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Abstract 

This study demonstrates the glucose-template assisted synthesis of hydrogen-treated Pt: 
TiO2/WO3 composites, and their round-the-clock photoactivity towards methanol (MeOH) 

degradation under light illumination and in dark. XRD indicated increasing rutile fraction in TiO2 

as a function of template removal, WO3 crystallinity and H2 treatment process. The presence of 

oxygen vacancies in WO3 was confirmed by XPS. Lower recombination rate and higher surface 

area were observed in the optimized H2-Pt-G:TiO2/WO3 catalyst. The presence of oxygen 

vacancies and optical enhancements due to the synergistic interactions of the multi-system (TiO2, 

WO3 and Pt) extended the visible light absorption of the system, increasing photocatalytic activity, 

with 61% of MeOH degradation in 2 h of irradiation and 33% in dark in 6 h. The origin of the 

observed efficiency was further validated using photo-electrochemical investigations, which 

revealed appropriate interfacial contacts in Pt: TiO2/WO3 system, maximum charge separation and 

charge transfer thanks to oxygen vacancies. 
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1. Introduction 

It could be argued that the redox reaction of common photocatalyst (PCs) such as TiO2, occurs 

only under light illumination 1–3. Therefore, its photocatalytic activity is generally quenched once 

the light illumination is turned off. To enhance the performance, catalytic reactions should be 

independent of photons and improved for their activity round-the-clock under both light irradiation 

and dark conditions. This type of PCs, namely round-the-clock PCs (RPCs), has recently received 

enormous interests in many photocatalytic applications including heavy metal ion removal, 

degradation of organic pollutants, and hydrogen production 4–6. In this phenomenon, a portion of 

the photoinduced electrons in a PC will be stored in an electron storage material (ESM) under light 

illumination and then these stored electrons get released once the light is turned off 7–9. Several 

implications should be noted in developing a RPC; first, the conduction band (CB) of the PC 

should be above of the CB edge of the ESM to ease the electron transfer from the PC to ESM. 

Second, an adequate coupling is required between the PC and ESM to facilitate the electron 

transfer. Moreover, the ESM should release electrons slowly in dark to the PC to continue the 

catalytic reactions in dark. As an ESM, the WO3 has been coupled with TiO2 as an effort to develop 

TiO2/WO3-based RPC 10. However, the conventional methods to prepare TiO2/WO3 

heterostructure cause some restrictions in electron charge and discharge capacities, which is 

essentially due to the minimal contact at the interface of TiO2/WO3 4,11. Therefore, the 

photoactivity of TiO2/WO3 RPC was limited under UV light along with an undesirable electron 

charge-discharge performances 7,12. 

To overcome such drawbacks, strategies such as defect engineering through H2 treatment and 

templating approaches can induce the structural changes in TiO2, WO3 or both 11,13. Among 

different types of defects, oxygen vacancies have been employed to induce both chemical and 

physical defects in the structures of the oxides 14. These oxygen vacancies in TiO2/WO3 system 

could act as photoinduced charge traps, enhance photoabsorption and electron storage ability, 

thereby boosting the performances of RPCs 11,13,15–20. For instance, in the case of WO3, new 

structural features are formed through oxygen vacancies, consisting of different octahedral blocks 

of [WO6], where their corners are being shared regularly by the defect planes 19–24. On the other 

hand, it is well known that the glucose, which is an inexpensive and non-toxic hard template, can 

serve for the synthesis of materials with higher surface area and can be removed easily through 



thermal decomposition by heating it above 150 oC 25–28. Furthermore, glucose could act as a 

stabilizer to enhance the TiO2 anatase formation through the presence of open chain aldehyde (as 

isomeric structure of glucose), acting as the oxygen-supplying agent in formation of anatase 

crystalline phase 29.  

Apart from the defect engineering approaches, the use of metallic cocatalyst nanoparticles (NPs) 

is another technique to achieve the enhancements in the RPCs 11,30–35. In this direction, Ni, Ag, and 

Pt NPs can enhance the performance of RPCs by harvesting the visible light through the surface 

plasmon resonance and also accepting the stored electron from ESM (thus enhancing charge 

separation)11,30. Notably, Pt is considered as the preferred metallic NP for oxygen activation in 

catalyzing reactions and it can be loaded on the RPC such as TiO2/WO3 heterostructures 36,37.  

Though WO3/TiO2 based photocatalysts is the subject of  considerable number of  works 36–39, 

only few of them have examined its electron storing capacity to continue the catalytic activity after 

switching off the light. For instance, Khan et al. 40 (2019) and Park et al. 41 (2020) reported 

TiO2/WO3 based structures which can store electrons for ca. 2 h and 5 h, respectively. In order to 

take more advantage from such beneficial properties and extend the photocatalytic activity time in 

dark, a template-mediated synthesis of TiO2/WO3 RPC was developed in this work. The structure 

of this RPC is further modified by glucose templated approach and H2 treatment process to induce 

oxygen vacancies and by decorating with the Pt NPs. Herein, a ternary heterostructure with high 

surface area has been formed and the Pt metal NPs, as a co-catalyst, were uniformly loaded onto 

the surface. This structure has manifested the unique properties including high sunlight absorption 

and charge separation, and sufficient electron storage capacities. 

2. Material syntheses 

2.1 Chemicals 

D -(+)-Glucose, titanium isopropoxide (TTIP), hexachloride tungstate (WCl6), hydrogen 

peroxide (H2O2), ethanol (EtOH),  and chloroplatinic acid (H2PtCl6) were purchased from Sigma-

Aldrich. High Pt-H2 treated glucose templated TiO2/WO3 was prepared via a multistep pathways 

(Fig.1) consist of the following steps: (i) glucose templated synthesis of TiO2/WO3 (G:TiO2/WO3); 

(ii) H2 treatment of G:TiO2/WO3 to obtain a defective structure (H2-G:TiO2/WO3); (iii) Pt loading 

on H2-G:TiO2/WO3. 



2.2 Synthesis of glucose templated TiO2/WO3 (G: TiO2/WO3) 

Three stock solutions were prepared as followed. Solution I was obtained by dissolving 17 

g D-(+)-Glucose in 150 mL distilled water with stirring for 10 min. Solution II was obtained by 

adding 1 g Titanium isopropoxide (TTIP) dropwise to a mixture of H2O2 30 wt.% (7 g) and 43 g 

distilled water under stirring for 10 min. Solution III was obtained by dissolving an appropriate 

amount of WCl6 in 50 ml absolute EtOH. At the beginning, the color of solution III gradually 

changed from yellow to colorless as the replacement of the chlorine ions in WCl6 by the ethoxide 

groups completed. Finally, solution III turned to dark blue, indicating the formation of amorphous 

WO3·nH2O. To synthesize G: TiO2/WO3, three stock solutions were mixed homogeneously under 

stirring for 4 h, followed by drying at 80-100 oC. The obtained solid was subjected to one-step 

calcination at 550 °C for 5 h (heating air rate of 5 oC. min-1) to form the crystalline phase of the 

material as well as to remove the template. The prepared sample (with a TiO2:WO3 ratio of 80:20) 

was named G:TiO2/WO3. 

2.3 Synthesis of H2-treated G:TiO2/WO3 (H2-G:TiO2/WO3) 

100 mg G:TiO2/WO3 powder was treated in a tube furnace at 400 °C at a hydrogen flow 

rate 200 mL. min-1 for 4 h. The obtained sample with enhanced oxygen vacancies and high surface 

area was denoted as H2-G:TiO2/WO3. 

2.4 Pt loading on H2-G:TiO2/WO3 (H2-Pt-G:TiO2/WO3) 

Pt was deposited on H2-G:TiO2/WO3 by photodeposition method. In a typical procedure, 

100 mg of H2-G:TiO2/WO3 was dispersed in 200 mL methanol. Then, 1.5 wt% aqueous solution 

of H2PtCl6  was added. The mixture was irradiated by a solar simulator 150 W Xe lamp (AM 1.5 

G, 100 mW cm2) (without an optical filter) for 6 h. The initial milky white suspension turned to 

light grayish color, indicating the deposition of Pt nanoparticles. The resultant H2-Pt-G:TiO2/WO3 

composites were retrieved by centrifugation at 6000 rpm, and then washed five times with excess 

methanol and dried under vacuum(Figure 1). 



 

Figure 1. Schematical synthesis of H2 -Pt-G:TiO2/WO3 nanospheres: (1) one-pot synthesis of glucose templated 

TiO2/WO3, (2) calcination of G:TiO2/WO3 at 550 oC for 5 h followed with H2 treatment at 400 oC for 4 h, and (3) 

loading of Pt nanoparticles cocatalyst on H2 - G:TiO2/WO3. 

2.5 Characterizations 

All the materials were characterized using BET specific surface area analysis, X-ray 

diffraction (XRD) technique, UV–Visible spectroscopy (UV–Vis), Photoluminescence (PL) 

measurements, X-ray photoelectron spectroscopy (XPS), electrochemical measurements and 

photodegradation tests to understand their various characteristics such as morphology, 

crystal/chemical structure, optical properties and photocatalytic performances. In specific, the 

nitrogen adsorption/desorption isotherms were measured at 77 K on an ASAP 2020 (Micromeritics 

Instrument Corp., Norcross, GA, USA). All the products were degassed in vacuum at 150 °C for 

8 h before BET measurements. X-ray diffraction (XRD) patterns were done on the dried powders 

at the scanning rate of 2.5°/ min with Cu Kα1 radiation ( 2θ range 20-60°) on a Philips PW1830 

powder diffractometer ( 40 kV voltage and 40 mA filament current). The anatase and rutile weight 

fraction with respect to the whole amount of TiO2 crystalline phases (anatase, rutile) was calculated 

according to Eq. 142 (IR and IA are the intensities of (110)rutile and (101)anatase reflections). 

fA =
𝟏𝟏

�𝟏𝟏 + 𝟏𝟏.𝟐𝟐𝟐𝟐 (𝐈𝐈𝐑𝐑)
(𝐈𝐈𝐀𝐀)

�
% Eq. 1 

  

Raman spectra were recorded with a LABRAMHR800 equipped with a Peltier cooled CCD 

detector at λ = 514 nm excitation by an argon ion laser (Stabilite 2017, Spectra Physics). UV-Vis 

absorption was measured with a Cary 300 Bio UV-Vis spectrophotometer. X-ray photoelectron 

spectroscopy (XPS)(Kratos Axis Ultra) was done in a  light source of X-ray (Al Kα; hν = 1486.6 

1 2 3 

WOTiO Pt 



eV), and internal calibration was done in the C peak located at 285.0 eV . Photoluminescence (PL) 

measurements were performed using CARY ECLIPSE. 

2.6 Photoelectrochemical characterizations  

The working electrodes were prepared by drop-casting technique 43. In a typical procedure, 

to prepare a homogeneous solution, the photocatalyst (20 mg) was dispersed in water (5 mL), the 

solution was sonicated and then drop-casted onto a FTO glass (2 cm2)and dried at 80 °C for 24 h. 

The photocurrent response was recorded on a three-electrode configuration being the as-prepared 

electrode (TiO2, G:TiO2/WO3, and H2 -Pt-G:TiO2/WO3), Pt wire electrode, and silver/silver 

chloride (Ag/AgCl) as working, counter and reference electrode, respectively. All the 

electrochemical measurements were performed using a potentiostat (EG&G 263A2) instrument. 

To evaluate photocurrent response, as difference of current density between illumination and dark, 

the working electrode was polarized at 0.8 V vs. Ag/AgCl in dark and chopped light irradiation ( 

10 s duration ) with a source of solar light (150 W Xe lamp). Photocurrent was evaluated as 

difference of current density response between illumination and dark. The electrochemical 

impedance and Mott-Schottky plots were also recorded by the same system with a frequency 

between 100 KHz to 100 mHz and a frequency of 1 kHz in the range of -1.5 to +0.8 V (vs. 

Ag/AgCl), respectively. Open circuit potential measurements were also done in dark and under 

irradiation.  

2.7 Photocatalytic methanol decomposition 

The photo-oxidation of methanol (MeOH) was performed in an open system under a solar 

simulator (Abet model, 150 W Xe lamp, AM 1.5G, 100 mW/cm2).A 100 mg of photocatalyst was 

dispersed into a 400-ppm aqueous MeOH solution (200 g). The system was then illuminated for 2 

h under solar light to characterize the photocatalytic activity of the glucose-templated TiO2/WO3 

nanocomposites with varying loading of WO3. The non-decomposed methanol was detected using 

a gas chromatograph, and MeOH concentration was calculated as following. 

C = C0 ∗
remaining moles of MeOH

initial moles of MeOH�  

 



The decomposition of MeOH with regular intervals of time during photo-irradiation was 

calculated by plotting ((Co-C)/Co)*100). The kinetics of decomposition of methanol in presence 

of the photocatalysts after gaining the adsorption-desorption equilibrium in dark (20 min) was 

calculated in the following for five selected samples as example of all calculations. It was observed 

that all the samples exhibit pseudo-first-order kinetics of photo-oxidation (ln(C/C0) = -Kapp t) 44,45.  

3. Results and Discussion 

The XPS and SEM analyses were done to study the chemical composition and morphology 

of the samples. The XPS survey spectrum of H2-Pt-G:TiO2/WO3 confirmed the presence of Pt, W, 

Ti, O, and their native oxidation states, as displayed in Figure 2.  

 

Figure 2. XPS survey spectra of H2-Pt-G:TiO2/WO3 and SEM images of H2-Pt-G:TiO2/WO3(A) and G:TiO2/WO3 
RPCs. 
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The morphology of G:TiO2/WO3 and H2-Pt-G:TiO2/WO3 is found to be agglomerated near-

spherical particles with average size of 400 and 200 nm, respectively. Notably, the agglomeration 

among H2-Pt-G:TiO2/WO3 particles is found to be increased as compared to G:TiO2/WO3, which 

could be related to their relatively increased surface area due to their reduced particle size. These 

results confirm that the process of H2 treatment and Pt deposition considerably modify the surface 

properties of the system, which could be ascribed to the creation of oxygen vacancies and more 

number of reaction sites on the surface of H2-Pt-G:TiO2/WO3 particles.  

Figure 3 and Table 1 show the SEM-EDS elemental mappings and mass contribution of 

Ti, O, W, and Pt nanoparticles in the H2-Pt-G:TiO2/WO3 RPC. It clearly shows presence and 

homogeneous distribution of these elements.  

 

 

Figure 3 A) SEM image and B) EDS elemental mappings (B) of Ti, O, W, and Pt in H2-Pt-G:TiO2/WO3 RPC (the 
presence of Au is due to surface gilding for SEM analyses, Na and C are present as impurities). 

A 

B 



Table 1: Chemical composition of H2-Pt-G:TiO2/WO3 RPC based on EDS data. 

Element Normalized 
mass (%) Error (%) At (%) 

Titanium 32.77 3.53 20.4 
Oxygen 21.50 11.03 40.06 
Platinum 16.89 3.99 2.58 
Tungsten 14.91 4.33 2.42 
Carbon 13.92 11.3 34.54 
SUM 100  100 

 

Figure 4a displays the XRD pattern of bare TiO2, G:TiO2/WO3 and H2-Pt-G:TiO2/WO3 

RPC. All the diffraction peaks are well matched to the standard diffraction pattern of biphasic 

anatase and rutile TiO2 (JCPDS file No. 21-1272) (JCPDS file No. 21-1276) and WO3 phase 

(JCPDS file No. 75-2187) 46, indicating that the present synthesis process successfully led to the 

formation of G:TiO2/WO3 heterostructures with high crystallinity. No peaks corresponding to Pt 

were detected by XRD due to their low concentration and high dispersion in H2-Pt-G:TiO2/WO3 

RPC 47. 

 The diffraction peaks at 25.5° and 27.4° can be assigned to (101), and (110) crystal planes 

of anatase and rutile TiO2, respectively 48,49. The concentration of anatase and rutile phase TiO2 

was estimated from its respective XRD peak using the following equation: χ = (1 + 0.8 IA/IR)-1 50,51. 

Accordingly, the rutile content of in TiO2, G:TiO2/WO3 and H2-Pt-G:TiO2/WO3 was estimated to 

be 7, 20, and 29%, respectively. The increased rutile content in G:TiO2/WO3 and H2-Pt-

G:TiO2/WO3 could be originated due to the thermal process during the template removal, 

formation of crystalline WO3 and H2 treatment of the sample 39,52–56. Furthermore, the XRD results 

also showed that the formation of WO3 phase is pronounced in the H2-Pt-G:TiO2/WO3 RPC, 

matching with the tetragonal phase with peaks at  23.1 o, 24.3 o and 26.7 o corresponding to (002), 

(020), and (200) planes, respectively 57. While, it is well known that tetragonal phase in WO3 

almost appear in T > 740 oC 58–60, but the tetragonal WO3 formation could be related to 

nanocrystalline properties of the different samples  prepared by various methods 61–63 affecting by 

the thermodynamic conditions, which could make stable tetragonal WO3 even at normal 

conditions. Overall, the pronounced peaks corresponding to TiO2 and WO3 phase clearly indicated 

the characteristic existence of these materials in H2-Pt-G:TiO2/WO3, which remained unaffected 

through the processes such as template removal and Pt deposition, except the formation of defects 



in the systems. These interesting features expected to positively influence the properties of the 

system 58,59,60. 

 The Raman spectra of the TiO2, G:TiO2/WO3 and H2-Pt-G:TiO2/WO3 samples are 

presented in Figure 4b. The presence of bands at about 145, 393, 516, and 640 cm−1 is attributed 

to the anatase TiO2, while the peak at 446 cm−1 could be assigned to rutile phase. Furthermore, the 

bands at 275, 717.8, and 807.3 cm−1 could be attributed to WO3 phase. The profiles of peaks such 

as intensity and their positions are relatively influenced by the subsequent modifications with the 

incorporation of WO3, H2 treatment and Pt deposition, which are in well-agreement with its 

respective discussion from the XRD results. For instance, the observed shift in the peak 

corresponding to TiO2 in H2-Pt-G:TiO2/WO3 with respect to bare-TiO2 could be attributed to the 

reduced crystallite size 56 and defects-mediated structural changes in TiO2 57,58. These defects may 

act as traps for the charge carriers and increase the photoactivity of the material to a greater 

extent59. 

 The UV-visible absorption spectra of the synthesized TiO2, G:TiO2/WO3 and H2-Pt-

G:TiO2/WO3 RPCs are displayed in Figure 5a. It can be observed that the typical absorption band 

of TiO2 has been slightly shifted in the case of G:TiO2/WO3, whereas, it has been drastically shifted 

towards visible light region in the case of H2-Pt-G:TiO2/WO3. In addition, a shoulder band is also 

observed around 490 nm, which could be attributed to the H2 treatment and Pt deposition induced 

optical enhancement in H2-Pt-G:TiO2/WO3 system 60,61. These observed changes in the optical 

absorption profile of H2-Pt-G:TiO2/WO3 could be attributed to the several factors such as the 

composite induced electron transitions in the system, oxygen vacancies induced optical 

enhancements and the synergistic optical enhancements due to the integration of multiple systems 

such as TiO2, WO3 and Pt along with the effect of carbon-based template and H2 treatments. 

Furthermore, the band gap energy of these systems was calculated using Tauc plot 64, where the 

band gap energy of TiO2, G:TiO2/WO3 and H2-Pt-G:TiO2/WO3 was estimated to be 3.18,2.84 and 

2.61 eV, respectively. The observed band gap reduction in G:TiO2/WO3 could be attributed to the 

composite formation-induced optical transition in the system, while a drastic reduction in the band 

gap energy of H2-Pt-G:TiO2/WO3 was attributed to the synergistic effects in the optical transition 

between the TiO2/WO3/Pt systems along with the glucose template and H2 treatment induced 

defective structures in the system.  



 

 

Figure 4. a) XRD and b) Raman spectra of the TiO2, G:TiO2/WO3, and H2-Pt-G:TiO2/WO3 samples. 
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Photoluminescence (PL) spectra were obtained to investigate the radiative recombination 

probabilities in the synthesized TiO2, G:TiO2/WO3 and H2-Pt-G:TiO2/WO3 photocatalyst systems 

(Figure 5b). As seen, the photoluminescence intensity of the H2-Pt-G:TiO2/WO3 RPC has been 

significantly reduced as compared to other samples, which could be related to the lower e−/h+ 

recombination probability in H2-Pt-G:TiO2/WO3. The radiative recombination is significantly 

reduced due to the heterojunction formation between TiO2 and WO3, where the photogenerated 

electrons and holes have been effectively separated at interface and drastically reduced their decay 

and recombination time. Furthermore, such recombination of charge carriers is further reduced in 

H2-Pt-G:TiO2/WO3 due to the oxygen vacancies that effectively trap the electrons and slow down 

their recombination. Furthermore, the photographic image given as the insert in Figure 5a, the 

color of the sample is turned from white (G:TiO2/WO3) to grayish (H2-Pt-G:TiO2/WO3) indicating 

that H2-Pt-G:TiO2/WO3 can strongly absorb visible light photons, where such properties 

essentially originated due to the synergistic optical enhancements and existence oxygen vacancies 

in the system.  

 

Figure 5. a) UV-vis and b) Photoluminescence (PL) spectra of the TiO2, G:TiO2/WO3, and H2-Pt-G:TiO2/WO3 

samples. 
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Ti 2p XPS spectrum of  G:TiO2/WO3 and H2-Pt-G:TiO2/WO3 shows two peaks at 458.4 eV and 

464.1 eV, which are characteristic of related to Ti4+ in TiO2. A slight asymmetry of the Ti peak 

could be ascribed to the presence of Ti-C bonds at 460.2 eV and 466.2 eV possibly coming from 

the reaction with the glucose template 65,66. The Ti 2p peak is known to display important changes 

depending on the chemical surrounding of the Ti atom and therefore by considering the similarities 

between the obtained Ti 2p, any changes in the bonding environment states due to the H2 treatment 

can be excluded 67,68. For G:TiO2/WO3 sample, only two XPS peaks at 38.4 and 36.3 eV which 

are characteristic of W6+ A change of shape for the W 4f peak is unambiguously observed in H2-

Pt-G:TiO2/WO3 RPC as compared to G:TiO2/WO3. By deconvoluting the peaks, a broadening of 

the W 4f7/2 and W 4f5/2 peaks is found in as a consequence of the H2 treatment. The FWHM of both 

W 4f7/2 and W 4f5 peaks changes from 1.15±0.02 eV (G:TiO2/WO3) to 1.36±0.03 eV (H2-Pt-

G:TiO2/WO3). Peak broadening is typically associated to the chemical disorders in the system, 

which can be related to the formation of suboxide phases such as WO3-δ in the reducing 

environment. An additional shoulder peak at lower binding does not present in the first case may 

also indicate a small amount (below ~3%) of W in the 4+ oxidation state. Therefore, a higher 

concentration for oxygen vacancies in the WO3−x matrix can be attained due to H2 treatment acting 

as trapping sites to store electrons. Moreover, the presence of these vacancies is displayed by the 

enhanced absorption in the visible light region, confirming that solar harvesting is remarkably 

improved 69,70. 



 

Figure 6. a-c) XPS narrow scan spectra(Ti 2p and W 4f) of G:TiO2/WO3, and H2-Pt-G:TiO2/WO3 RPCs. 
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formed upon the removal of glucose molecules by the calcination process 71. Moreover, it is 
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mesopores lead to extend the adsorption towards the visible light, contributing a better 

photoactivity 74–76.  
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 The photoactivity of the synthesized TiO2, G:TiO2/WO3 and H2-Pt-G:TiO2/WO3 RPC was 

investigated for their efficiency in MeOH decomposition under visible light (λ ≥ 420 nm) and in 

dark conditions (Figure 7). As seen, there was a significant enhancement in H2-Pt-G:TiO2/WO3 

was observed towards the decomposition of MeOH under both visible light and in dark conditions. 

The results showed that the G:TiO2/WO3 degraded around 33.15% of MeOH at the end of 2 h 

under light irradiation and up to 24 % in dark, whereas H2-Pt-G:TiO2/WO3 degraded around 61% 

and 33% of MeOH in light and dark conditions, respectively. The observed increased 

decomposition rate under illumination over H2-Pt-G:TiO2/WO3 could be attributed to their 

enhanced catalytic properties originated due to the presence of oxygen vacancies and Pt 

nanoparticles. Notably, Pt nanoparticles enable an efficient charge separation in the system as they 

provide pathways for the effective separation of the excited electrons 30,11. Interestingly, after the 

light was turned off, the activity of H2-Pt-G:TiO2/WO3 RPC was still progressed with higher rate 

than G:TiO2/WO3. The reason for such activity under dark conditions may be attributed to the H2 

treatment-induced creation of defects in TiO2/WO3 heterostructure that probably 

introduced/improved the electron storage ability in the system. During the light irradiation, a 

portion of electrons involved in the photocatalytic reactions, while the remaining electrons were 

stored in the defective structures of TiO2/WO3 heterostructure and once the light was turned off, 

these stored electrons get released and continued the catalytic reactions. Especially, the activity of 

H2-Pt-G:TiO2/WO3 under dark conditions could be attributed to the electron storage ability of the 

defective WO3 system, which supplied the stored electrons under dark to react with the 

surrounding molecules to degrade MeOH. In this process, the domains of WO3-x on the TiO2-y 

surface acted as the acceptor of photo-promoted CB electrons, which in turn increased the 

efficiency of charge carrier separation, since W6+ ions could be easily reduced to W5+. Notably, 

the developed synthetic route seems to be efficient to couple the two oxides and metal NPs, which 

eventually led to the effective formation of a system with improved electron storage abilities 77,78. 

To have a comparison on photoactivity performance, some of the recent researches working on 

TiO2/ WO3 based structures are listed in Table 3. 



 

Figure 7. Decomposition of MeOH as a function of reaction time under visible light illumination and in the dark for  

the samples. 

Table 2: Anatase phase ration, kinetic constants of photocatalytic MeOH decomposition under solar light and 

in the dark, and BET surface area (m2/g) for the TiO2, G:TiO2/WO3, and H2-Pt-G:TiO2/WO3 

 

To understand the observed enhanced efficiencies in H2-Pt-G:TiO2/WO3 RPC, study of the 

space charge at the TiO2/WO3 interface is important. Therefore, the Mott-Schottky (M-S) 

measurement was realized to be a potential technique to reveal both the dopant density and flat 

band potential at semiconductor/liquid contacts 79,80. Figure 8a shows the Mott–Schottky (C-2A–

V) plots for the synthesized systems, indicating a positive slope for all four samples meaning that 

they are n-type semiconductors. As can be seen in Figure 8a, the flat-band potential (Vfb) can be 

measured b -0.68, -0.84, and -1 V (versus SCE)for the TiO2, G:TiO2/WO3 and H2-Pt-G:TiO2/WO3, 

respectively. Compared with other samples, the Vfb of H2-Pt-G:TiO2/WO3 has been found to have 
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TiO2 93 n/a 0.939 n/a 0.9923 77.9 

G:TiO2/WO3 80 -0.00329 0.96961 -0.00122 0.93872 112.2 

H2-Pt-G:TiO2/WO3 71 -0.00736 0.99015 -0.00524 0.99071 188 



a lower potential, confirming attributing to a higher carrier concentration and charge transfer 

possibly due to the existence of oxygen vacancies created by H2 thermal treatment. Accordingly, 

H2-Pt-G:TiO2/WO3 exhibited the highest photoactivity. The Mott–Schottky equation can be given 

through the following equation: 

𝑑𝑑𝑑𝑑−2

𝑑𝑑𝑑𝑑
= −

2
𝜀𝜀𝜀𝜀𝑜𝑜𝐴𝐴2𝑒𝑒𝑁𝑁𝐷𝐷

 (𝑉𝑉 − 𝑉𝑉𝑓𝑓𝑓𝑓 −
𝑘𝑘𝐵𝐵𝑇𝑇
𝑒𝑒

) 

Where, e is the electronic charge (1.60*1019 C), εo is the vacuum permittivity (8.85*1012 Fm-1), ε 

the relative dielectricconstant (105 was estimated for TiO2/WO3 system) 81,  C and Aare the 

interfacial capacitance and area, respectively, ND the number of donors, V the applied voltage, kB 

is Boltzmann’s constant and T is the absolute temperature. The value of ND can also be determined 

from the slope of a plot of 1/C2 (on Y-axis) versus V (X-axis), knowing ε conveniently. 

Table 3. Photocatalytic degradation of different pollutants over TiO2/ WO3 based photocatalysts. 

Composite 
Light 

source 

Degradation time 

under 

illumination/Rate 

Dye 

Concentration 
Dye type 

Photocatalyst 

amount 

Pt-WO3/TiO2 38  visible light 24 h / 60.6 % 17.2 μmol Acetic acid 50 mg 

TiO2/WO3 82 

 
visible light 120 min/ 31 % 1 ppm Acetaldehyde 0.1 gL−1 

carbon-doped 

crystalline TiO2 83 
visible light 300 min/ 60 % 100 mL, 5 mg/L RhB  10 mg 

TiO2/WO3 84 
simulated 

sunlight 
12 h/ 60 % 8 mg/L 

dihydroxybenzoic 

acid 
Thin film 

TiO2/WO3 84 Vis light 8 h/ 80 % 
30 mg/L, 500 

mL 
Acid red 0.2 g/L                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                         

N-doped 

TiO2/WO3 85 

 

visible light 180 min/ 40 % 1.2 ppm hexane 0.5 g 

TiO2/WO3 86 UV light 120 min/ 80 % 2 × 10−4 M 4- chlorophenol 1.2 g/L 

TiO2/WO3/GO 87 

 
sunlight 7 h/ 90 % 50 ml, 10 mg/l  bisphenol A  2 mg  

TiO2/WO3 88 

 
UV light 210 min/ 57 % 

2 × 10−5 mol 

L−1 
Methylene blue 0.1 g L−1 

TiO2/WO3 89 visible light 300 min/ 15 % 10−3 M 4-chlorophenol Thin film 

 

https://www.sciencedirect.com/topics/chemical-engineering/bisphenol-a


 The donor density is found to be increased in the following order, 3.9*1017, 1.1*1018, and 

1.55*1018 cm-3 for TiO2, G:TiO2/WO3 and H2-Pt-G:TiO2/WO3, respectively. Furthermore, H2-Pt-

G:TiO2/WO3 RPC has a higher donor density than that of TiO2 and G:TiO2/WO3 systems indicating 

an increase in the charge separation performance. The increased donor density enhances both the 

charge transport in the samples due to the H2 treatment and the electron transfer in interface of the 

material and FTO substrate. Furthermore, the increased electron density in the H2 treated system 

i.e. H2-Pt-G:TiO2/WO3 could led to shift of TiO2 Fermi level towards the CB, facilitating the 

enhanced charge separation at the H2-Pt-G:TiO2/WO3/electrolyte interface 90. 

 As to further validate the observations, the photocurrent density measurements (Figure 8b) 

were performed under irradiation to evaluate the separation of the electron/hole pairs in the 

synthesized materials. It is observed that H2-Pt-G:TiO2/WO3 RPC shows higher photocurrent 

density as compared to other samples (about 100 μA/cm2). Such enhancement in H2-Pt-

G:TiO2/WO3 can be related to appropriate interfacial contacts between TiO2-WO3, rutile fractions 

in TiO2 and the enhanced oxygen vacancies.  

In accordance with the photocurrent density properties, the observed smaller semicircle in 

the Nyquist plot (Figure 8c) of H2-Pt-G:TiO2/WO3 RPC demonstrates the existence of lower 

charge transfer resistance and efficient transport and separation of electron-hole pairs in the system 
91,92. Notably, the Nyquist plots indicated that the TiO2 had a very large arc radius, which 

essentially represented the higher charge transfer 93,94. It can be seen that the arc radius of H2-Pt-

G:TiO2/WO3 RPC is smaller than that of TiO2 and G:TiO2/WO3. This smallest radius of the arc 

essentially indicates the minimal resistance i.e. the maximum charge separation and transfer 

process in the system.  

 These results may indicate superior photocatalytic activity of H2-Pt-G:TiO2/WO3 RPC, 

implying that the oxygen vacancies and Pt cocatalyst have played a key role in enhancing the 

charge separations and transportations. As the electrons were effectively transferred to different 

sites due to presence of Pt nanoparticles, more number of holes participated in the decomposition 

of methanol and increased the photocatalytic activity of H2-Pt-G:TiO2/WO3 RPC. Moreover, large 

amounts of oxygen vacancies are formed due to the H2 treatment, which led to the formation of 

defective band structures in the band gaps of the host system. Furthermore, as a matter of fact, 

there were more trapping sites available for the storage of electrons essentially due to an upshift 



in the Fermi level caused by the defect bands. Therefore, these oxygen vacancies were desirable 

for the separation of the photogenerated electron–hole pairs 13. In addition to this, a multi-electron 

reduction of O2 over Pt was also facilitated, which eventually supported towards the enhanced 

MeOH decomposition under visible light and  dark conditions. 

 

 

Figure 8. a) Mott-Schottky plots and calculated flat band potentials, b) photocurrent response, and c) electrochemical 

impedance spectroscopy (EIS) Nyquist plots of the for TiO2, G:TiO2/WO3, and H2-Pt-G:TiO2/WO3. 
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4. Conclusion 

In this paper, we reported a new PRC named the H2-Pt-G:TiO2/WO3 RPC and studied its structure 

and performance to photodegrade of pollutants round the clock. By comparing the morphology of 

the samples, the H2-Pt-G:TiO2/WO3 agglomeration was found to be increased attributing to its  

relatively reduced particle size affected by H2 treatment and Pt deposition. The XRD results 

showed increasing in rutile content for this sample affected by the thermal template removal, 

formation of crystalline WO3 and H2 treatment process. The Raman profiles confirmed decreasing 

of crystallite size and defects-mediated structural changes in the H2-Pt-G:TiO2/WO3. A shift in 

UV absorption towards visible light and a shoulder band around 490 nm in the case of  the H2-Pt-

G:TiO2/WO3 were observed attributing to the oxygen vacancies and the optical enhancements due 

to effect of our multiple system including TiO2, WO3 and Pt. Furthermore, decreasing the band 

gap energy of this sample could be attributed to the optical transition in the TiO2/WO3/Pt system 

and defective structures due to the glucose template and H2 treatment. A high oxygen vacancy 

concentration in the WO3−x matrix confirmed by XPS achieving after H2 treatment which is 

demonstrated by the enhanced absorption in the visible light. Moreover, lower charge 

recombination rate  and higher surface area affected by H2 treatment for the H2-Pt-G:TiO2/WO3 

RPC were confirmed by PL and BET analyses respectively. The photoactivity results presented 

that the H2-Pt-G:TiO2/WO3 degraded MeOH around 61% and 33% in light and dark, respectively. 

The improvement could be related to higher surface area, the presence of oxygen vacancies, effect 

of Pt nanoparticles and the electron storage ability of the defective WO3 system. Electrochemical 

measurements confirmed a better performance in the H2-Pt-G:TiO2/WO3 relating to an appropriate 

interfacial contacts TiO2/WO3 and a maximum charge separation/ transfer in the system due to 

existence of oxygen vacancies.  
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