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Abstract
In this study, tungsten trioxide/titanium dioxide (WO3–TiO2) nanohybrid structures were prepared using a facile

hydrothermal method. The nanosheets-like morphology was achieved for the prepared WO3–TiO2 nanohybrid that were

confirmed by scanning electron microscopy. Provided X-ray photoelectron spectroscopy results also confirm the element

existence and surface composition of the nanohybrid structure. The optical properties of the WO3–TiO2 nanohybrid were

verified using UV–Visible diffuse reflectance spectroscopy (UV–Vis DRS) and photoluminescence spectroscopy. The UV–

Vis DRS results indicated that the absorption edge for the WO3–TiO2 nanohybrid found a red shift towards the visible

region due to the reduced bandgap (2.83 eV). The photocatalytic activity of the as-prepared WO3–TiO2 nanohybrid was

evaluated by the photocatalytic degradation of Orange G dye in wastewaters under visible light. 94% Orange G dye was

degraded in 210 min at neutral pH in the presence of WO3–TiO2 nanohybrid, which indicates the enhanced photocatalytic

activity. The photo-luminescence technique has also confirmed the formation of –OH radicals during photodegradation by

utilizing terephthalic acid as a probe molecule. These results indicate that the prepared nanohybrid material is a simple,

low-cost, and efficient photocatalyst for the degradation of pollutants in wastewater treatment applications.
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Introduction

Recently, the use of semiconductor nanomaterials has

received massive attention for the degradation of hazardous

substances, namely organic dyes, heavy metal ions,

microbes, pharmaceuticals, etc. released from the aqueous

industrial outlet. Especially, hazardous dye solutions

released from industries are the cause of water pollution.

Azo dyes include over half of almost all of the dyes and

colorants which are being used in industries on a large

scale. Due to the rapid increase of industrialization,

worldwide pollution control authorities want to solve the

issues dealing with a vast amount of wastewater contami-

nated through dyes. For example, Orange G (azo dye) is the

most harmful dye owing to its toxic and carcinogenic

nature because of having auxochrome and –N=N– group in

their chemical structure. The widespread use of Orange G

in several domains leads to severe environmental issues

caused by an evident and latent risk for living beings and
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the ecosystem [6, 41]. Advanced oxidation processes

(AOPs) have focussed over the past four decades on

destroying organic species, which are challenging to

unadventurous techniques. AOPs generates continuously

most reactive hydroxyl radicals upon using solar, chemical,

or other forms of energy. The extremely reactive radical

allows the degradation of a wide variety of organic species

without selectivity is the most enticing feature of AOPs

[24, 25].

The semiconductor nanomaterials show variable and

controllable characteristics. The transition in energy

structure and increased surface properties with reduced size

have variable optoelectronic effects, in particular [17].

TiO2 powder is a well-known photocatalyst commonly

employed in several photocatalytic fields like the breaking

down of organic contaminants, environmental purification,

and photo splitting of water into H2 (Hydrogen) and O2

(Oxygen). Moreover, TiO2 is a high-energy bandgap

material that is 3.2 eV, and it can be excited only under UV

irradiation (high energy) [9–12, 26]. Several UV-active

oxides are customized to work as visible-light photocata-

lysts, by metal or anion doping. In general, these types of

doped materials can only show a very small absorption in

the visible region, which may lead to insignificant photo-

catalytic activities [3, 13].

Unlike single component photocatalysts, to evolve a

visible light high-efficiency material, composite hetero-

junction of two semiconductor materials has been accepted

as a tempting method. So, in recent years, to improve the

photocatalytic properties of TiO2, coupled semiconductors

have been often proposed. Amongst, Tungsten trioxide

(WO3) coupling was performed to get better photocatalytic

efficiency of TiO2, since WO3 acts as an electron-accepting

species [20]. Besides, the photocatalyst WO3 plays a sig-

nificant role in energy and environmental problems to

attain clean and recyclable hydrogen energy (i.e., WO3

photocatalyst might be used as a potential electrode in

water splitting). WO3 nanocatalyst can absorb part of the

visible light region (2.8–3 eV), and also it shows high

resistance against photo corrosion in water solution

[1, 19, 21, 28, 29]. However, WO3/TiO2 heterostructure

nanomaterials were mostly synthesized by multi-step

grafting of ammonium tungstate, physical mixing, copre-

cipitation method, sol–gel method, solvothermal crystal-

lization, physical vapor deposition, etc. Normally these

synthesis methods need to maintain temperature gradient

and special types of equipment whereas such things are not

required for the hydrothermal method.

In the present work, WO3/TiO2 heterostructures were

prepared via a facile hydrothermal approach using titanium

isopropoxide and sodium tungstate as precursors. Further,

the photocatalytic efficiency of WO3/TiO2 heterostructures

was examined for the degradation of Orange G dye under

visible light illumination.

Experimental Section

Materials

Titanium isopropoxide, isopropyl alcohol, and sulphuric

acid (H2SO4) were purchased from Alfa Aesar (India) and

used without further purification. Sodium tungstate dihy-

drate (Na2WO4�2H2O) and Orange G were purchased from

Sigma Aldrich (India). The other reagents used were of

high purity ([ 99%). In this work, all aqueous solutions

were prepared using de-ionized water.

Synthesis of WO3–TiO2 Nanohybrid Structures

Titanium isopropoxide (2.9 mL) was first dispersed in

25 mL of isopropanol. To this solution, 10 mL of 1 M

Sodium Tungstate solution was added and stirred well to

get a homogenous solution. Then, added 2 mL of con-

centrated H2SO4 and stirred for 1 h. The obtained reaction

mixture is safely transferred into a 100 mL autoclave and

heated (180 �C) for 24 h in the vacuum oven by following

the hydrothermal method. Afterward, the sample was

washed, dried (100 �C), and then calcinated at 700 �C for

2 h to yield WO3–TiO2 nanoheterostructures. For com-

parison, samples were prepared by following similar pro-

cedures at different calcination temperatures, such as

500 �C and 600 �C. The schematic representation of the as-

prepared material is shown in Fig. 1.

Characterization Analysis

Rigaku Ultima III X-ray diffractometer (XRD), Thermo

Scientific Nicolet iS5 Fourier-Transform infrared (FTIR)

spectrometer, JEOL Scanning Electron Microscope (SEM),

and Transmission Electron Microscope (TEM) were used

to analyze the as-prepared nanoheterostructure. The optical

properties of the prepared material were studied in a Spe-

cord diode-array spectrophotometer and Shimadzu spec-

trofluorometer. A Shimadzu Total Organic Carbon (TOC)

Analyzer was used to check the presence of organic carbon

in the prepared nanohybrid material.

Photocatalytic Activity Studies

The photocatalytic experiments were performed in a pho-

tocatalytic reactor consisting of 150 W tungsten halogen

lamp (k C 400 nm; intensity & 80,600 ± 10 lx). About

100 mL of Orange G dye solution in 3 9 10–5 M con-

centration with 75 mg of WO3–TiO2 nanoheterostructures
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were taken in a 125 mL borosilicate glass bottle. The

solution was kept stirring for 30 min under dark conditions

to study the adsorption/desorption equilibrium by follow-

ing the absorption of Orange G dye (kmax = 480 nm). At

regular time intervals, 4 mL of solution was taken from the

mixture and filtered the catalyst by PVDF syringe filter

(0.45 lm) then degradation of these dyes was studied using

a UV–Vis spectrophotometer. The degradation kinetics

were determined using (C/Co) vs illumination time rela-

tionship. Importantly, no degradation was noticed without

the catalyst.

Results and Discussion

The crystal structure of WO3 is a three-dimensional

arrangement of WO6 octahedra in that W atoms are situ-

ated on the octahedra center, and oxygens are at the ver-

tices. Hence, every oxygen forms a bond between W–O–

W. The FTIR spectra of WO3–TiO2 nanoheterostructures

(calcined at 500 �C, 600 �C, and 700 �C) are shown in

Fig. 2a. It can be seen that the peak at 3609 cm-1 corre-

sponds to the symmetry stretching vibration related to WO3

and intercalated H2O molecule and a low-frequency in-

plane bending vibration observed at 1626 cm-1 corre-

sponds to the W–OH plane. These vibrational features get

reduced upon increasing the calcination temperature. Apart

from these, a strong stretching frequency of W–O–W

appears at 807 cm-1 for a 700 �C calcinated sample. This

implies that the sample calcined at 700 �C is an optimum

temperature for the formation of WO3–TiO2

nanoheterostructures [33].

The powder XRD pattern of WO3–TiO2

nanoheterostructures calcinated at 700 �C shown in

Fig. 2b. The existence of the primary diffraction peaks of

TiO2 at h = 25.28, 38.7, 40.0 were noticed, which might be

indexed as (101), (004), (200) planes of anatase phase of

TiO2 (JCPDS card number 21-1272). The diffraction peaks

corresponding to the WO3 can be observed in the WO3/

TiO2 nanoheterostructures at 2h = 23.1, 23.7, 24.3, 26.6,

28.7, 33.3, 34.2, and 49.9 which might be assigned to

(001), (020), (200), (120), (111), (021), (220), and (400)

planes of the monoclinic phase of WO3 (JCPDS card

number 036-0101). Further, the powder XRD pattern of the

sample calcinated at 500 �C and 600 �C shows phase

transformation of WO3 (peaks are less intense) from

amorphous to the crystalline monoclinic phase. Thus, it

seems 700 �C be an optimized temperature for the calci-

nation of WO3–TiO2 nanoheterostructures [14–16, 24, 25].

The chemical state of the present elements and surface

composition in the WO3–TiO2 nanoheterostructure were

studied by XPS. The XPS survey spectrum (Fig. 3a) shows

the presence of Ti, W, and O species. In the W4f spectral

region (Fig. 3b), the WO3–TiO2 nanoheterostructure dis-

plays a doublet at 35.63 and 37.59 eV matching with the

W4f7/2 and W4f5/2 for chemical binding energy state. In the

Ti2p plot, two distinctive peaks are observed at 458.9 and

461.2 eV belongs to the Ti2p3/2 and Ti2p1/2 energy levels

of Ti4? in WO3–TiO2 nanoheterostructure (Fig. 3c). In the

spectral area of O1s (Fig. 3d), we noticed a broad and

asymmetric peak at 530.5 eV, which may be attributed to

WO3–TiO2 nanoheterostructure lattice oxygen [4, 23, 34].

The SEM image of WO3/TiO2 nanoheterostructure,

looks-like nanosheets morphology (Fig. 4a, b). The pro-

vided TEM image (Fig. 4c, d) also supports such mor-

phology. Figure 4e shows the HRTEM images of the as-

prepared nanoheterostructure. The lattice spacing of 3.61

and 1.63 Å assigned to the monoclinic WO3 (200) and

(420) plane while the lattice spacing of 2.30 Å belongs to

the (103) plane of anatase TiO2, which also supports the

formation of WO3–TiO2 nanoheterostructure. The selected

area electron diffraction pattern (SAED) (Fig. 4f) shows

that the crystallinity of WO3–TiO2 nanoheterostructure,

which is inconsistent with the XRD patterns and besides

this, the following crystal lattice planes (200), (103), and

(420) matches well. The weight percentage of elements in

the prepared sample was examined by EDS analysis indi-

cates the availability of elements, namely, Ti, W, and O

only (Fig. 4g). The weight % of WO3–TiO2

nanoheterostructure consists of W (58.08%), Ti (23.37%),

and oxygen (18.55%).

The diffused reflectance spectra of the WO3/TiO2

nanoheterostructure calcinated at 500 �C, 600 �C, 700 �C

Fig. 1 Schematic representation of as prepared WO3–TiO2 nanohy-

brid structures

Facile Hydrothermal Synthesis of Tungsten Tri-oxide/Titanium Di-oxide Nanohybrid Structures as… 1329

123



are shown in Fig. 5a. The absorption edge for the WO3–

TiO2 nanoheterostructure was found red-shifted towards

the visible region (475 nm) with an increase in the calci-

nation temperature. Such absorption redshift is due to the

occurrence of the defect energy levels in the forbidden

band of TiO2 and WO3, which would reduce the bandgap

[8, 18].

Fig. 2 a FTIR spectra and b Powder XRD pattern of WO3–TiO2 nanoheterostructure at different calcination temperature

Fig. 3 XPS spectrum of WO3–

TiO2 nanoheterostructure

a Survey scan spectra, b W(4f),

c Ti(2p). and d O(1s)
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Using the Tauc plot approach, the bandgap for various

WO3–TiO2 nanoheterostructures prepared at different cal-

cination temperatures is calculated and shown in Fig. 5b.

The extrapolated lines are used to evaluate the bandgap

energies of as-prepared samples calcinated at different

temperatures. The estimated bandgap of WO3–TiO2

nanoheterostructure calcinated at 700 �C was found to be

2.83 eV, and its energy corresponds to the visible region.

The photoluminescence technique is used to analyze the

effect of WO3–TiO2 nanoheterosturcture and the rate of the

recombination of the electron–hole pairs. The photolumi-

nescence spectra of WO3–TiO2 nanoheterostructure ex-

cited at 430 nm shows a strong emission peak at 469 nm

(Fig. 5c). The PL intensity of WO3–TiO2

nanoheterostructure calcined at 700 �C is lower than

600 �C and 500 �C owing to the decrease in the radiative

recombination process [5, 7].

The photocatalytic efficiency of the WO3–TiO2

nanoheterostructure (75 mg) was analyzed for the degra-

dation of Orange G dye (3 9 10–5 M) under visible light.

Fig. 4 a, b Low and High

magnification FESEM images,

c, d TEM images, e HRTEM

image, f SAED pattern and

g EDS spectrum of WO3–TiO2

nanoheterostructures
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The UV–Vis absorption spectra of the Orange G solution at

a regular time-period are shown in Fig. 6a. The absorption

maximum at 480 nm belongs to the –N=N– chromophore

group and other peaks attached to the naphthalene and

benzene moiety [2, 27, 36–38]. The percentage calculation

of dye degradation (D) was evaluated using the given

formula,

Percentage of dye degradation Dð Þ ¼ A0 � A

A0

� �
� 100%

where Ao and A are the initial and the final concentration of

Orange G solution.

Fig. 5 a UV–Vis diffuse reflectance spectra, b Tauc plot and c PL spectra of WO3–TiO2 nanoheterostructure
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The percentage of dye degradation is the efficiency of

the photocatalyst and here the efficiency of prepared WO3–

TiO2 nanoheterostructure reached 94% in 210 min.

Similar experiments were carried out using calcined

material at 600 �C, 500 �C, and without a catalyst for

comparison of the results (Fig. 6b). In the absence of a

catalyst, there was no significant Orange G dye degrada-

tion. The degradation efficiency of Orange G calcined at

700 �C, 600 �C, and 500 �C were 94%, 75%, and 25% in

210 min. The WO3–TiO2 nanoheterostructure calcined at

700 �C shows superior photocatalytic activity that may be

recognized to the bandgap position of the prepared

material.

Figure 7a shows the effect of the catalyst amount

(25–100 mg) for the photodegradation of Orange G dye

(3 9 10–5 M). There is an increment in the percentage of

Orange G degradation with an increase in the catalytic

amount, and this is due to more active surface sites for the

degradation processes [35, 40]. The optimized catalyst and

dye concentration is 75 mg and (3 9 10–5 M).

The photocatalytic experiments were followed by

varying the initial dye concentrations from

(3–5) 9 10–5 M by keeping the fixed photocatalyst quan-

tity (75 mg) (Fig. 7b). The degradation efficiency decrea-

ses from 94 to 55% when the dye concentration increases

from 3 9 10–5 to 5 9 10–5 M because light reaching the

surface of photocatalyst decreases which in turn decreases

the generation of active radicals [32].

During the photocatalytic processes, OH radicals are

formed which is illustrated by performing experiments

using terephthalic acid (TA) in the presence of WO3–TiO2

nanoheterostructures (Fig. 8). Hydroxy radical reacting

with terephthalic acid produces 2-hydroxy terephthalic acid

that shows fluorescence around 429 nm (kex = 315 nm).

Here, the fluorescence intensity was considerably

increased, illustrate that OH radical is formed in the pres-

ence of WO3–TiO2 nanoheterostructure, and thus, the

Orange G may be degraded [22, 30, 39].

To increase the photocatalytic efficiency further, pho-

tocatalytic degradation experiments were carried out with

peroxomonosulfate (PMS; 0.3 mM) as an oxidant at a fixed

Fig. 6 a UV–Vis absorption spectrum of Orange G dye in the

existence of WO3–TiO2 nanoheterostructure at different intervals of

time during irradiation and b Photocatalytic degradation curve for

WO3–TiO2 nanoheterostructure at different calcination temperatures

in the presence of Orange G dye

Fig. 7 Effect of a catalyst

amount in mg and b and Initial

dye concentration in Moles
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concentration of Orange G dye (3 9 10–5 M) and WO3–

TiO2 nanoheterostructure (75 mg) (Fig. 9). The efficiency

of photocatalytic degradation of dye was found to 97% in

just 90 min in the presence of PMS while in the absence of

oxidant noticed 94% degradation of dye in 210 min. Thus,

the addition of oxidant causes an increase in the photo-

catalytic degradation rate due to the immediate trapping of

photogenerated electrons by an oxidant, which eventually

contributes to a decrease in the recombination rate of

charge carriers, bringing more radicals. PMS is an effective

oxidant and it is easily separated by the valence band holes

and conduction band electrons of the WO3–TiO2

nanoheterostructure to generate more OH and SO4 radicals

[31].

The photostability of WO3–TiO2 nanoheterostructure

was established by collecting the photocatalyst sample

after the experiment and a new photodegradation activity

was carried out by utilizing the recyclable photocatalyst.

Almost equivalent photocatalytic effectiveness after three

repeated cycles demonstrates good stability (Fig. 10a). The

stability of the recovered photocatalyst is confirmed by

SEM analysis which illustrates no changes in the image

after the photocatalytic experiment (Fig. 10b).

The mineralization of Orange G dye by WO3–TiO2

nanoheterostructure in an aqueous solution is determined

through the total organic carbon (TOC) analysis. WO3/

TiO2 exhibits 42.2% elimination of TOC in 210 min of the

Orange G dye but it shows 94% efficiency for decol-

orization of the Orange G dye. This shows that the dem-

ineralization of the dye is slower compared to the

decolorization (not fully mineralized). The TOC (%) was

determined from the equation below

TOC %ð Þ ¼ TOC0 � TOCt

TOC0

� 100

where TOC0 and TOCt are the initial and final TOC con-

centrations, respectively.

Conclusion

In summary, we demonstrated the preparation and appli-

cation of WO3–TiO2 nanohybrid structures towards pho-

todegradation of Orange G dye. WO3–TiO2

nanoheterostructure has been synthesized via the

hydrothermal method at different calcination temperatures.

The XPS and EDX spectra confirmed the existence of W,

O, and Ti only. The bandgap of as-synthesized WO3–TiO2

nanoheterostructure was 2.83 eV at a calcination temper-

ature of 700 �C. The SEM image of WO3–TiO2

nanoheterostructure material confirms the nanosheet-like

morphology. WO3–TiO2 nanoheterostructure material

showed the lowest PL intensity at 700 �C calcination

temperature and observed the highest photocatalytic

activity while evaluated the other prepared samples at

500 �C and 600 �C calcination temperatures. The calcu-

lated mineralization of Orange G dye in aqueous solution

by the total organic carbon (TOC) measurement is 42.2%.

Therefore, the prepared WO3–TiO2 nanohybrid structured

material can be a potential photocatalyst for the degrada-

tion of pollutants in wastewater treatment applications.
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5. B. Boga, I. Székely, Z. Pap, L. Baia, and M. Baia (2018).

Detailed spectroscopic and structural analysis of TiO2/WO3

composite semiconductors. J Spectr. https://doi.org/10.1155/

2018/6260458.

6. D. Bokare, R. C. Chikate, C. V. Rode, and K. M. Paknikar

(2008). Iron-nickel bimetallic nanoparticles for reductive degra-

dation of azo dye Orange G in aqueous solution. Appl. Catal. B
79, 270–278. https://doi.org/10.1016/j.apcatb.2007.10.033.

7. I. A. D. Castro and W. Ribeiro (2014). WO3/TiO2 heterostruc-

tures tailored by the oriented attachment mechanism: insights

from their photocatalytic properties. CrystEngComm 16,

1514–1524. https://doi.org/10.1039/C3CE41668B.

8. Z. Chen, J. Zhao, X. Yang, Q. Ye, K. Huang, C. Hou, Z. Zhao, J.

You, and Y. Li (2016). Fabrication of TiO2/WO3 composite

nanofibers by electrospinning and photocatalystic performance of

the resultant fabrics. Ind. Eng. Chem. Res. 55, 80–85. https://doi.

org/10.1021/acs.iecr.5b03578.

9. P. Fitzpatrick and A. Ibhadon (2013). Heterogeneous photo-

catalysis: recent advances and applications. Catalysts. 3,

189–218. https://doi.org/10.3390/catal3010189.

10. U. I. Gaya and A. H. Abdullah (2008). Heterogeneous photo-

catalytic degradation of organic contaminants over titanium

dioxide: a review of fundamentals, progress and problems. J.
Photochem. Photobiol. C 9, 1–12. https://doi.org/10.1016/j.jpho

tochemrev.2007.12.003.

11. S. Girish Kumar and L. Gomathi Devi (2011). Reviews on

modified TiO2 photocatalysis under UV/visible light: selected

results and related mechanisms on interfacial charge carrier

transfer dynamics. J. Phys. Chem. A 115, 13211–13241. https://

doi.org/10.1021/jp204364a.

12. E. Grabowska, J. W. Sobczak, M. Gazda, and A. Zalesk (2012).

Surface properties and visible light activity of W-TiO2 photo-

catalysts prepared by surface impregnation and sol–gel method.

Appl. Catal. B 117–118, 351–359. https://doi.org/10.1016/j.

apcatb.2012.02.003.

13. S. J. Hong, S. Lee, J. S. Jang, and J. S. Lee (2011). Heterojunction

BiVO4/WO3 electrodes for enhanced photoactivity of water

oxidation. Energy Environ. Sci. 4, 1781–1787. https://doi.org/10.

1039/C0EE00743A.

14. W. H. Hu, G. Q. Han, B. Dong, and C. G. Liu (2015). Facile

synthesis of highly dispersed WO3�H2O and WO3 nanoplates for

Fig. 10 a Photostability study of WO3–TiO2 nanoheterostructure for the photodegradation of Orange G dye solution and b SEM image of WO3–

TiO2 nanoheterostructure after photocatalytic Orange G dye degradation

Facile Hydrothermal Synthesis of Tungsten Tri-oxide/Titanium Di-oxide Nanohybrid Structures as… 1335

123

https://doi.org/10.1016/j.ultsonch.2014.01.014
https://doi.org/10.1039/C8RA00031J
https://doi.org/10.1111/j.1751-1097.2011.01002.x
https://doi.org/10.1039/C6RA02612E
https://doi.org/10.1039/C6RA02612E
https://doi.org/10.1155/2018/6260458
https://doi.org/10.1155/2018/6260458
https://doi.org/10.1016/j.apcatb.2007.10.033
https://doi.org/10.1039/C3CE41668B
https://doi.org/10.1021/acs.iecr.5b03578
https://doi.org/10.1021/acs.iecr.5b03578
https://doi.org/10.3390/catal3010189
https://doi.org/10.1016/j.jphotochemrev.2007.12.003
https://doi.org/10.1016/j.jphotochemrev.2007.12.003
https://doi.org/10.1021/jp204364a
https://doi.org/10.1021/jp204364a
https://doi.org/10.1016/j.apcatb.2012.02.003
https://doi.org/10.1016/j.apcatb.2012.02.003
https://doi.org/10.1039/C0EE00743A
https://doi.org/10.1039/C0EE00743A


electrocatalytic hydrogen evolution. J Nanomater. https://doi.org/

10.1155/2015/346086.

15. B. Jin, E. Jung, M. Ma, S. Kim, K. Zhang, J. I. Kim, Y. Son, and

J. H. Park (2018). Solution-processed yolk-shell-shaped WO3/

BiVO4 heterojunction photoelectrode for efficient solar water

splitting. J. Mater. Chem. A 6, 2585–2592. https://doi.org/10.

1039/C7TA08452H.

16. S. S. Kalanur, Y. J. Hwang, S. Y. Chae, and O. S. Joo (2013).

Facile growth of aligned WO3 nanorods on FTO substrate for

enhanced photoanodic water oxidation activity. J. Mater. Chem.
A 1, 3479–3489. https://doi.org/10.1039/C3TA01175E.

17. P. Kanhere and Z. Chen (2014). A review on visible light active

perovskite-based photocatalysts. Molecules 19, 19995–20022.

https://doi.org/10.3390/molecules191219995.

18. D. Ke, H. Liu, T. Peng, X. Liu, and K. Dai (2008). Materials

Letters, Preparation and photocatalytic activity of WO3/TiO2.

nanocomposite particles. Mater. Lett. 62, 447–450. https://doi.

org/10.1016/j.matlet.2007.05.060.

19. C. W. Lai (2018). WO3-TiO2 nanocomposite and its applications:

a review. Nano Hybrids Compos. 20, 1–26.

20. C. W. Lai and S. Sreekantan (2013). Discovery of WO3/TiO2

nanostructure transformation by controlling content of NH4F to

enhance photoelectrochemical response. Adv. Mater. Res. 620,

173–178.

21. C. W. Lai and S. Sreekantan (2013). Fabrication of WO3

nanostructures by anodization method for visible light driven

water splitting and photodegradation of methyl orange. Mater.
Sci. Semicond. Process. 16, 303–310. https://doi.org/10.1016/j.

mssp.2012.10.007.

22. G. Mendoza-Damián, F. Tzompantzi, R. PérezHernández, and A.
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