2SO4 concentrations. 

ECB  
(eV) 

EVB  
(eV) 

Absorption 
edge (nm) 

Bandgap 
 (eV) 

Sample 

0.77 3.41 455 2.64 WP3 

0.71 3.47 453 2.76 WP4 
 

4. Photocatalyst activity 

      The WP3 sample was selected to study photocatalysis 

activity because of its smaller crystallite size, more uniform 

morphology, and a lower bandgap. Since the specific 

surface area can be an effective parameter for 

photocatalysis activity of nanomaterials, the nitrogen 

adsorption-desorption isotherm and pore size distribution 

of the products are presented in Figure 14. The curve of the 

samples is classified as Type-V isotherm and contained an 

H3 hysteresis loop at a relative pressure (P/P0) around 0.2- 

0.9 for WP3 and 0.7-0.9 for WP4. Both samples are 

characterized as mesoporous structures because the 

average pore sizes are about 32.10 and 32.44 nm for WP3 

and WP4, respectively. The specific surface area decreased 

from 52.29 m2/g (WP3) to 27.08 m2/g (WP4) with the 

increase of surfactant concentration.  

 
Fig. 14. (a) The N2 adsorption-desorption isotherm and (b) the 
corresponding pore size distribution of WO3 nanostructures 
synthesized at the different concentrations of K2SO4. 

 
      Methylene blue (MB) was used as a pollutant, and the 

photocatalytic process was done under ultraviolet and 

visible light irradiations. Since the decrease in the intensity 

of the MB adsorption peak indicates its degradation, it can 

be concluded that more degradation has taken place under 

ultraviolet radiation (Figure.15a-c). The maximum 

degradation efficiency was obtained 88% and 77% in the 

90 min irradiation of UV light and visible light, respectively. 

This can be related to the more absorbance of WP3 in the 

ultraviolet region explained in section 3.2.4. 

       According to Langmuir- Hinshelwood theory [55], the 

reaction rate was calculated about 0.0089 min-1 and 0.0046 

min-1 under UV light and visible light irradiation, 
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respectively [56] and shown in Figure 16. The higher 

reaction rate under ultraviolet irradiation is due to the 

more generation of electron-hole pairs in the reaction [57]. 

      After MB adsorption and light irradiation on the 

catalysis surface, the absorbed photons excite electrons 

and transfer them to the conduction band. Therefore, a hole 

in the valance band and reactive electron-hole pairs will be 

created. These holes react with water and hydroxide ions 

and create hydroxide radicals. On the other hand, the 

adsorbed oxygen on the surface reacts with excited 

electrons and produce active peroxide radicals [55]. The 

reaction products will participate in the decomposition of 

dye and finally turn to oxidized mineral acids, water and 

carbon dioxide [58]. 

      In addition to the above mechanism, physical surface 

adsorption due to Van der Waals forces is an effective 

process in photocatalysis [59]. In this case, the dye 

molecules are excited under light irradiation and then, the 

released electrons transfer to the conduction band. These 

electrons move to the surface of the catalyst, react with the 

oxygen, and produce peroxide radicals, hydrogen peroxide, 

and hydroxyl radicals. 

The obtained photocatalytic MB degradation of the 

synthesized tungsten oxide samples can be compared with 

the previous studies in the literature. For example, WO3 

nanorods have been prepared by a hydrothermal method 

using Na2WO4 and HCl as the raw materials and K2SO4 as a 

surfactant with the MB degradation efficiency from 48% to 

97%. The hydrothermal temperature and hydrothermal 

time were considered as variable parameters from 120 ºC 

to 200 °C and from 12 h to 32 h, respectively [60]. 

Furthermore, Gadolinium doped WO3 nanorods were 

synthesized via hydrothermal method and different 

surfactant like oxalic acid and sodium sulfate. The 

increasing of Gd concentration decreased band gap energy 

from 2.8 eV to 2.64 eV, and the degradation efficiency of 

organic Rhodamine B dye solution changed from 75% for 

pure WO3 to 94 % for 5% Gd-WO3 [61]. Therefore, the 

prepared samples in our work show a notable 

photocatalytic performance comparing to the reported 

results at the similar synthesis conditions and could be 

regarded as the aim of future studies on wastewater 

treatment application. 

 

 

 
Fig. 15. (a) The UV- vis spectra of MB in dark and photocatalysis 
degradation of MB of WP3 (b) in ultraviolet light and (c) in visible light. 
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Fig. 16. The logarithmic diagram of concentration changes of MB in the 
presence of WP3 under (a) UV light and (b) visible light irradiation. 

 

4. Conclusion 

In this work, the surfactant-assisted hydrothermal 
synthesis of WO3 nanostructures has been demonstrated 
and the effects of surfactant (oxalic acid and potassium 
sulfate) concentration and the pH adjustment method were 
studied on the structural and optical properties of the 
nanostructures. The results proved that the variation of the 
additives amount completely affected the structural, 
morphological, and optical properties of tungsten oxide., 
Raman spectra proved the formation of WO3 
nanostructures because of the existence of the correlated 
bonds in the spectra. The FESEM images showed that 
created nanorods have been evolved by decreasing the 
surfactant concentration for both organic and inorganic 
surfactants. In addition, the study of the pH adjustment 
method revealed that it had a minor effect on the size and 
optical properties of the nanoparticles, but the morphology 
became more uniform when the pH value was adjusted 
after the addition of surfactant. It can be related to the pH 
effect on the nucleation and growth process of 
nanoparticles. Finally, the photocatalysis activity was 
studied under UV and visible light irradiation for the 
sample synthesized using lower concentration of K2SO4 
(WP3) because of its more uniform morphology with 

higher aspect ratio (9.4), lower crystallite size (24.10), and 
higher specific surface area (52.29 m2/g). Since the DRS 
spectra have shown higher absorption in the UV region for 
WP3, more decomposition of MB was observed during UV 
light irradiation (88%) than the visible light irradiation 
(77%). However, the decomposition of MB was reached 
81% after 150 min under visible light irradiation. This can 
be explained by the rate of reaction under UV (0.0088 min-

1) and visible (0.0046 min-1) irradiations. 
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