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Abstract WO3-modified TiO2 polyscale crystals were

fabricated successfully using the hydrothermal technique.

The as-prepared samples were characterized using powder

X-ray diffraction, scanning electron microscopy, Fourier

transform infrared spectroscopy, photoluminescence spec-

troscopy and UV–vis spectroscopy. The photocatalytic

application of these synthesized samples was confirmed by

photocatalytic degradation of fast green dye solution under

sunlight and UV irradiation. The degradation efficiency

was analyzed by measuring the parameters such as percent

transmittance, chemical oxygen demand and percent

decomposition of the dye solution. It was noted that the

photodegradation efficiency of the samples varies with

added amounts of WO3 content. The highest photodegra-

dation efficiency was obtained using 2WT sample where

the pace of decomposition was 70.5% under UV light and

81.3% under sunlight.
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Introduction

Broadly speaking, the dye can be described as a coloring

substance that has an affinity to the substrate to which it

is being applied (Brown et al. 1981). In recent years, dyes

are considered as one of the major industrial pollutants

and water contaminants. The concentration of organics

present in industrial effluents and the stability of modern

synthetic dyes are very high which makes the conven-

tional biological treatment method ineffective for com-

plete color removal and degradation of organics (Souther

and Alspaugh 1957; Hamza and Hampda 1980). Dyes

have been identified as problematic compounds in textile

wastewaters as they are water soluble and cannot be

easily removed by conventional aerobic biological

wastewater treatment systems. Advanced oxidation pro-

cesses are of ample interest, currently for the effective

oxidation of a wide variety of organics and dyes (Kang

and Hoffmann 1998; Boye et al. 2002). Among them, top

priority goes to semiconductor-assisted photocatalytic

degradation. Advanced oxidation processes using semi-

conductor photocatalysis have been considered as a

promising technique for decontamination, purification

and/or deodorization of polluted water (Griboval et al.

1999; Rajeshwar et al. 2008; El Saliby et al. 2012; Jung

et al. 2013; Naeem and Ouyang 2013; Adhikari et al.

2015; Stock et al. 2000). Semiconductor-based photocat-

alysts have been extensively studied due to their excellent

photocatalytic activity and its potential applications

toward photo-splitting of water, photocatalysis, photonic

devices, carbon reduction, hydrogen production and sen-

sors (Ong et al. 2014, 2015, 2016; Du et al. 2015). Most

of the photocatalytic studies use either synthetic or

commercial TiO2 as the photocatalyst (Grzechulska and

Morawski 2002; Noorjahan et al. 2004). Titania is an
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important catalytic material, not simply because of its

effectiveness in photoassisted reaction (Anpo 1989), but

likewise because it heightens the natural action and

selectivity of transition and noble metals when used as a

support (Wainwright and Foster 1979; Vannice 1982;

Wachs et al. 1985; Kung et al. 1989; Li et al. 2015; Ong

et al. 2015).Recently, material scientists have given much

attention in fabricating of modified TiO2 crystals and their

application in environmental remediation and energy

conversion. TiO2 coupled with metal oxides has been

reported to show an enhance photocatalytic activity (Sajan

et al. 2010; Ashok et al. 2016). Among metal oxides,

WO3 is considered as one of the important candidates,

due to its structural flexibility and its intercalated states of

cation (Nah et al. 2008; Su et al. 2011). The band gap

energy of WO3 varies from 2.6 to 3.0 eV and TiO2 varies

from 3.0 to 3.2 eV; when these metal oxides are coupled,

the band gap difference between these two semiconduc-

tors reduces the recombination of charge carriers, which

leads to the formation of more photogenerated electrons

which further participate in the photocatalytic reaction.

Furthermore, WO3 when used as a coupling material with

TiO2, the electro-chromic property of WO3 makes the

composite material more flexible such that the composite

can be used under both UV irradiation and visible light.

Even the better photocatalytic activity can be expected

when exposed to visible light compared to UV light

(Leghari et al. 2011; Su et al. 2011). In the present study,

we report one of the simplest routes for the fabrication of

WO3-modified TiO2 polyscale crystals using hydrothermal

technique and its application in the photodegradation of

fast green dye.

Materials and methods

Materials

Titanium sulfate (TiSO4), tungsten trioxide (WO3) and

hydrofluoric acid (HF) were supplied from Loba Chemicals

Co. Ltd and Qualignes Co. Ltd. All the reagents were

analytical grade and used without further purification.

Distilled water was used for post-treatment processes.

Hydrothermal synthesis of WO3-modified TiO2

polyscale crystals

In the present work, commercial TiSO4 was used as start-

ing material. 4.3 gm of TiSO4 was taken in a Teflon liner to

which 25 ml of ethanol was added and stirred for 2 h till a

clear solution is formed. 0.5 ml of HF followed by 0.5 ml

of distilled water was added for effective hydrolyzing of

TiSO4 to TiO2 maintaining the percent fill of 40%. To this

solution, WO3 was added in different weight ratio and kept

stirred using a magnetic stirrer for another 1 h. The Teflon

liner was closed and placed in an autoclave, and heated at

the 200 �C for 24 h. For comparison, the experiment was

carried in the absence of both HF and water separately.

After the experimental run, the autoclave was quenched

using an air jet to arrest the temperature at which the

crystals are formed and the liner was taken out. The sample

inside the liner was separated from the solution and washed

with the double-distilled water till the pH become neutral,

and then ultrasonicated. The product extracted was cen-

trifuged to remove undesired components and dried at a

temperature of 35–40 �C in a dust free environment. The

extracted samples were labeled based on the ratio of

WO3:TiO2 as 0WT, 1WT, 2WT and 3WT, where 0, 1, 2

and 3 represents the weight% of WO3 added. The blank

WO3 sample was considered as W.

The as-prepared samples were used for the photocat-

alytic degradation of fast green dye. In the photocatalytic

degradation of the fast green dye, a known volume of the

dye solution (50 ml) of known concentration (1 9 10-5)

was held in a beaker. To this, a known amount of catalyst

was added. For comparison, the experiment was extended

out under both UV and sunlight. The samples were kept in

the UV chamber (Sankyo, Denki, Japan, 8W) which serves

Fig. 1 XRD powder diffraction pattern of WO3-modified TiO2

polyscale crystals

Table 1 Cell parameters of WO3-modified TiO2 polyscale crystals

Compound a-axis Å b-axis Å c-axis Å Cell volume Å3

0WT 3.78 3.78 9.51 136.88

1WT 3.7885 3.7885 9.5217 136.66

2WT 3.7890 3.7890 9.5206 136.68

3WT 3.7907 3.7907 9.5212 136.81
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as UV source. The distance between the UV light and dye

solution was 18 cm. The intensity of sunlight and UV light

was estimated by photolysis of uranyl oxalate. It was cal-

culated that the intensity of sunlight was 6.722 9 1016

quanta/s, and the intensity of UV was 2.375 9 1015 quanta/

s. 2–3 ml of the sample exposed to light was taken and

centrifuged for 4–5 min at 1000 rpm and then used to

measure the percentage transmission (%T) at 540 nm using

a spectrophotometer. Chemical oxygen demand (COD)

was estimated before and after the treatment (using the

K2Cr2O7 oxidation method). The photodegradation effi-

ciency of the dye solution was estimated utilizing the

equation,

Photodegradation or decomposition

¼ InitialCOD � FinalCOD=InitialCOD � 100

Results and discussion

Instrumentation and characterization

The X-ray powder diffraction (XRD) pattern of the syn-

thesized compound was recorded using Rigaku Miniflex

X-ray diffractometer (Model IGC2, Rigaku Co. Ltd,

Japan). The 2h range was set between 10� and 80�. The
identification of the crystalline phase was accomplished by

comparing with JCPDS using PCPDF Win version 2.01,

and the cell refinement was done using chek cell software.

The Fourier transform infrared spectrometry (FTIR) spec-

tra were recorded using JASCO-460 Plus, Japan. The

morphology of the samples extracted was characterized

using a high-resolution scanning electron microscope

(SEM) TSL MSC-2200. Transmission electron microscopy

(TEM) and high-resolution transmission electron micro-

scopy (HRTEM) analyses were conducted on a JEM-2100F

electron microscope (JEOL, Japan) using a 200 kV accel-

erating voltage. UV–visible spectrophotometer (UV-2550,

Shimadzu, Japan) was utilized to record UV–visible

absorbance spectra for the dry-pressed samples using

BaSO4 as a touchstone. Photoluminescence (PL) spectra

were measured at room temperature on a Fluorescence

Spectrophotometer (F-7000, Hitachi, Japan). %T of dye

solution before and after photodegradation was studied

using a spectrophotometer (Model: Minispec SL 171,

Elico, India).

X-ray diffraction studies of WO3-modified TiO2 polyscale

crystals

The powder X-ray diffraction patterns of the as-prepared

samples are shown in Fig. 1. The identification of

crystalline phase of these samples was done by com-

parison with JCPDS file (PCPDFWIN-2.01). The X-ray

patterns match with PDF: 83-2256 belonging to an I4/

MCM space group. All the diffraction peaks of the

synthesized samples match with the standard data of

PDF: 83-2256. However, it was also observed that with

an increase in wt% of WO3 the intensity of (101) planes

tends to decrease signifying the deposition of WO3 on to

(101) planes. The (101) facet of TiO2 is more reductive

and has the affinity to gain more electrons than (001)

facet (Xiong and Zhao 2012), possibly due to which the

WO3 gets deposited onto the (101) facet. Meanwhile,

there is a slight shift in peak intensities suggesting the

effect of doping WO3 into TiO2 lattice. Furthermore, we

noticed that no peaks related to WO3 were witnessed,

confirming the effective doping of dopants into the

crystal lattice. In order to know the change in crystal

structures after doping, cell refinement was done using

chek cell software. The cell parameters obtained after

elaboration of these samples are presented in Table 1.

Table 1 shows that, on doping the cell volume reduces,

the reduction in cell volume is due to the smaller ionic

radii of W6? (ionic radii of W6? is 60 pm and Ti4?

60.5 pm) which might have replaced Ti4?. It was like-

wise discovered that the cell volume gradually increases

with an increase in dopant concentration. XRD pattern

and Table 1 confirm the effective deposition and doping

of W6?.

FTIR studies of prepared WO3-modified TiO2 polyscale

crystals

The FTIR spectral studies of WO3, TiO2 and WO3-

modified TiO2 polyscale crystals were performed to sup-

port the existence of tungsten in the samples synthesized

Fig. 2 FTIR spectra of TiO2, WO3 and WO3-modified TiO2

polyscale crystals

Int. J. Environ. Sci. Technol. (2017) 14:1513–1524 1515

123



(Fig. 2). The peaks around the region 3400 cm-1 in the

spectra represent an O–H stretching (Che Ramli et al.

2014), which is originated due to the addition of water for

hydrolyzing TiSO4 to TiO2. The band within the region

1600 and 2360 cm-1 is attributed to the C–O stretching,

caused by the absorption of atmospheric CO2 on the metal

cations (Liao et al. 2002). The region between 470 and

500 cm-1 clearly represented the Ti–O stretch (Nolan

et al. 2009). The band in the region 683–828 cm-1 cor-

responds to the W=O stretching of tungsten oxide com-

plex confirming the presence of W (Safaei and Mohebbi

2016).

Fig. 3 SEM and TEM images of WO3-modified TiO2 polyscale

crystals a synthesized in the absence of HF, b synthesized in the

absence of H2O, c and d synthesized in the presence of both HF and

H2O (2WT) e TEM image of 3WT sample and f HRTEM image

showing lattice fringes of 3WT sample
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SEM and TEM studies of WO3-modified TiO2 polyscale

crystals

The morphology and the structural features of the synthesized

samples were analyzed through SEM and TEM micrographic

studies (Fig. 3). In the absence of HF, botryoidal or globular

type of crystals having hemispherical masses was observed.

However, when HF was added in the absence of H2O, crystal-

like structures with irregular shape and size were observed. In

the bearing of both H2O and HF well-defined, agglomerated,

polyscale crystals ranging from 1 to[10 lm were observed

which are tabular in form and hexagonal in shape. Onto these

crystals, depositions of small crystals were observed. These

small tiny fragments onto TiO2 polyscale crystal structure

might be WO3 particles. The HRTEM image (Fig. 3f) further

reveals that the lattice fringes areparallel to thegrowthdirection

of the crystals. The lattice spacing measured for the crystalline

planes having 0.37 nm corresponds to (101) plane of TiO2

polyscale crystals, and the sameplanewasobserved in theXRD

pattern where the (101) plane was prominent. Lattice spacing

measured from the crystalline plane having 0.38 nm corre-

sponds to (002) plane of WO3. The deposition of WO3 onto

TiO2 polyscale crystals forms an intimate contact, which

facilitates the electron transfer from TiO2 crystals to WO3

particles during the photoexcitation process. Based on the SEM

and HRTEM studies, one can clearly conclude that both H2O

and HF when added in a right proportion play a crucial role in

the processing of WO3-modified TiO2 polyscale crystals with

well-defined morphology at present set PT condition.

UV–vis diffuse reflectance spectra

The UV absorption spectral studies were carried out for the

synthesized samples (Fig. 4). It was observed that with an

increase in WO3 content, there is a significant increase in

the absorption of the samples, above wavelength around

387 nm which is ascribed to the band gap absorption of

TiO2 (3.2 eV). However, with a change in WO3 concen-

tration, there is an increase in redshift absorption of the

samples which further confirms the effective deposition of

WO3 and doping of W6? into TiO2 lattice (Sayama et al.

2000; Wang and Lewis 2005). Among the synthesized

samples, 2WT sample shows an enhanced redshift

absorption and visible light absorption ranging from 387 to

800 nm indicating that 2WT-modified TiO2 polyscale

crystal sample might show higher photocatalytic activity

than other samples under visible light irradiation. Fur-

thermore, it was observed that there is an increase in

absorbance in the visible light region with an increase in

WO3 content. The increase in absorbance further leads to

the modification of electron–hole pair formation upon

irradiation which are formed as a result of stronger back-

ground absorption contributed from WO3. The band gap

energy of the crystals synthesized was estimated using

Fig. 4 UV-vis absorption spectra of WO3-modified TiO2 polyscale crystals

Fig. 5 PL spectra of WO3-modified TiO2 polyscale crystals
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Tauc plot and the extrapolation of the linear slope of

photon energy (Fig. 4b). It was observed that the band gap

of WO3 and TiO2 polyscale crystals were 2.64 and

3.37 eV, respectively. Band gap studies further confirmed

that the deposition of WO3 further leads to the decrease in

the band gap of TiO2 crystals with respect to the amount

WO3 deposited. In the present work, the band gap of the

TiO2 has reduced from 3.37 to 3.18 eV.

PL spectral studies

The efficiency of charge carrier trapping, immigration and

transfer of electrons can be effectively analyzed using PL

spectral studies. Deposition ofWO3 and doping ofW
6? onto

TiO2 polyscale crystals has a significant effect on the PL

intensity (Fig. 5). The intensity of PL decreases with

increasing WO3 content and reaches the lower degree when

WO3 content reached 2 wt%. Nevertheless, when the WO3

content was increased to 3 wt%, the intensity of PL begins to

grow. It is well recognized that lesser recombination results

in a reduction of PL intensity and increase the photocatalytic

activity of the semiconductor. This is because PL emission is

produced from the recombination of photogenerated elec-

trons and holes. As a resolution, the high peak intensity

results in higher recombination of electron and holes having

lower photocatalytic activity. In the present study, 2WT

sample shows lower intensity compared to the other sam-

ples, signifying that deposition of WO3 onto TiO2 polyscale

crystals has a major effect in reducing the recombination of

electrons and holes and the possibility of showing high

photocatalytic activity. The rapid electron transfer between

WO3 and TiO2 crystals results in higher quantum efficiency,

thereby supplying more photogenerated electrons. When

TiO2 polyscale crystals were deposited with WO3 above

2 wt%, the increased amount of WO3 particles serves as

charge recombination centers, which further increase the

intensity of the PL spectra, thereby leading to the reduction

of photocatalytic efficiency.

Fig. 6 Graphical representation of increase in % decomposition and % transmission a, b under UV light using 1WT, c, d % decomposition and

% transmission under sunlight using 1WT
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Photodegradation studies of fast green dye using WO3-

modified TiO2 polyscale crystals

It is well known that the photodegradation process assisted

by a semiconductor depends on various parameters such as

nature and concentration of the organic substrate, concen-

tration and type of the semiconductor, light source and

intensity, pH and temperature (Ferraz et al. 1999). In the

present work, the photodegradation of fast green dye was

done using WO3-modified TiO2 polyscale crystals of dif-

ferent concentration under UV light and sunlight. To obtain

an optimum condition at which photodegradation of FCF is

the maximum, the degradation process was carried out

using a different weight of the synthesized photocatalysts

with respect to time. The growth in the % decomposition

and % transmission illustrates the destruction of dye par-

ticles. Figures 6, 7, 8 represent the increase in % decom-

position and % transmission under different light source

using 1WT, 2WT and 3WT. The results obtained are given

in Table 1S–6S (supplementary information). Figures 6, 7,

8 show that with an increase in the catalyst content the

photodegradation efficiency increases (it should be noted

that beyond 30 mg of the samples the dye solution turned

turbid and so no attempt on the photocatalytic degradation

of dye beyond 30 mg was made). The above estimation led

to a conclusion that the optimum amount of the sample/

photocatalysts that has to be used in the present study is

30 mg. The degradation profile for the degradation of FCF

using the W, 0WT, 1WT, 2WT and 3WT samples is given

by C/Co, where ‘C’ stands for the initial ‘T%’of the dye

solution and ‘Co’ represents final ‘T%’ obtained after

exposed to UV/sunlight at different time intervals and at

the initial time, respectively. It is clearly evident from the

degradation profile (Fig. 9a, b) that the degradation of FCF

is higher when 2WT sample is used which further increases

with respect to time.

The photocatalytic efficiency of the prepared samples

was estimated based on the reaction kinetics of the pho-

tocatalytic degradation of the FCF dye solution. The

reaction kinetics for the photocatalytic degradation of the

Fig. 7 Graphical representation of increase in % decomposition and % transmission a, b under UV light using 2WT, c, d % decomposition and

% transmission under sunlight using 2WT
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FCF dye solution was estimated using the equation –In (C/

Co) = kt, where C is the concentration of dye solution after

exposing to UV/sunlight at the time (t), Co is the initial

concentration, ‘k’ is the obvious reaction rate constant and

‘t’ is the reaction time. The kinetic rate constant was

obtained by plotting a linear plot of –In (C/Co) verses ‘t’

(Fig. 9c, d). The rate constant ‘k’ in min-1 is obtained by

drawing a slope. The photodegradation of FCF under both

UV and sunlight is in agreement with the pseudo-first-order

kinetic reaction and is represented by the straight-line fit-

ting. The obvious reaction rate constant k (min-1) of dif-

ferent samples for the photodegradation of FCF was

calculated from the slope of the kinetic plot which is given

in Fig. 10a, b. The rate constant obtained and the correla-

tion coefficient extracted from the plot is tabulated in

Table 2.

Furthermore, to know the best efficiency among the

samples synthesized a comparison study on the photo-

catalytic decomposition of FCF was performed (Fig. 10c).

Maximum efficiency of 81% of decomposition rate was

observed using 2WT under sunlight, which is consonant

with the UV–vis and PL spectral studies. The presence of

WO3 might have changed the band gap of the photocat-

alyst by acting either as a reinforcement or as a dopant

and also has favored in reducing the electron–hole

recombination, which in turn has resulted in raising the

efficiency of the photodegradation of fast green dye.

The % decomposition performance in a cycling photo-

catalytic run was performed to know the stability of 2WT.

This sample showed good photocatalytic property for

three cycles whose efficiency after three cycles decreased

to 64% under visible light. The stability and recycling

Fig. 8 Graphical representation of increase in % decomposition and % transmission a, b under UV light using 3WT, c, d % decomposition and

% transmission under sunlight using 3WT
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performance of photocatalysts are important factors for

virtual applications. Not much difference was noted in the

decay rate of FCF after three cycles (Fig. 10d). This

clearly confirms the good stability of the sample during

the photocatalytic process.

The efficiency of photocatalytic decomposition of fast

green dye using WO3-modified TiO2 polyscale crystals

under both UV and sunlight irradiation is strongly

determined by several factors. Mainly, the morphology of

the as-prepared photocatalyst is tabular in shape with

varied size ranging from 2 to[20 lm (Suzuki and Taga

2001). This type of structure is helpful in providing more

active sites during photocatalysis and also favors the

adsorption of dye molecules onto this photocatalyst

which in turn are helpful in the photocatalytic process.

Furthermore, in the WO3-modified TiO2 polyscale crys-

tals, a certain quantity of tungsten ions is doped into the

crystal lattice TiO2 which was confirmed by XRD stud-

ies. Doping of tungsten ions into the crystal lattice of

TiO2 facilitates in tuning the band energy of TiO2 such

that TiO2 can be utilized as a photocatalyst under both

UV and visible light. Meanwhile, WO3 deposited onto

TiO2 polyscale crystals forms an intimate contact form-

ing heterojunction, thereby facilitating the free moment

of photogenerated electrons from one semiconductor to

another. Schematic diagram of charge transfer between

TiO2 and WO3 heterojunction interface is presented in

Fig. 11. Figure 11 clearly illustrates the moment of

photogenerated electrons from TiO2 to WO3. The pho-

togenerated electrons transfer from conduction band (CB)

of TiO2 to the CB of WO3, whereas the photogenerated

holes moves from the valence band (VB) of WO3 to the

VB of TiO2. During the flow of electrons from TiO2 to

WO3, the electrons are trapped by the active sites of

WO3 where W6? undergoes reduction forming W5?. It is

reported that the (101) facets of TiO2 are more reductive

than (001) facets. During photocatalysis, the photogen-

erated electrons move toward (101) facets, where the

(101) facets acts as a reservoir for these photogenerated

electrons leading to the formation of highly reactive

surface where the reduction of O2 takes place forming

superoxide radicals (D’Arienzo et al. 2011; Tachikawa

Fig. 9 a, b Degradation profile of FCF under UV light and sunlight using W, 0WT, 1WT, 2WT and 3WT samples. c, d Kinetic studies of FCF

degradation under UV light and sunlight using W, 0WT, 1WT, 2WT and 3WT samples
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et al. 2011). Furthermore, W5? combines with the

superoxide radical and reoxidizes forming W6?. This is a

cyclic process due to which more and more electrons is

recycled. These recycled electrons are beneficial in

enhancing the lifetime of photogenerated electron–hole

pair further leading to an increase in photocatalytic

activity (Keller et al. 2003; Liqiang et al. 2006).

Fig. 10 a, b Kinetic studies of FCF degradation under UV light and

sunlight using W, 0WT, 1WT, 2WT and 3WT samples. c Comparison

of the photocatalytic decomposition rate fast green dye using 0WT,

1WT, 2WT and 3WT samples under sunlight, d Cyclic decomposition

rate curve for 2WT sample

Table 2 Kinetic parameters obtained for the degradation of FCF

under UV and sunlight using different samples

Samples UV light Sunlight

k 9 102 (min-1) R2 k 9 102 (min-1) R2

W 0.921 0.9995 0.987 0.9994

0WT 1.788 0.9980 1.926 0.9976

1WT 2.864 0.9936 2.856 0.9933

2WT 2.891 0.9930 2.946 0.9955

3WT 2.876 0.9933 2.103 0.9923

Fig. 11 Schematic diagram of charge transfer between TiO2 and

WO3 heterojunction interface
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Conclusion

Synthesis of WO3-modified TiO2 polyscale crystals was

carried out under mild hydrothermal condition. Our char-

acterization studies clearly revealed that WO3 has been

deposited onto the TiO2 polyscale crystals and a trace of

them has been doped into the crystal lattice of TiO2. The

photocatalytic degradation of fast green dye further proved

that the reaction kinetics depend on various parameters such

as light source, the concentration of semiconductor used and

pH of the dye solution. We also observed that the efficiency

of the photocatalyst depends on the added amount of WO3

content. This is due to the change in the band gap of the

semiconductor material and reduction in charge recombi-

nation. The prepared catalyst can be reused for a number of

cycles, which will reduce the cost of operation. Moreover,

the use of sunlight as the source of illumination in the pho-

todegradation reaction could be a safe and highly cost-ef-

fective source. The reduction in COD of the dye solution

suggests that the dye molecules were completely mineral-

ized alongwith color removal. It can be concluded thatWO3-

modified TiO2 polyscale crystal-assisted photocatalytic

degradation of fast green dye is a versatile, economic,

environmentally benign and efficient method of treatment,

and can be used for degradation/removal of a wide variety of

dyes and organics present in wastewater.
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