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A B S T R A C T   

A highly efficient immobilised W–TiO2/rGO composite photocatalyst was prepared as a coating on titanium 
using plasma electrolytic oxidation (PEO) with particle addition. The high dopant concentration in TiO2 resulted 
in smaller crystallite size, increased lattice strain, and dislocation density. The optimum W containing G6W 
sample has improved electron mobility, higher charge carrier separation efficiency, and lower electron-hole 
recombination rate. This can be ascribed to the number of different defect centres emerging from tungsten in
terstitials and higher oxygen vacancies in the TiO2 structure. The catalyst exhibited enhanced photocatalytic 
degradation efficiency (93%) of methylene blue dye than the pure TiO2, which was attributed to the synergetic 
effect of 2-D structured rGO and the changes incorporated upon tungsten interstitials in the TiO2. The present 
research concludes that W–TiO2/rGO photocatalyst by PEO process can be a good candidate for efficient, low 
cost, reusable, and visible-light-driven immobilised photocatalyst for textile wastewater treatment.   

1. Introduction 

Nowadays, water pollution is a significant threat to the world, and 
mainly the textile industry is accountable for an extensive impact and 
unimaginable harm to the environment [1]. Discharge of untreated dye 
effluents from the textile industry into the water bodies [2] contributes 
80% of the total pollution caused by this industry [3]. It was estimated 
that around 10–50% of colouring agent released into the environment 
during the dyeing and finishing process [4]. Textile effluents are highly 
toxic, carcinogenic, and mutagenic agents and reduce light penetration, 
which suppresses the rate of photosynthetic activity in aquatic bodies 
and limits water usage downstream for irrigation, drinking, and other 
purposes [5]. The synthetic textile dyes are soluble inorganic com
pounds, making them difficult to remove from the water bodies using 
conventional methods [6]. Hence, an urgent need to detoxify the haz
ardous pollutants contaminating the water bodies by an easy, low cost, 
and environmentally greener approach. 

Semiconductor photocatalysis (TiO2, CdS, WO3, ZnO) has gained 
potential attention in the recent past. No additional energy in the form of 
heat is required in this catalytic process and is considered greener to 

degrade the hazardous pollutants [7]. TiO2 has been considered the 
most potential photocatalytic material among the semiconductor pho
tocatalysts due to its high chemical stability, abundance, tunable 
microstructure, and non-toxic properties [8]. TiO2 exists in three allo
tropic forms: anatase, rutile, and brookite crystal structures. An anatase 
structure is considered the most suitable phase for photocatalysis 
application, owing to its lighter effective mass and the presence of 
charge carriers with longer lifetimes [9]. However, its practical appli
cation is limited by several factors, such as, the TiO2 has a high 
electron-hole recombination rate and wide bandgap (3.2 eV for 
anatase), i.e., the material will be able to absorb only UV light, which is 
about 4% of solar light [10]. Hence, potential research has to be made to 
improve TiO2 photocatalyst by limiting the electron-hole recombination 
rate and tuning the bandgap of the TiO2 semiconductor, thereby utilis
ing the solar/visible light for photocatalytic applications. 

In general, TiO2 powder was widely used in the field of photo
catalytic wastewater treatment applications. In the actual industrial 
wastewater treatment process, powder photocatalysts resulted in addi
tional stages such as filtration and centrifugation to separate photo
catalytic powders, resulting in the wastage of time and the incurrence of 
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the extra cost. Synthesis of an immobilised TiO2 photocatalytic material 
is an effective way to overcome this problem [11,12]. Plasma electro
lytic oxidation (PEO) is a novel, cost-effective electrochemical method 
for the preparation of manoeuvrable coatings on titanium and titanium 
alloys for applications in the field of photocatalysis [13–16], biomedical 
[17] and other industrial applications [18,19]. PEO is generally used to 
fabricate mono-doped, co-doped, and composite TiO2 photocatalyst, 
subduing their synthesis problems by conventional methods. 

Another factor that limits the effective usage of TiO2 as a photo
catalyst is the charge carrier’s recombination. Various studies have been 
carried out in recent years to limit the electron-hole recombination by 
doping with metal ions (W/Mo/V/Cr/Fe/Mn/Cd, etc.) [20–23] or 
non-metal ions (C/N/S, etc.) [24–26] into TiO2 matrix and forming 
novel composite photocatalysts by incorporating other semiconductors 
to TiO2 

Similarly, various approaches have been widely used to enhance the 
charge separation and suppress the charge carriers’ recombination. 
Among which coupling with carbon-based functionalised materials such 
as CNTs, activated carbon, fullerene, graphene and reduced graphene 
oxide is the most promising because of their high charge carrier 
mobility, large surface area and mainly the superior electron trapping 
ability. 

In recent times, reduced graphene oxide (rGO) has paid much 
attention to photocatalysis due to improved electron transportation and 
charge separation properties. Basically, rGO acts as a photogenerated 
electron acceptor and transporter, leading to the suppressed electron- 
hole recombination rate [27–29]. Reduced graphene oxides possess 
high specific area, strength, and excellent adsorption properties, thereby 
enabling them to be a more widely used material in the field of photo
catalysis. Ebrahimi et al. [30] successfully developed TiO2/rGO com
posite coatings on Cp-Ti using the PEO process. They found that the 
photoresponse of the TiO2/rGO composite coating was superior under 
UV light than the pure TiO2. The inclusion of two dimensional (2D) rGO 
sheets into the TiO2 matrix paved a pathway for the electron transfer, 
resulting in 60% higher photoresponsive behaviour and photoswitching 
behaviour than the pure TiO2. 

Similarly, rGO/ZnO composite coating fabricated by the PEO process 
showed enhanced photodegradation efficiency due to the less electron- 
hole recombination rate, high specific surface area and extraordinary 
optical response of the incorporated rGO nanosheets [14]. TiO2/rGO 
photocatalyst prepared from other techniques; for example, Sun et al. 
[31] designed the TiO2/rGO composite using a single-step hydrothermal 
method. They found that the catalyst has increased charge separation 
efficiency and extended light absorption capability attributing to the 
excellent electrical properties of rGO and the chemical bond between 
rGO and TiO2 nanoparticles. Likewise, the TiO2/rGO photocatalyst 
prepared by the hydrothermal process exhibited improved photo
catalytic performance. It is found that the rGO is responsible for the 
higher donor concentration and lower charge carrier recombination rate 
[32]. Similarly, Aqeel et al. [33] prepared TiO2/rGO nanocomposite by 
colloidal blending process with highest photocatalytic potential, owing 
to the presence of rGO, which acted as adsorbent, electron acceptor, and 
photosensitiser in photocatalytic dye degradation. 

In general, the charge carrier recombination pathway can be possible 
in two ways: In first, the recombination of surface electrons with holes 
and second, by electrons and holes within the lattice of TiO2. It was 
found from the literature that the rGO coupled TiO2 semiconductor 
significantly reduces the electron-hole recombination rather than acti
vating the photoelectrons in the visible region. Also, the rGO incorpo
ration mainly focused on suppressing charge carrier recombination on 
the TiO2 surface. Hence, TiO2 photocatalyst efficiency can be further 
enhanced by coupling doped TiO2 with rGO to harvest the synergetic 
effect of absorption in the visible light region and reduce charge carrier 
recombination on both lattice and surface TiO2 [34,35]. 

Wang et al. [36] prepared a composite photocatalyst comprising 
sulphur doped TiO2 with rGO incorporation. The catalyst’s higher 

photocatalytic activity was reported because the sulphur is responsible 
for the narrowed bandgap helping to absorb the visible light in the solar 
spectrum. The rGO sheets trap the electron from the CB, which rectifies 
the electron-hole recombination process. The synergetic effect of 
sulphur and rGO boost the efficiency of the S–TiO2/rGO photocatalyst. 
Zhang et al. [37] developed a Co-doped TiO2/rGO photocatalyst by 
hydrothermal method. The author found an optimum doping level of 
cobalt into the TiO2 matrix to achieve a 99.7% degradation efficiency 
within a short time. This was due to the narrowed bandgap of the ma
terial about 2.92 eV and the rGO sheets in the matrix act as an electron 
acceptor, favouring the efficient charge separation. Similarly, Pham 
et al. [38] proposed a relationship between wettability and photo
catalytic activity for Cu–TiO2 and graphene oxide composite photo
catalyst. The incorporation of Cu into TiO2 lattice narrowed its bandgap. 
Upon irradiation, the excited electrons move from CB of TiO2 to copper 
and then transfer to the graphene oxide sheets, where the electrons are 
trapped. As a result, recombination is delayed. Also, more hydrophilic 
film surface initiates higher photoreduction on MB dye. 

Tungsten doped TiO2 is widely studied and gained a potential in
terest in the area of photocatalysis. Tungsten is strongly known for 
activating the TiO2 in the visible region and reducing the charge car
rier’s recombination in lattice level. To the best of the authors’ knowl
edge, there is no study on the development of tungsten and rGO 
incorporated TiO2 coating as an immobilised photocatalyst. The present 
research aims to develop an immobilised, visible light photoactive, and 
reusable rGO supported W doped TiO2 composite photocatalyst coating 
on the titanium substrate by the PEO process in a single step. The present 
research investigated the effect of concentration of tungsten ion doping 
on the developed W–TiO2/rGO composite coatings’ phase composition, 
optical absorption, surface morphology, charge carrier’s recombination 
rate and MB dye degradation under the visible light source. 

2. Materials and methods 

2.1. Fabrication of PEO coatings 

The titanium substrate used in the present study is 99.90% pure. 
Before the PEO process, the titanium substrate is cut into the required 
dimensions of 20 × 15 × 2 mm. The samples were grounded, polished 
and ultrasonically cleaned in acetone. Custom made (Milman Thin Films 
Pvt. Ltd. Pune, India) pulsed DC power source unit was used for devel
oping W–TiO2/rGO composite photocatalyst coatings on Ti by PEO. The 
base electrolyte used for rGO/TiO2 composite photocatalyst coating 
preparation by PEO comprises 5 g/L Na3(PO4)6.12H2O, 2 g/L KOH and 
0.5 g/L rGO. Then Na2WO4 as a tungsten source was added to the base 
electrolyte with varying concentrations up to 8 g/L for preparing 
W–TiO2/rGO composite photocatalyst coatings. The un-doped TiO2 
coating, without rGO addition, is also prepared by PEO for comparison 
studies. A stainless-steel pot containing electrolyte solution was used as 
a cathode, and the Ti substrate to be coated was immersed in the elec
trolyte bath acts as an anode. The Ti substrate was PEO treated for 8 min 
under constant current mode with a current density of 150 mA/cm2. 
Also, the duty cycle and frequency were maintained at 20% and 1000 
Hz, respectively. During the PEO process, the electrolyte was continu
ously stirred with a magnetic stirrer to ensure the homogenous circu
lation of the electrolyte. Additionally, the electrolyte bath temperature 
was controlled at 20 ◦C by the external refrigeration unit. After the PEO 
process, the coated samples were rinsed with distilled water to clean the 
surfaces. The sample preparation process was depicted as a flowchart 
shown in Supplementary Fig. S1. The identification codes for the PEO 
coated samples and the corresponding electrolyte composition, pH and 
conductivity, were presented in Table 1. 

2.2. Characterisation of the PEO coated samples 

The thickness of the semiconducting PEO coating was measured in 
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10 different locations using a non-destructive eddy current thickness 
gauge unit, and the average thickness value was reported in Table 2. The 
phase composition of the obtained coatings was determined by 
employing Ultima IV-Rigaku, X-ray diffractometer (XRD) with a Cu 
excitation source (λCuKα = 0.154 nm) over a range of 25–90◦ at an 
acquisition rate of 1◦/min with the scanning step size of 0.050◦. The 
phases present in the coatings were identified by using standard JCPDS 
cards. The surface morphology of the prepared coatings was investi
gated using a field emission scanning electron microscope (FESEM, Carl 
Zeiss-Gemini 300). The elemental composition was examined by x-ray 
spectroscopy (EDS, AMETEK-EDAX) attached to the FESEM. The surface 
area of the photocatalyst was measured using a BET (Brunauer-Emmett- 
Teller) surface analyser (Nova, Quantachrome, USA). Since the 20 × 15 
× 2 mm samples are unsuitable for BET analysis, the coatings developed 
on 1 mm Ø titanium wire with electrolyte systems and process param
eters as given in Table 1 were used for BET analysis. During the PEO 
process, the oxide growth occurs both outward and inward by 
consuming the substrate. The weight of the TiO2 layer alone cannot be 
measured accurately; the total weight of the coated sample is considered 
in the measurement of the BET surface area. So, the surface area 
measured in this article for the developed photocatalyst is an apparent 
surface area helpful for comparing the characteristics of the fabricated 
photocatalysts. 

Regarding the optical properties, UV–Vis diffuse reflectance spec
troscopy (Shimadzu, UV-2600) was used to analyse the reflectance 
spectra of the coatings. The photoluminescence (PL) was measured 
using the spectrofluorometer (FP-8500, JASCO) with an excitation 
wavelength of 375 nm. The wettability of the developed coatings was 
analysed by measuring the contact angle of distilled water (5 μl) droplet 
on the coating surface using a contact angle goniometer (DSA100- 
KRUSS). The charge separation efficiency of the samples was analysed 
by the electrochemical impedance spectroscopy (EIS) using a 1 M KOH 
aqueous solution with a three-electrode cell setup and scanned over a 
frequency range of 0.1 Hz–100 kHz. The surface components of the 
prepared samples were observed using X-ray photoelectron spectros
copy (XPS, PHI-ULVAC) with Al-Kα (hν-1486.6 eV) as an excitation 

source. 
The photocatalytic ability of the prepared samples was evaluated by 

the degradation of MB under visible light irradiation. The prepared 
photocatalyst of dimension 15 × 10 mm, like three samples, was 
immersed in the 15 ml of 20 mg/L aqueous MB solution at room tem
perature. MB solution was maintained in a dark condition before initi
ating the photocatalytic process to achieve the adsorption-desorption 
equilibrium. In order to find the adsorption capability of the photo
catalyst, the prepared samples were immersed in the MB solution and 
kept in the dark condition for about 60 min. The absorption spectra of 
the resultant MB solution were analysed in UV–Vis spectroscopy. Pho
tocatalysis was carried out by irradiating the samples, dipped in MB 
solution, using a 300 W tungsten lamp was used as the light source. The 
irradiation source was set at 15 cm above the MB solution. The light 
—————intensity was measured by a CMP3 pyranometer, and the 
value is 60 ± 5 mW/cm2. Blank experiments were conducted on MB 
solution without any samples to analyse its direct photocatalytic nature, 
which shows the MB solution was stable even after 3 h of visible light 
irradiation. The degradation rate of the MB was analysed by taking a 2 
ml of MB solution for every 30 min to measure the absorption spectra 
relative to the concentration of MB in the aqueous solution and then 
replenished back after the measurement to maintain the uniform volume 
of the solution throughout the process. To evaluate the recyclability of 
the best photocatalyst sample, the used photocatalyst was retrieved and 
underwent dye desorption by freshwater cleaning and ultrasonication 
with water and ethanol for 15 min each. 

3. Results and discussion 

3.1. Phase analysis of the samples 

The crystal structure of the as-prepared samples was characterised by 
the powder X-ray diffraction (XRD) technique. The XRD patterns of the 
substrate (S), TiO2, TiO2/rGO and tungsten doped TiO2/rGO composite 
coated samples are shown in Fig. 1. The peaks at diffraction angles (2θ) 
of ~25.3◦ and ~27.4◦ (JCPDS card no. 21–1272 and 21–1276) in the 
XRD pattern of the coated samples represent the principal crystal planes 
of anatase and rutile TiO2 phases, respectively. Additionally, there is no 
evidence of carbon-related peaks in the samples incorporated with rGO. 
Also, it can be believed that the rGO peak might be overlapped with the 
characteristic peak of the anatase TiO2 [39]. The wt. % of anatase and 
rutile phases of TiO2 in the prepared samples was calculated using the 
Spur formula, and the values are reported in Table 2. The samples T and 

Table 1 
Identification codes for the PEO treated samples along with the electrolyte 
composition, pH and conductivity.  

Sl. 
No. 

Sample 
code 

Electrolyte composition pH Conductivity (k) 
(μS/cm) 

1 T 5 g Na3PO4.12H2O + 2 g KOH 13.12 11.52 
2 G 5 g Na3PO4.12H2O + 2 g KOH 

+ 0.5 rGO 
12.04 14.54 

3 G2W 5 g Na3PO4.12H2O + 2 g KOH 
+ 0.5 rGO + 2 g Na2WO4.2H2O 

11.65 15.23 

4 G4W 5 g Na3PO4.12H2O + 2 g KOH 
+ 0.5 rGO + 4 g Na2WO4.2H2O 

11.15 15.96 

5 G6W 5 g Na3PO4.12H2O + 2 g KOH 
+ 0.5 rGO + 6 g Na2WO4.2H2O 

10.62 16.35 

6 G8W 5 g Na3PO4.12H2O + 2 g KOH 
+ 0.5 rGO + 8 g Na2WO4.2H2O 

10.22 16.87  

Table 2 
Coating thickness, phase composition and crystallite size of the PEO treated 
samples.  

Sl. 
No 

Sample 
code 

Coating 
thickness (μ m) 
±0.5 μ m  

Anatase (101) Rutile (110) 

wt. % 
±2% 

Dv (nm) 
±0.5 nm 

wt. % 
±2% 

Dv (nm) 
±0.5 nm 

1 T 6 62 32 38 32 
2 G 7 59 31 41 29 
3 G2W 7.5 91 28 09 26 
4 G4W 9.5 100 26 00 – 
5 G6W 11 100 25 00 – 
6 G8W 11.5 100 24 00 –  Fig. 1. XRD analysis of the PEO samples and uncoated substrate.  
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G show both anatase and rutile phases of TiO2. It was implied that 
incorporating rGO does not alter the structural property of sample G. In 
contrast, the G2W sample has a considerably lower intense rutile peak 
than the undoped sample. It was suggested that tungsten dopant con
centrates on the surface of the TiO2 grains and hinders the crystal 
growth, thereby retard the anatase to rutile phase transformation. 
Corroborating with G2W, the samples doped with a higher concentra
tion of tungsten, namely G4W, G6W and G8W, shows the zero-rutile 
content indicating complete suppression of anatase to rutile trans
formation. This is because the doped W6+ ion diffuses into the interstitial 
positions of the TiO2 lattice, thereby decreasing the density of oxygen 
vacancies which results in retardation of the anatase to rutile phase 
transformation [40]. The average crystallite size (Dv) of the TiO2 phases 
was assessed using the Debye-Scherrer equation and presented in 
Table 2. It was found that the crystallite size of the prepared samples 
decreased with the increase of tungsten concentration into the TiO2 
lattice. This may be due to a slight distortion in the crystal lattice upon 
doping with metal ions [41]. The ionic radii of W6+ (0.600 Å) and Ti4+

(0.605 Å) are almost similar, with no significant change in the TiO2 unit 
cell on substitutional doping. In contrast, partial replacement of Ti ion 
with W4+ (0.66 Å) imparts minor expansion in the TiO2 unit cell. The 
lattice parameters of the unit cell of the prepared samples have been 
calculated by fitting the XRD data using GSAS II software. Also, the 
lattice strain (ε), dislocation densities (δ) and theoretical specific surface 
area (Sa) were calculated by the procedure mentioned in Ref. [42], and 
the values are reported in Table 3. The sample G with little change in the 
lattice strain and dislocation density indicates no changes resulting from 
the interaction of TiO2 and rGO sheets. Due to the Ti and dopant ionic 
radii mismatch, a minor strain is induced in the TiO2 crystal lattice. The 
increase in lattice strain and dislocation density implies that the doped 
samples have more defects in the crystal lattice. This can extend light 
absorption in the visible light spectrum. It also favours decreasing the 
charge carriers recombination rate and increasing the separation of the 
photo-induced electrons and holes [43]. The limited solubility of W6+ in 
the TiO2 lattice leads to limited expansion in the unit cell volume, 
whereas the effect of stress still exists with the tungsten doping. Hence, 
the cell volume with lattice strain and dislocation density increases with 
further tungsten concentration. The other factor responsible for the 
degradation of methylene blue is the adsorption of MB dye onto the 
surface of the TiO2 photocatalyst, which is highly dependent on the 
surface area. The specific surface area of the doped samples was 
increased with the increase of dopant concentration. As a result, the 
higher specific surface area can increase the contact area with dye so
lution and provide more active sites for the adsorption of dye molecules, 
increase the productivity of generated electron-hole pairs, and promote 
photocatalytic activity. 

3.2. Surface morphology of the developed coatings 

The surface morphology of the developed PEO and PEO coatings, 
along with EDS spectra, are shown in Fig. 2. All the samples exhibit 

porous surface morphology, and the dopant’s addition significantly 
influenced the sample surface. The sample G exhibited a large cluster of 
pores with irregular shapes. The sample G2W with the least concen
tration of W among the coatings shows partial removal of large clusters. 
In contrast, the sample G4W reveals the surface is entirely free from the 
large clusters and develops into more perfect uniformly distributed 
toroidal structures similar to the result found in the study [44]. Since the 
rGO sheets were highly inert and stable, a negative charge is established 
in the rGO as soon as it enters the alkaline electrolyte. The rGO sheets 
were migrated near to the pores of the positively charged anode by 
virtue of electrophoretic force [40]. Fig. 2 also shows the 
high-magnification FESEM micrographs with the successful incorpora
tion of rGO sheets in the developed coatings. The samples G and G2W 
exhibit the rGO sheets embedded partially near the pores, whereas G4W, 
G6W and G8W indicate rGO sheets were entrapped within the pores. 
Since the conductivity of the electrolyte used in the preparation of 
coatings increases with the increase of W concentration, the discharge 
characteristics and thermal reactions that occur at discharge sites alter 
the PEO process and thereby resulted in obtaining different surface 
morphologies. During the PEO process, the rGO nanosheets entrap in the 
vicinity of the discharge channel and accordingly, the number of pores is 
reduced [45]. 

Fig. 3 shows the porosity map of the samples derived from the FESEM 
images using ImageJ software. The sample T and G show uneven pores 
with 7.5 and 6.5% porosity, respectively. The sample G2W shows the 
porosity of 23.6%, whereas the samples G4W, G6W and G8W show 
porosity of 22.5%, 21.8%, and 21.2%, respectively. The secondary 
electron (SE) image and the corresponding backscattered electron (BSE) 
image, and EDS maps of sample G6W were shown in Fig. 4. The BSE 
image shows that the carbon-based rGO with the least atomic number 
was dark. In contrast, titanium and other elements with a higher atomic 
number appear bright in the BSE image. The EDS mapping shows the 
presence of individual elements, which constitutes the surface of the 
coating. The presence of tungsten is confirmed by the EDS analysis with 
the W Mα peak at 1.77 KeV. It is evident from the EDS spectra that the 
intensity of the W Mα peak increases with the increase of W dosage in the 
electrolyte. Table 4 depicts the EDS elemental composition present in 
the prepared samples. From Table 4, it is evident that the at. % of W was 
found to be increased with the increase in W concentration in the 
electrolyte. The carbon content related to the rGO varied only slightly in 
samples with varied W concentrations. The nitrogen adsorption- 
desorption isotherm of the prepared samples was shown in Fig. 5 to 
understand the specific surface area. All the photocatalysts, except 
sample T, show high nitrogen adsorption-desorption isotherms due to 
the higher surface porosity, thereby providing more active sites for 
photocatalytic reactions. The surface area of the samples T, G, G2W, 
G4W, G6W and G8W are 2.43, 4.45, 4.85, 5.15, 7.23, 7.85 m2/g, 
respectively. 

3.3. Wettability of the coatings 

The contact angle (CA) of the prepared coatings was measured be
tween the water droplet and the surface of the coated samples, as shown 
in Fig. 6. The bare TiO2 shows a contact angle of 59◦ ± 2. In contrast, the 
sample G with rGO displays a relatively higher contact angle value of 
65◦ ± 2, which can be associated with the presence of wrinkled or folds 
of rGO layer, which entraps the air bubbles, drastically reducing the 
contact area of the water droplet on the surface of the coatings. On the 
other hand, the CA value of W doped TiO2/rGO composite coatings was 
found to vary from 76◦ ± 2–85◦ ± 2 with the increase of W concentration 
(2 g/L to 8 g/L) in the electrolyte, which can be ascribed to the nano 
protrusions associated with the nanopores as well as 2-D structured rGO 
layer [46]. All the developed coatings show the hydrophilic nature, 
facilitating the easy spreading of wastewater and adequately improving 
photocatalytic reaction rate. 

Table 3 
Structural parameters, lattice strain, dislocation density and specific surface area 
of the PEO treated samples.  

Sample 
Code 

Lattice 
parameters 

Unit cell 
Volume. 
Å3 

Lattice 
Strain 
(ε) 
10− 3 

Dislocation 
density (δ) 
Lines/nm2 

Specific 
surface 
area (Sa) 
x 105 

cm2/g 

a/Å c/Å 

T 3.7419 9.4598 132.930 1.082 0.000976 4.6957 
G 3.7482 9.5012 133.482 1.130 0.001040 4.8715 
G2W 3.7518 9.5767 134.877 1.258 0.001275 5.4497 
G4W 3.7548 9.6035 135.395 1.332 0.001479 5.8914 
G6W 3.7556 9.6134 135.622 1.386 0.001600 6.1365 
G8W 3.7576 9.6169 135.835 1.402 0.001736 6.4036  
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3.4. Optical properties of the coatings 

The absorption edge of the samples TiO2, G and W doped TiO2/rGO 
was acquired from the UV–Vis DRS absorbance spectra derived from the 
corresponding UV–Vis DRS reflectance spectra using the Kubelka-Munk 
function, and it is presented in Fig. 7a. The absorption edge of the bare 
TiO2 is in the UV regime, whereas the sample G with rGO sheets exhibits 
an absorption edge in the near-visible region. The slight shift in the 
absorption edge towards the visible region can be attributed to the 
incorporation of high specific surface area 2-D structured rGO into the 
TiO2 layer, furthermore, the formation of Ti–C chemical bond between 
the TiO2 and rGO, which account for the contraction of the bandgap in 
the TiO2/rGO composite [47]. This will enhance the light absorption 
ability of the TiO2/rGO composite, which is not sufficient to excite the 
electron from the conduction band to the valence band with lower light 
energy. The UV absorption edge of the W doped TiO2/rGO composite 

shows a tremendous shift towards the visible region. This might be 
attributed to the formation of donor level under the conduction band of 
TiO2, leading to a narrower bandgap. The sample G8W reveals the ab
sorption edge almost identical to the G6W, which confesses that 
increasing W concentration above 6 g/L does not improve further. The 
optical bandgap of the indirect band TiO2 semiconductor was measured 
using the variation of the absorption coefficient (αhν)2 of the coatings 
with photon energy (hν) as stated in the Tauc relationship [20]. The 
extrapolation of the linear region of curves determines the bandgap of 
the samples. The Tauc plots of the prepared samples are shown in 
Fig. 7b. The bandgap of the samples T, G, G2W, G4W, G6W and G8W are 
3.13 eV, 3.09 eV, 3.02 eV, 2.92 eV, 2.88 eV and 2.89 eV, respectively. 
The narrowed bandgap can be ascribed to the increase in the lattice 
defects as a result of W doping and rGO addition, which creates a 
localised W 5d state just below the conduction band (CB) minimum and 
manoeuvre the conduction band to a lower level, which results in the 

Fig. 2. Surface morphology and EDS analysis of the PEO samples.  
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contraction of conduction band to valence band energy [48]. All the 
W–TiO2/rGO composite samples exhibited a lower bandgap value suit
able for the visible light photocatalytic process. 

3.5. Photoluminescence emission spectrum from the coatings 

PL emission spectra are useful for measuring the photon emission 

and its energy distribution upon optical excitation and providing insight 
into the electron-hole recombination rate in photocatalytic materials. 
Also, the lattice distortion and oxygen inadequacy present in the pre
pared samples were analysed using PL emission spectra presented in 
Fig. 8. The PL spectra were recorded over 380 nm–525 nm with an 
excitation wavelength of 375 nm at room temperature. All the samples 
show the PL emission spectrum with a similar peak pattern, but the 
intensity of the emissions is remarkably different. The PL emission 
spectra constitute many peaks in which the main emission band located 
at 400 nm corresponding to the band-to-band transition of TiO2, and 
various peaks ranging from 450 nm to 480 nm originated from the 
charge transfer transition of an oxygen vacancy and other defects 
including rGO sheets [43,44]. Compared to samples T and G, the sam
ples G2W, G4W, G6W, G8W show a minor redshift in the 400 nm band to 
band emission peak. This redshift can be attributed to the reduction in 
the bandgap of the TiO2 by the evolution of the density of states tails 
band from inhomogeneous distribution of dopants, which is consistent 
with the UV–Vis absorption spectra in Fig. 7. The PL emission spectra 
constitute many peaks in which the main emission band is located at 

Fig. 3. Porosity map of the PEO coatings.  

Fig. 4. The SE image, corresponding BSE image, and EDS elemental maps of sample G6W.  

Table 4 
EDS surface composition of the PEO treated samples.  

Sample code Element (at. %) 

O Na P Ti C W 

T 65.40 0.90 4.7 29 – – 
G 62.12 0.81 4.81 27.62 4.64 – 
G2W 62.95 0.75 3.49 26.88 4.55 1.38 
G4W 64.61 0.80 2.47 24.49 4.43 3.20 
G6W 63.86 0.74 2.96 23.52 4.27 4.65 
G8W 63.27 0.85 2.43 23.39 4.12 5.94  
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400 nm corresponding to the band-to-band transition of TiO2 and 
various peaks ranging from 450 nm to 480 nm. The peaks located ~450 
nm and ~468 nm are arising from oxygen vacancies trapping the elec
trons. These charge carriers are generally trapped by surface hydroxyl 
groups and oxygen vacancies that contribute to their visible lumines
cence [49]. The charge transfer transition from Ti3+ to oxygen anion 
gives emission peaks at ~483 nm and ~494 nm [50–52]. The sample T 
shows the PL emission with elevated intensity resulting from the fastest 
recombination of charge carriers, which can be attributed to the lack of 
defects in the crystal to trap the charge carriers. Also, surface recom
bination occurs in the absence of rGO. On the other hand, the sample G 
with rGO content exhibits relatively lower intensity PL spectra than 
sample T, resulting from the unique 2-D structured rGO in the TiO2 layer 
[30]. The excited electrons from the CB of TiO2 were transmitted into 
the rGO sheets, diminishing the charge carriers’ recombination rate. The 
samples with TiO2/rGO with W dopant show a reduction in PL emission 
intensity with the increase of W dosage. The lowest intensity was 
recorded on the sample G6W, indicating the suppressed recombination 
rate of photoexcited charge carriers resulting from the synergetic effect 
of surface electron trapping by 2-D structured rGO and the tungsten as 
electron acceptor also the formation of different defect centres emerging 
from oxygen vacancies in the TiO2 [48–53]. The PL intensity of the 
sample G8W is relatively higher than the sample G4W and G6W, which 
can be attributed to the excess W dopant in the TiO2 [54]. This depicts 
that the optimum level of doping is crucial for lowering the electron-hole 
recombination rate. Otherwise, the surplus doping act as recombination 
centres; thereby, the photocatalytic activity of the sample can be 
significantly decreased. 

3.6. EIS and photocurrent analysis of the prepared coatings 

Interface charge carrier transfer and separation efficiency are some 
of the prominent factors that affect the photocatalytic ability of the 
prepared samples. Hence, electrochemical impedance spectroscopy 
(EIS) was used to ascertain the resistance offered by the sample for 
efficient charge separation of photogenerated electrons and holes. Fig. 9 
shows the Nyquist plot of EIS for the prepared samples under dark and 
visible light irradiation conditions. The arc radius of the Nyquist plot 
suggests the rate of the reaction on the photocatalyst. A greater arc 
radius represents a substantial amount of resistance the material offers 
for charge transfer [55]. The Nyquist plot of samples shows similar 
semicircles with different radius. The radius was significantly reduced 
under illumination than the dark condition, which confesses that the 
sample is prominently active under the visible light illumination. The 

Fig. 5. Nitrogen adsorption-desorption isotherm for the PEO samples.  

Fig. 6. Water droplet images indicating wettability of the PEO coatings.  

Fig. 7. UV DRS absorbance and Tauc-plot for the PEO coatings.  

P. Manojkumar et al.                                                                                                                                                                                                                          



Physica B: Physics of Condensed Matter 631 (2022) 413680

8

smallest semicircle was reported for the sample G6W in both dark and 
visible light irradiation, indicating that its resistance to the interfacial 
charge carrier transfer was weakened, i.e., high charge separation effi
ciency. These results clearly show that the synergetic effect of optimal 
dosage W and 2-D layer rGO sheets could effectively facilitate the 
electron-hole mobility and improve the charge carrier separation effi
ciency in the W doped TiO2/rGO composite [20,30]. It was apparent 
from the UV-DRS, PL spectra, and EIS measurements that an optimum 
doping amount of tungsten is crucial in TiO2 photocatalyst to mitigate 
the recombination of photogenerated electron-hole pairs. The Nyquist 
plot gave a piece of solid evidence to support the above discussed 
UV-DRS & PL results. Thus W–TiO2/rGO composite can be used as an 
effective material for photocatalytic application. The photocurrent was 
evaluated by measuring the photocurrent density at varying potential 
with the range of − 1.5 to 2.5 V vs SCE with the sweeping rate of 60 mV/s 
in 0.1 M Na2SO4 medium. The linear sweep voltammetry (LSV) graph of 
prepared photocatalyst under dark and visible light irradiations are 
shown in Fig. 10. The photocurrent density of all the samples under dark 
medium shows only a narrow photocurrent value, compared to the 
visible light irradiation. This indicates that the prepared catalyst re
sponds to the irradiation of visible light and produces a photocurrent. 
The photocurrent density of photocatalyst under illumination is gradu
ally increased after incorporating rGO and with increasing concentra
tions of W dopant. It confirms that W doping and rGO incorporation are 
effective and straightforward methods for enhancing photocatalytic 

degradation performance. Also, the photocurrent density increases 
gradually with the applied potential and reaches a saturated current of 
0.68 mA/cm2 at − 1 V vs SCE. By analysing the above photocurrent 

Fig. 8. PL emission spectra of the PEO coatings.  

Fig. 9. EIS-Nyquist plot of the PEO samples.  

Fig. 10. Photocurrent density of the PEO coatings collected at dark and 
light conditions. 
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graph, it has been found that the photocurrent densities of the G6W 
sample are almost two times higher than that of pure TiO2 (sample T) in 
the entire scan range. The higher photocurrent density of the G6W 
sample is ascribed to the narrowed bandgap indicating the efficient 
absorption of the light energy from the visible spectrum. This higher 
photocurrent implies a higher photocatalytic degradation efficiency for 
the sample G6W. 

3.7. X-ray Photoelectron Spectra of the prepared samples 

X-ray Photoelectron Spectra (XPS) provides surface-sensitive infor
mation about changes in the chemical state of elements present in the 
composite coating. The XPS peaks were deconvoluted using curve fitting 
software (Gaussian deconvolution) CASAXPS. Fig. 11 shows the survey 
spectrum and high-resolution XPS spectra of Ti 2p, O 1s, C 1s and W 4f 
for the samples T, G and G6W. The survey spectrum confirms the pres
ence of TiO2, W and C species in the photocatalyst. The Ti 2p core level 
of the sample T and G shows doublet peaks at the binding energy of 
457.4 eV and 463.4 eV, matching Ti 2p3/2 and Ti 2p1/2, respectively a 
valence state of Ti4+ of TiO2 [30]. The incorporation of rGO does not 
alter the peak position of the Ti4+ since rGO sheets mainly exist on the 
surface of the TiO2 and do not modify the crystal structure of the TiO2. 
On the other hand, the sample G6W shows a slight shift of 0.5 eV in the 
position of the doublet peak as 457.9 eV and 463.9 eV, which can be 
ascribed to the substitutional doping of W into TiO2 lattice, which 
produce a slight distortion in the crystal lattice upon doping with 
tungsten ions. All the samples show a small shoulder peak at a binding 
energy of 459 eV associated with the Ti3+of Ti2O3. The sample T without 
adding any dopant and rGO also shows Ti3+, which can be attributed to 
the inevitable doping of phosphorous present in the base electrolyte 
used to prepare coatings [20]. In sample G6W, the Ti3+ peak shows a 
higher area fraction compared to that in the samples T and G. The in
crease in the intensity of the Ti3+ peaks ascribed to the charge 
compensation by electrons corresponding to substitutional doping of 
W6+/W4+ species for Ti4+, which will lead to the reduction of titanium 
oxidation state, i.e., Ti3+ [56]. The presence of Ti3+results in the gen
eration of more oxygen vacancies to maintain the local neutrality in the 
TiO2 lattice [57]. Additionally, Ti3+ can also suppress the charge carrier 
recombination rate and promote charge separation efficiency [58]. 

The high resolution (HR) -XPS scan of O 1s core level for samples T, 

G, and G6W was deconvoluted into two peaks at a binding energy of 
529.8 eV and 531.6 eV. The first peak of O 1s spectra belongs to the 
lattice oxygen of the Ti–O bond (TiO2), whereas the second peak cor
responding to the non-lattice oxygen of O–H belonging to the adsorbed 
species (superoxide, water molecule or hydroxyl group) [57]. The peak 
corresponding to non-lattice oxygen of sample G6W shows an increase 
in intensity, confirming the substitutional doping of tungsten at TiO2 
lattice. The suppression in the recombination rate of charge carriers 
might be due to the reaction of photogenerated holes with the adsorbed 
species (i.e., superoxides etc.) present in higher amounts on the surface, 
thereby enhancing the charge transferability of the photocatalyst. 
Consequently, the production of strong hydroxyl groups can lead to the 
degradation of organic compounds in textile dyes. 

The HR-XPS scan of C 1s core level for samples G and G6W was 
deconvoluted into five peaks at binding energy 284.3, 285.2, 286.5, 
287.4 and 289.2 eV corresponding to Ti–C, C–C, C–O, C––O and O––C–O 
functional groups, respectively [59]. The peak related to Ti–C is attrib
uted to the chemical bonding between titanium and carbon from the 
rGO, which confirms the interaction between TiO2 and rGO sheet 
through the rearrangement of Ti atoms [57]. The TiC peak in sample 
G6W shows lower intensity than in sample G, which can be ascribed to 
the interaction of TiO2, and W is more influential than the TiO2 and rGO. 
The XPS spectra of the W 4f core level were deconvoluted into different 
peaks. In which the peaks located at 34.8 and 36.6 eV corresponding to 
4f7/2 and 4f5/2of W6+. Consequently, a small doublet peak positioned at 
32.4 and 34.2 eV corresponding to 4f7/2 of W4+ [60,61]. The W 4f core 
level confirms the tungsten species may be present in TiO2 with different 
oxidation states. 

3.8. Photocatalytic activity of W doped TiO2/rGO composite coatings 

Fig. 12 represents the UV–Vis absorption spectra of the MB solution 
degraded under a visible light source over an irradiation period of 180 
min. The UV–Vis absorption spectra were measured over a range of 200 
nm–800 nm. All the samples show the spectra with the same pattern but 
with different intensity. Additionally, to evaluate the adsorption ability 
of the photocatalyst, experiments were conducted in the dark medium 
before the degradation of MB dye under visible light. From Fig. 13a, it 
can be concluded that the entire W doped TiO2/rGO composite poses 
notable adsorption ability, precisely; sample G4W, G6W and G8W shows 

Fig. 11. XPS survey spectra of T, G and G6W photocatalyst and the corresponding high-resolution XPS spectra.  
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a maximum adsorption efficiency of 28, 33 and 31%, respectively. This 
might be ascribed to the presence of porous morphology with uniformly 
distributed pores and the surface energy of the photocatalyst. Also, the 
photosensitisation properties and strong electrostatic attraction of 
cationic molecules of MB dye towards the sample plays a vital role in the 
adsorption properties [62,63]. Sample T reports the MB degradation 
efficiency of 43%, which is much lower than the sample G with 72% 
degradation efficiency. The increase in efficiency could be attributed to 
the presence of unique 2-D structured rGO sheets in the TiO2 layer, 
which is responsible for the trapping of electrons excited from the CB 
and leads to a longer charge carrier’s life. The improved shelf life of the 
electrons and holes can result in the interaction with the water mole
cules and oxygen to create more hydroxide radicals and superoxide 
anions, which attack the dye molecules, thereby degrading the MB dye 
more effectively [64]. The sample TiO2/rGO with varied W concentra
tion (2 g/L to 8 g/L) shows tremendous improvement in the MB dye 

degradation efficiency. Additionally, a blue shift in the UV–Vis spectra 
was also recorded for the samples G4W, G6W and G8W. The maximum 
absorbance peak of MB dye was recorded at 664 nm for the initial 
condition, and as time progresses, its intensity gradually decreases along 
with the peak shift towards a lower wavelength. This can be ascribed to 
the destruction of the parent compound and the formation of new in
termediate compounds [65,66]. The sample G6W shows the highest 
degradation among all the prepared samples, which account for 93% 
efficiency. The sample G8W with a higher concentration of tungsten 8 
g/L shows 88% degradation efficiency. The sample G2W with a lower 
concentration of tungsten results in 76% degradation efficiency, the 
least among the tungsten doped TiO2/rGO samples. This might be 
ascribed to the lower dosage of tungsten, thereby forming relatively 
fewer defect centres and faster charge recombination. The present 
photocatalyst showed better degradation efficiency (with respect to 
catalyst dosage, dye concentration, light source and degradation time) 

Fig. 12. UV–Vis absorption spectra of MB dye degradation by various PEO samples.  

Fig. 13. (a) Photocatalytic degradation of MB dye for the PEO treated samples and (b) reusability of G6W sample.  
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compared to most photocatalysts prepared by other processes [20, 
30–33,67–70]. This proves that the present W–TiO2/rGO photocatalyst 
can effectively degrade bulk MB dye concentration. The photocatalyst 
stability was investigated by conducting the degradation test for almost 
6 cycles for optimum W doped sample G6W, as shown in Fig. 13b. This 
reusability test reveals that all the cycles’ efficiency values were re
ported to be satisfactory. 

The overall improvement in the development of optimised W–TiO2/ 
rGO composite coating for the effective degradation of MB dye results 
from the synergetic of 2-D structured rGO and the formation of different 
defect centres emerging oxygen vacancies on the TiO2 along with nar
rower band gap, porous surface morphology with expected high surface 
area, improved electron mobility with efficient charge carrier separation 
and lower recombination rate. 

3.9. Proposed mechanism for the degradation of MB dye using W–TiO2/ 
rGO photocatalyst 

To understand the mechanism of photocatalytic degradation, the 
trapping experiment was carried out by using different kinds of scav
engers such as q-benzoquinone reagent (BZQ, as a superoxide scav
enger), ethylene diamine tetraacetic acid disodium (EDTA-2Na, as a 
hole scavenger and isopropanol (IPA, as a hydroxyl radical scavenger), 
were added into the MB dye solution. The scavenger concentrations 
were set at 1 mmol for the trapping experiment, and the results are 
shown in Fig. 14. The IPA and EDTA-2Na added MB solution degrada
tion was severely affected and reduced to 45% and 48%, respectively. 
Whereas the BZQ added MB solution was 75% degradation, which 
confesses the superoxide scavenger has a limited effect on the MB 
degradation process. Finally, it was concluded that the hydroxyl radical 
and holes were the active species responsible for the degradation of MB 
dye. 

Based on the active species test in the present work and reported 
literature, the photocatalytic degradation mechanism of MB dye solu
tion by the W–TiO2/rGO photocatalyst under visible light irradiation 
was proposed in Fig. 15. The MB degradation process was assumed to 
involve the following three steps. Step 1: Adsorption of MB dye by the 
prepared W doped TiO2/rGO photocatalyst. Step 2: Activation of pho
tocatalyst by absorbing the visible light. Step 3: Generation of active 
radical species by the charge carriers to degrade the MB dye into CO2 
and H2O. When the W–TiO2/rGO photocatalyst is kept under the MB dye 
solution, adsorption of MB dye towards the catalyst is started. The 
hydrogen bonding achieved the excellent adsorption capability of the 
developed photocatalyst, π–π coupling between the aromatic region on 

graphene’s surface and aromatic molecules strengthens the interaction 
with rGO-MB electrostatic interaction between the photocatalyst and 
MB dye. This adsorption process dramatically improves the photo
degradation process by accumulating the abundant MB dye near the 
photocatalyst. 

Under visible irradiation, the W–TiO2/rGO photocatalyst gets acti
vated and excite the photoelectron to the CB of TiO2, leaving behind the 
holes in the VB of TiO2. Whereas the W dopant in the form of W6+ forms 
a shallow energy level near the conduction band minima (CBM), which 
acts as the trapping site, and the electron can be accepted by W6+ to form 
W5+ . Which in turn improve the lifetime of electrons and holes also 
reduce the recombination of charge carriers. Therefore, the coexistence 
of W6+/W5+ couples, charge carriers, and surface oxygen species such as 
hydroxyls may promote the surface reduction-oxidation cycles. 

The rGO has excellent electrical conductivity (high electron mobility 
(>1000 cm2 V− 1 S− 1). The photoexcited electrons are transferred to rGO 
and work as the electron carrier to react with adsorbed oxygen mole
cules on the surface of TiO2 to form O2.

- Subsequently, the photoexcited 
holes in the VB can react with H2O/OH− and form ̇OH (hydroxyl radical) 
species and thus decrease the recombination rate of electron-hole pairs. 
Since the electron can be transferred onto rGO and trapped by W6+, both 
surface and bulk recombination of electrons and holes were mitigated by 
using the W doped TiO2/rGO composite photocatalyst facilitating 
enhanced photocatalytic degradation. Therefore, oxidation and reduc
tion processes coexist in the MB dye photodegradation process, 
accompanied by electrons transfer from the hydroxyls to the ⋅OH radi
cals and from O2 to O2

− , along with the electron-hole pairs with 
W6+/W5+ couples in the catalyst surface. Finally, the principal active 
species attack the MB dye molecules and undergo reactions to decom
pose MB into CO2 and H2O [71]. 

4. Conclusions 

The tungsten doped TiO2/rGO composite photocatalyst was suc
cessfully fabricated by the PEO with particle addition for efficient MB 
dye degradation.  

• Phase analysis of the prepared photocatalysts confirmed that the W 
dopant suppressed the rutile formation and reduced the crystal 
growth of anatase, favouring photocatalytic activity. 

• The defects in the crystal lattice increased with the W dopant con
centration increase in the coatings. This can favour the light ab
sorption in the visible light spectrum. It also decreased the charge Fig. 14. Radicals scavenger test over G6W in the MB photo

degradation process. 

Fig. 15. Schematic illustration of the photocatalytic degradation mechanism of 
MB dye onto G6W photocatalyst. 
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carriers recombination rate and increased the separation of the 
photo-induced electrons and holes.  

• All the W–TiO2/rGO composite samples show excellent porous 
morphologies. The surface area increased with an increase in W 
dopant concentration, providing more active sites for the degrada
tion of MB dye molecules. Also, the presence of the rGO contributed 
to a higher specific surface area confirmed by BET analysis.  

• The G6W sample with optimum dopant concentration showed a 
prominent redshift in UV–Vis absorption with a bandgap of 2.88 eV.  

• The rGO and W dopant in TiO2 effectively supressed the electron- 
hole recombination rate at both surface and lattice level. Also, the 
hole and hydroxyl radicals were actively participated in the photo
catalytic degradation process rather than super oxide radical.  

• The highest MB dye degradation efficiency with 93% was achieved 
on sample G6W with the synergetic effect of visible light absorption 
by W doping and reduced electron-hole recombination rate by rGO 
addition. 

The present article concludes that the W–TiO2/rGO composite 
coating developed by the PEO with particle addition process can be a 
good candidate for the low-cost, efficient, immobilised and recyclable 
catalyst for textile wastewater treatment. 
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