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1. Introduction 

 

 Environmental pollution is a severe worldwide problem that can lead to serious health 

issues and diseases [1,2]. Water, air, and soil pollution are the most significant contributors to the 

declining health of an individual [2,3] and can be classified into primary or secondary pollution 

classes. The former is considered the pollution from industry (Figure 1) since it is the leading water 

polluter, releasing millions of tons of harmful chemicals like reactants [4], solvents [5], lubricants 

[6], oils [7], and dyes [8] into the environment [9]. Secondary pollution can be considered the one 

produced in households, hospitals, and agriculture (Figure 1), such as alkaloids [10], 

pharmaceuticals and their by-products [11], disinfectants and their by-products [12], microplastics 

[13], pesticides and fertilizers [14,15]. Some pollutants are present in polluted water in small 

concentrations (micromolar and nanomolar) [16,17], and for efficient removal of the pollutants, 

the ability to detect them is just as important as removing them. 

 

Figure 1. Primary (industries, transportation, and electronics) and secondary (households, 

hospitals, and agriculture) sources of environmental pollution. 

 

The detection of organic pollutants can be carried out qualitatively or quantitively [18,19]. 

Qualitative detection of organic pollutants can be considered a viable option because it is cost-

effective, straightforward to use, provides a fast response, and is observable with the naked eye 

(e.g., color change [20]). The sensors’ ability to detect pollutants is due to their photochromic (PC) 

and electrochromic (EC) properties [21]. The drawback of qualitative sensors is their modest limit 

of detection (LOD). Quantitative detection of organic pollutants is a more exact method, and it can 

detect chemicals in very low concentrations (10-5 – 10-10 M). For this purpose, techniques such as 
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HPLC, GC, GC-MS, and SERS can be employed [22–26]. The highly sensitive SERS technique 

is widely utilized to detect chemical compounds even in ultralow concentrations (10-12 – 10-14 M) 

[27–29]. 

 Many well-known methods are used for water treatment, such as biological (liquefaction, 

biodegradation, and phytoremediation), chemical (ion exchange, ozonation, and electrochemistry), 

or physical approaches (precipitation, flotation, and adsorption) [30–33], but these methods either 

have a low efficiency or are expensive. A relatively new technology, specifically the advanced 

oxidation processes (AOPs), can serve as a viable option for water treatment since it is cost-

effective, environmentally friendly, easily applicable, and, most importantly, highly efficient in 

removing organic pollutants [34]. Methods such as Fenton oxidation, photolysis, ozonation, or 

heterogenous photocatalysis are considered among the AOPs [35]. From them, heterogenous 

photocatalysis is the most widely applied approach in research [36] since, after the photocatalytic 

process the spent photocatalysts can be recovered and utilized after several cycles [37,38], 

although in some cases, the photocatalysts need to be regenerated [39,40]. 

  

Aim of the Ph.D. thesis 

The aim of this thesis was focused on the synthesis of heterostructures (based on TiO2/WO3 

and Au/TiO2/WO3) that can efficiently remove several model pollutants (MPT) under UV and Vis 

irradiation and can be employed as sensors to detect chemical contaminants. This research also 

investigated the possible links between the heterostructures’ structural and optical properties and 

their photocatalytic and sensorial activity. 
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Structure of the thesis 

I. Impact of different hydrohalic acids, sodium and potassium salts and their electronegativity 

on tungsten oxide semiconductors’ morpho-structural properties; and on TiO2/WO3, 

TiO2/WO3∙0.33H2O heterojunctions photocatalytic performance 

• Hydrothermal crystallization of tungsten oxides utilizing Na2WO4∙2H2O, sodium salts 

(NaF, NaCl, NaBr, NaI) or potassium salts (KF, KCl, KBr, KI), and 3 M HCl solution 

• Hydrothermal crystallization and annealing of tungsten oxides semiconductors 

utilizing (NH4)6H2W12O40·xH2O, and hydrohalic acids (HF, HCl, HBr, HI) 

• Photocatalytic efficiency investigations of TiO2/WO3 composites under UV light 

exposure: methyl orange (MO) photocatalytic decolorization 

• Influence of electronegativity on tungsten oxides’ surface chemistry, structural, optical 

properties, and the assessed photocatalytic performance 

II. Optimization of TiO2 to WO3 ratio in TiO2/WO3 heterostructures for enhanced 

photocatalytic efficiency under UV light exposure 

• Preparation of TiO2/WO3-AMT-HCl heterostructures with various TiO2 and WO3 

ratios 

• Optical and structural characterization of the TiO2/WO3-AMT-HCl heterostructures 

• Photocatalytic efficiency assessment of the TiO2/WO3-AMT-HCl heterostructures 

under UV light exposure: oxalic acid (OA) photocatalytic degradation 

• Qualitative detection of OA solutions under UV-A exposure with TiO2/WO3-AMT-

HCl heterostructures (76:24 TiO2 to WO3 ratio) 

III. Optimization of TiO2/WO3 heterostructures via pH adjustment of the TiO2-WO3-AMT-

HCl-WO3-HW ternary composites for enhanced photocatalytic efficiency 

• Preparation of the TiO2-WO3-AMT-HCl-WO3-HW composites 

• Morpho-structural and optical characterization of the TiO2-WO3-AMT-HCl-WO3-HW 

composites 

• Photocatalytic efficiency assessment of the TiO2-WO3-AMT-HCl-WO3-HW 

composites under UV light exposure: OA, MO, and phenol (PHE) photocatalytic 

degradation 
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• Correlations established between the pH-adjusted ternary composites'  structural and 

optical parameters and their photocatalytic efficiencies 

IV. Electron trapping in TiO2/WO3-NWH-NaCl, TiO2-WO3-AMT-HCl heterostructures for 

applications in AOPs and sensing 

• Preparation of the TiO2/WO3-NWH-NaCl, and TiO2/WO3-AMT-HCl heterostructures 

• Structural and optical characterization of commercial TiO2, WO3-NWH-NaCl, and 

WO3-AMT-HCl metal oxides 

• Charge transfer in TiO2/WO3-NWH-NaCl heterostructures (EtOH vapor detection 

under brief UV light irradiation) 

• The photocatalytic performance of TiO2/WO3-NWH-NaCl, and TiO2/WO3-AMT-HCl 

heterostructures under UV light exposure (OA and MO photodegradation) 

• TiO2/WO3 heterostructures sensory applicability in open systems (OA detection under 

direct sunlight) 

V. Applications in heterogeneous photocatalysis and surface-enhanced Raman spectroscopy 

of WO3 and WO3∙0.33H2O morphology-dependent Au/TiO2/WO3 heterojunctions 

• Synthesis of the Au/TiO2/WO3 heterojunctions 

• Morpho-structural and optical characterization of the Au/TiO2/WO3 heterojunctions 

• Photocatalytic recyclability and stability of the Au/TiO2/WO3 heterojunctions 

• Crystal violet dye detection on Au/TiO2/WO3 substrates using SERS 

• Stability of the Au/TiO2/WO3 composite as SERS substrates 

 

Hydrothermal crystallization of electronegativity-dependent WO3 and 

WO3∙0.33H2O semiconductors 

 

 Three sample series were obtained employing the hydrothermal crystallization method. In 

the case of the first and second series, the precursor was the sodium tungstate dihydrate (NWH, 

99.9%, Sigma–Aldrich), and ammonium metatungstate hydrate (AMT, 99.9%, Sigma–Aldrich) 

was the precursor for the third series. The shaping agents of the first and second series were sodium 

(NaF, NaCl, NaBr, NaI) and potassium salts (KF, KCl, KBr, KI), whereas concentrated hydrohalic 

acids (HF, HCl, HBr, HI) were the shaping agents in the case of the third series. Concerning the 
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first and second series, the NWH precursor and the corresponding sodium or potassium salts were 

added into distilled water to obtain the desired solution, then the solutions’ pH was adjusted to a 

pH value of ≈ 2. The protonated solutions were stirred, then transferred to an autoclave for the 

hydrothermal treatment that occurred at 180 °C for 24 hours. The synthesized tungsten oxides 

further on will be referred to as WO3-NWH-NaX in the case of the first series and as WO3-NWH-

KX in the case of the second series. 

 Regarding the third series, the AMT precursor and the corresponding hydrohalic acids were 

added into distilled water, then they were stirred. After transferring the solutions into the autoclave, 

the hydrothermal crystallization was carried out for 4 hours at 180 °C. The obtained materials were 

also annealed in a furnace for 30 minutes at 500 °C. The synthesized tungsten oxides further on 

will be referred to as WO3-AMT-HX. Figure 2 summarizes the 11 obtained tungsten oxide 

semiconductors. 

 

 

Figure 2. SEM micrographs of the electronegativity-dependent tungsten oxides. 

 

 The obtained tungsten oxide semiconductors exhibited no photocatalytic activity, 

regardless of the chosen model pollutant: oxalic acid (OA), phenol (PHE) or methyl orange (MO) 

nor under UV or Vis light exposure. TiO2/WO3 composites were prepared via mechanical mixing 

I─Br─Cl─F─
Anions

Cations

Na+

ØK+

H+
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to overcome the WO3 semiconductors’ idleness, where commercial Evonik Aeroxide TiO2 (P25) 

was selected as a counterpart for the tungsten oxides due to its wide availability, cost-effectiveness 

and high photocatalytic efficiency under UV light exposure for a wide variety of pollutants. 

Regarding the decolorization of MO under UV light exposure, the best-performing composite from 

the first series was TiO2/WO3-NWH-NaI, from the second series was TiO2/WO3-NWH-KI, and 

from the third series, the best-performing composites were TiO2/WO3-AMT-HCl and TiO2/WO3-

AMT-HF, as they reached MO decolorization rates of 67.4%; 69.3%; 84.6% and 87.7%. 

Commercial TiO2 reached an 82.8% MO decolorization rate. From the obtained 11 tungsten oxide 

semiconductors and 11 TiO2/WO3 composites, WO3-NWH-NaCl and WO3-AMT-HCl tungsten 

oxides, and TiO2/WO3-NWH-NaCl and TiO2/WO3-AMT-HCl composites were selected to be 

studied in greater detail due to their advantageous surface chemistry, structural and optical 

properties, and furthermore because their ample synthesis yield (WO3 semiconductors’). 

 

Optimization of the TiO2/WO3 heterostructures to obtain composites with 

enhanced photocatalytic efficiencies and sensing properties under UV light 

exposure 

 

 The first optimization stage involved determining the optimal TiO2 and WO3 percentages 

in the TiO2/WO3 heterostructures and their preparation via mechanical mixing. The optimal TiO2 

to WO3 ratio was determined through photocatalytic removal of 3 mM OA under UV light 

exposure with various TiO2/WO3 composites. The best-performing TiO2/WO3 heterostructure 

removed 99% of the OA pollutant, and in consequence, it was selected to detect and remove OA 

in different concentrations simultaneously. Five TiO2/WO3 heterostructures with various TiO2 and 

WO3 percentages were prepared. 

 

 For the second optimization stage, novel TiO2/WO3 heterostructures were prepared by 

incorporating two types of WO3 with diverse geometries and different structural and optical 

properties. The novel TiO2/WO3 heterostructures were obtained via the pH adjustment method: 

commercial TiO2, WO3-HW, and WO3-AMT-HCl semiconductors were added to distilled water 

to obtain the suspensions, then the suspensions’ pH was adjusted to pH values of 1, or 4, or 7, or 

10. The photocatalytic efficiencies of the obtained ternary composites were assessed by removing 
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model pollutants such as OA, MO, or PHE under UV light exposure. The best-performing ternary 

composites efficiently removed 72.3% and 95.9% of OA (TiO2 removed 47.9%); 83.5% and 

87.7% of PHE (TiO2 removed 86.8%); and 97.0% and 98.7% of MO (TiO2 removed 82.8%). Four 

novel TiO2/WO3 heterostructures were prepared. 

  

The third optimization stage involved preparing the TiO2/WO3 composites through the 

simple suspension method. To obtain the suspensions, commercial TiO2, WO3-NWH-NaCl, or 

WO3-AMT-HCl were added to distilled water. The photocatalytic efficiencies of the obtained 

TiO2/WO3 heterostructures were investigated under UV light exposure by removing OA and MO 

model pollutants. The best-performing composites removed efficiently 77.2% of OA (TiO2 

removed 95.7%), 88.9%, and 96.7% of MO (TiO2 removed 82.8%). The obtained TiO2/WO3 

heterostructures sensing capabilities under UV light or direct sunlight exposure were also assessed 

in closed and open systems. Two TiO2/WO3 heterostructures were prepared. 

 

Synthesis of tungsten oxide morphology-dependent Au/TiO2/WO3 

heterojunctions with applications in heterogeneous photocatalysis and surface-

enhanced Raman spectroscopy 

 

 Tungsten oxides (WO3-HW, WO3-NWH, WO3-AMT) with three different geometries 

(blade-like, rod-like, and flower-like), commercial TiO2, and HAuCl4 solutions were employed to 

synthesize the Au/TiO2/WO3 heterojunctions. A slightly modified Turkevich-Frens method was 

utilized to deposit the gold nanoparticles (Au NPs) on the TiO2/WO3 composites’ surface. Two 

deposition routes were utilized for the reduction of Au NPs: the heat-assisted route (HA) and the 

time-assisted route (TA). The obtained Au/TiO2/WO3 heterojunctions’ photocatalytic efficiency 

was assessed by removing model pollutants such as OA, PHE, and MO under UV light, 

respectively aspirin (ASP) under Vis light exposure. The Au/TiO2/WO3 heterojunctions were 

employed as SERS substrates for detecting crystal violet dye in 10-6 – 10-8 M concentration range. 

The best-performing heterojunctions removed efficiently 96.6% of OA; 99.0% of PHE; 97.9% of 

MO; and 82.1% of ASP; moreover, the best-performing substrates reached a 10-8 M detection limit 

for the crystal violet dye. Six Au/TiO2/WO3 heterojunctions were prepared. 
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2. Morphological and structural characterization of the materials 

2.1 Scanning Electron Microscopy (SEM) 

 

Scanning Electron Microscopy (SEM) micrographs were acquired using a Hitachi S-4700 

Type II cold field emission scanning electron microscope equipped with a Röntec QX2-EDS 

spectrometer. The apparatus was operated at an accelerating voltage of 30 kV. 

 

2.2 Energy Dispersive Spectroscopy (EDX) 

 

EDX analysis was performed with a Hitachi S-4700 Type II microscope (Japan, Tokyo) 

equipped with a cold field emission gun using a Röntec XFlash Detector 3001 detector (Bruker, 

Karlsruhe, Germany). 

 

2.3 Transmission Electron Microscopy (TEM) 

 

In order to investigate the nano-scale assembly of the Au/TiO2/WO3 heterostructures, 

transmission electron microscopy (TEM) analyses were conducted using an FEI Tecnai F20 field 

emission high-resolution transmission electron microscope. The microscope was operated at an 

accelerating voltage of 200 kV and was equipped with an Eagle 4k CCD camera. The samples 

were dispersed in distilled water and applied onto carbon-coated Formwar-Cu grids using a drop-

casting technique. The size distribution of the gold nanospheres was ascertained via analysis of 

transmission electron microscopy (TEM) images, wherein no less than 100 nanoparticles were 

accounted for in each case. 

 

2.4 X-ray Powder Diffraction (XRD) 

 

 XRD diffractograms were recorded on a Shimadzu 6000 diffractometer (Shimadzu 

Corporation, Kyoto, Japan) using a Cu-Kα source (λ = 1.5406 Å). Metal oxides’ crystalline phases 

were identified using the JCPDS database. The majority of XRD patterns were acquired between 

20° – 40°, in some cases between 20° – 50°.  
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The speed, in all cases, was 2°∙min-1. The average crystallite size of the tungsten oxides 

was determined according to the Debye Scherrer equation (Equation 1) [41].  

D =  (K ∙ λ) ∙ (cosθ ∙ β)−1      (1) 

where D is the crystallite size of the nanoparticle (nm), the Scherrer constant is K (0.89), λ 

is the wavelength of the employed X-ray beam (0.15405 nm), θ is the Bragg angle, and β is the 

full width at half maximum (FWHM) of the diffraction peak. 

 

2.5 Diffuse Reflectance Spectroscopy (DRS) 

 

Reflectance spectra were recorded on a JASCO-V650 spectrophotometer (Easton, 

Maryland, United States) fitted with an ILV-724 integration sphere (Easton, Maryland, United 

States). Diffuse reflectance spectra of each material were acquired in the 250 – 800 nm spectral 

domain. BaSO4 was the reference material. In most cases, the band gap (Eg) values were estimated 

from the diffuse reflectance spectra by employing the Kubelka-Munk equation (2) or the Tauc 

plot, respectively the David-Mott relation (3) [42–44]. 

f(R∞) =  
(1−R∞)2

2R∞
 =

K

S
    (2) 

(αhv)n  = K(hv − Eg)   (3) 

 The Eg values of the pH-adjusted TiO2-WO3-AMT-HCl-WO3-HW composites were rather 

difficult to calculate with the Kubelka-Munk or Tauc plot approach due to the three metal oxides 

present in the composites. So, to overcome the issue of the Eg values, they were estimated by 

employing the first-order derivative of the composite’s reflectance spectra, then a second order 

polynomial Savitzky – Golay smoothing with a 10-point window was applied. Utilizing the peak 

assignment tool, respectively, the Menke relation [45], the Eg values of the three components were 

determined in each composite system. 

 

2.6 Fourier Transform Infrared Spectroscopy (FT-IR spectroscopy) 

 

The samples FT-IR absorption spectra were acquired by employing a Jasco 6000 (Tokyo, 

Japan) spectrometer in reflection configuration at 22 – 23 °C. The absorption spectra were recorded 
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in the range between 400 and 4000 cm-1. The resolution of the absorption spectra was 4 cm-1. Using 

KBr, all investigated materials were prepared as pellets in a hydraulic press. 

 

2.7 Raman Spectroscopy 

 

Raman spectra of the samples were recorded with a multilaser confocal Renishaw inVia 

Reflex Raman spectrometer equipped with a RenCam CCD detector. The 532 nm laser was applied 

as an excitation source. The Raman spectra were collected using a 0.9NA objective of 100 × 

magnification. The integration time was 30 s, 1800 lines/mm grating for all spectra, and 10% of 

the maximum laser intensity – laser power of 20 mW. The spectral resolution was 4 cm−1.  

Several Raman bands ratios were estimated to approximate surface defects. Regarding pH-

adjusted composites, the ratios of I324 cm−1/I714 cm−1 and I943 cm−1/I805 cm−1 WO3 metal oxides 

were analyzed; concerning the electronegativity-dependent tungsten oxides the ratio of I327/I701 

(sodium halide series – NaX), I327/I804 (potassium halide series – KX), and I327/I802 (hydrohalic 

acids series – HX). Regarding Au/TiO2/WO3 composites the TiO2-A and hydrated WO3 Raman 

band ratios were calculated (I515/I396 and I810/I926) to estimate the influence of surface 

modifications. 

 

2.7.1 Surface Enhanced Raman Spectroscopy (SERS) 

 

 SERS spectra of the CV dye were recorded using a λ = 633 nm laser and a microscope 

objective with a NA of 0.35 at 20× magnification, in the range of 100–1800 cm–1. The integration 

time was 90 s for all spectra with a laser power of 17 mW. The Raman and SERS spectra had a 

spectral resolution of 4 cm–1. To demonstrate the substrates’ SERS stability, CV spectra were 

recorded at various concentrations (10−6–10−8 M) after ≈ 4 years under similar conditions. 

 

2.8 X-ray Photoelectron Spectroscopy (XPS) 

 

 XPS measurements were conducted using a SPECS Phoibos 150 MCD system equipped 

with an Al-Kα source (1486.6 eV) at 14 kV and 20 mA, a hemispherical analyzer, and a charge 

neutralization device. All samples were fixed on a double-sided carbon tape that was completely 
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covered by them. The binding energy scale was charged, referenced to the C 1s at 284.6 eV. High-

resolution W 4f and O 1s, respectively W 4f, W 4d, W 4p, Ti2p, and Au 4f spectra were obtained 

using an analyzer to pass energy of 20 eV in steps of 0.05 eV for the analyzed samples. The data 

analysis was carried out with CasaXPS software. 

 

2.9 Photoluminescence Spectroscopy (PL spectroscopy) 

 

 The PL spectra were measured using a fluorescence spectrophotometer, specifically the 

Jasco LP-6500 spectrofluorometer manufactured by Jasco in Vienna, Austria. The 

spectrophotometer had a spectral resolution of 1 nm and utilized a Xenon lamp as the excitation 

source. Additionally, it was equipped with an epifluorescence accessory in the form of the EFA 

383 module. The measurements were recorded within the 350–800 nm wavelength range, using 

fixed excitation wavelengths at 365 and 450 nm. 

 

3. Photocatalytic setups and experiments 

 

 To perform the photocatalytic tests, double-walled Pyrex glass tubes (Pyrex photoreactors) 

were utilized (V = 140 mL), which could warrant a constant temperature of 25 °C through a 

thermostat. The duration of the photocatalytic tests under UV-A irradiation was 2 hours, and under 

Vis irradiation was 4 hours. The photocatalytic efficiency of TiO2, TiO2/WO3 and Au/TiO2/WO3 

heterostructures, respectively, was determined by employing Equation 4. 

X =  [1 − (
Ctf

C0
)]  × 100       (4) 

where X represents the removal rate, C0 is the original pollutant concentration, Ctf represents the 

pollutant concentration after two hours of UV light irradiation, or after four hours of Vis 

irradiation. 

 

3.1 Photocatalytic tests performed under UV light irradiation 

 

Photocatalytic assessments were performed with the help of 6 × 6W power fluorescent 

ultraviolet tubes (λ max = 365 nm), which had been positioned circularly around the Pyrex 

photoreactor. For all photocatalytic tests under UV-A irradiation, the same parameters were 
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applied: constant temperature of 25 °C, constant stirring at 500 rpm, constant airflow of 50 – 60 

L∙h-1 (to ensure the continuous flow of dissolved oxygen concentration), and 1 g∙L-1 catalyst load. 

 

3.2 Photocatalytic tests performed under Vis light irradiation 

 

Photocatalytic assessments were performed with the help of 6 × 6W power fluorescent 

lamps (VIS, λ min = 400 nm), which were positioned circularly around the Pyrex photoreactor. For 

all photocatalytic tests under Vis light irradiation, the same parameters were applied: constant 

temperature of 25 °C, constant stirring at 500 rpm, constant airflow of 50 – 60 L∙h-1 (to ensure the 

continuous flow of dissolved oxygen concentration), and 1 g∙L-1 catalyst load. 

 

3.3 Model pollutants’ photocatalytic assessment parameters 

 

For the photodegradation tests performed under UV-A exposure, the chosen contaminants 

were OA, PHE, and MO. Initial concentration of OA was between 0.05 mM and 5 mM, PHE was 

0.5 mM; respectively, for MO was 125 μM. For the photodegradations performed under Vis 

exposure, ASP was selected as model pollutant. All of the model pollutants solutions were 

prepared in an aqueous medium. 

 

3.4 Photocatalytic activity assessment by employing High-performance liquid 

chromatography (HPLC) 

 

Photocatalytic performance of all composites regarding OA and PHE mineralization was 

evaluated employing Agilent 1100 HPLC. For OA, the following parameters were utilized: the 

eluent was a 0.06% sulfuric acid aqueous solution, with a 0.8 mL ∙ min–1 flow rate; a Grom Resin 

ZH column utilized as stationary phase, and 206 nm as the detection wavelength. For PHE, the 

used parameters were: the eluent consisted of a mixture of MeOH and H2O with a ratio of 1:1.857, 

the stationary phase used was a BST Nucleosyl C-18 (4 mm × 250 mm) column, and a detection 

wavelength of 210 nm was utilized. 
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3.5 Photocatalytic activity assessment by employing UV-Vis spectroscopy 

 

MO concentration can be monitored at 513 nm by means of a JASCO V-650 

spectrophotometer (Jasco Inc., Easton, MD, USA) because MO’s chemical structure is composed 

of distinctive functional groups, respectively, aromatic rings that participate in the electronic 

transitions accountable for the absorption of UV-Vis radiation. 

Jasco V650 spectrophotometer was utilized to acquire the UV-Vis spectra of ASP within a 

wavelength range of 190-400 nm, aiming to monitor its degradation. To determine the 

pharmaceutical concentration, after each measurement point the recorded spectra was integrated. 
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4. Results and Discussion 

 

 Impact of different hydrohalic acids, sodium and potassium salts and 

their electronegativity on tungsten oxide semiconductors’ morpho-structural 

properties; and on TiO2/WO3, TiO2/WO3∙0.33H2O heterojunctions 

photocatalytic performance 

 

T1. Influence of precursors, shaping agents, and the anions electronegativity on the tungsten 

oxides morpho-structural properties during hydrothermal crystallization. 

 

Utilizing NWH as the WO3 precursor correspondingly sodium or potassium salts as 

shaping agents, the morphology of the hydrothermally crystallized tungsten oxides was altered. 

Sodium salts facilitated bullet or rod-like geometries, while potassium salts led to wire-like 

geometries that bundled together in a dendritic manner [46]. The crystal structure of the WO3-

NWH-NaX and WO3-NWH-KX series was similar, as the hexagonal partial hydrate crystalline 

phase was observed in the XRD patterns of both series (JCPDS file no. 35-1001) [47]. The addition 

of sodium salts led to structures with higher crystallinity grade, whereas potassium salts led to a 

lower crystallinity grade (Figure 3), therefore confirming the hypotheses presented in the 

paragraph discussing the morpho-structural properties of the tungsten oxides, namely that the 

shaping agents, and correspondingly EN influences the semiconductors’ morphology and 

structure. 

Utilizing AMT as the WO3 precursor, and hydrohalic acids as shaping agents, only when 

HF was applied as shaping agent the tungsten oxides’ geometry was different, as in the other cases 

a flower-like geometry was observed. The crystalline phase composition was dependent of the 

applied hydrohalic acids. In the WO3-AMT-HX series two crystalline phases were identified 

(Figure 3): monoclinic (MC) WO3 and hexagonal partial hydrate (HPH). The crystalline phase 

composition of tungsten oxides can be fine-tuned to obtain materials with solely HPH or MC, 

respectively, mixed crystalline phases by utilizing AMT as the WO3 precursor, and hydrohalic 

acids as shaping agents. 
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Figure 3. XRD patterns of the electronegativity dependent tungsten oxide semiconductors. 

 

T2. Electronegativity influences differently the TiO2/WO3 composites photocatalytic performance 

when NWH or AMT is employed as precursor. 

 

 The photocatalytic performance of the TiO2/WO3 composites was evaluated through the 

photocatalytic removal of MO under UV light exposure (Figure 4). When tungsten oxides from 

WO3-NWH-NaX or WO3-NWH-KX series were used to obtain the mechanically mixed TiO2/WO3 

composites it was noticed that lower anion electronegativity led to increased MO decolorization 

rates. However, the composites from neither series proved to be more efficient than the commercial 

TiO2. Tungsten oxides from the WO3-AMT-HX series in composites surpassed the commercial 

TiO2’s efficiency, and in this case higher anion electronegativity led to increased MO 

decolorization rates. 
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Figure 4. Photocatalytic efficiencies of the TiO2/WO3 composites from: a) WO3-NWH-NaX; b) 

WO3-NWH-KX; c) WO3-AMT-HX series, and of commercial TiO2. 

 

T3. Influence of electronegativity on tungsten oxides’ surface chemistry, optical, structural 

properties, and on the assessed photocatalytic performance of TiO2/WO3 composites. 

 

 The influence of the shaping agents’ anions electronegativity on the surface chemistry, 

structural, optical properties and on the TiO2/WO3 composites photocatalytic performance was 

investigated in depth (Figure 5). W5+ or W6+ species percentage affected the tungsten oxides 

optical properties. In some cases, W5+ species, and in other cases W6+ species affected the tungsten 

oxides optical properties (Figure 5, a and b). In the case of WO3-AMT-HX series the utilization of 

hydrohalic acids as shaping agents led to various percentages of W5+ species in the tungsten oxides; 

the W5+ proportion directly influenced the tungsten oxides’ Eg values (Figure 5, c). 
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Figure 5. Influence of W5+ and W6+ species on the WO3 metal oxides Eg values from: a) WO3-

NWH-NaX; b) WO3-NWH-KX; c) WO3-AMT-HX series.  

   

An interesting relationship between MO decolorization rates and surface defects was 

found, that may seem surprising at first: surface defects abundance inhibited the TiO2/WO3 

composites’ photocatalytic performance (Figure 6). Increased electronegativity led to more surface 

defects (WO3-NWH-NaX and WO3-NWH-KX series), whereas lower electronegativity, 

respectively stronger acidity led to surface defects abundance in the case of the WO3-AMT-HX 

series. Analogous pattern was observed regarding each series: an increased proportion of surface 

defects resulted in improved photocatalytic efficiency. 

 

 

Figure 6. Influence of surface defects on TiO2/WO3 heterostructures photoactivity as a function 

of electronegativity a) WO3-NWH-NaX; b) WO3-NWH-KX; and c) WO3-AMTHX series. 
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Optimization of TiO2 to WO3 ratio in TiO2/WO3 heterostructures for enhanced 

photocatalytic efficiency under UV light exposure 

 

T4. Increased WO3 percentage in TiO2/WO3 heterostructures influences the heterostructures 

optical and structural properties. 

 

Different WO3 percentage in the TiO2/WO3 heterostructures such as 1, 10, and 24 wt.% 

pseudo linearly diminished the Eg values of the composites, however higher WO3 percentage (33% 

or 50%) did not influence the Eg values of the TiO2/WO3 heterostructures in the same way (Figure 

7, b). The addition of 1 wt.% WO3 to commercial TiO2 shifted its Eg value to 3.14 eV; 10 wt.% 

WO3 to 2.99 eV; 24 wt.% WO3 to 2.76 eV; 33 wt.% WO3 to 2.77 eV; and 50 wt.% WO3 to 2.74 

eV [48]. The composites FT-IR spectra revealed that, the vibrational bands directly linked to 

surface hydrophilicity, assigned to O─H vibrations located at 1630 and 3427 cm-1 were altered in 

response to the increased WO3 percentage. These bands exhibited a relatively high intensity for 

composites containing 24 wt.% WO3-AMT-HCl and a slight decreasing trend for samples 

containing less percentage of WO3. 

 

 

Figure 7. Optical and structural properties of TiO2/WO3 heterostructures with various TiO2 to 

WO3 ratios. 

 

T5. Commercial TiO2’s photocatalytic performance can be enhanced by coupling it with WO3 in 

various TiO2 to WO3 ratios. 

 

 Commercial TiO2 is an efficient photocatalyst under UV light exposure, however its 

photocatalytic activity can be enhanced by coupling with metal oxides, in this particular case WO3 
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metal oxides. The ratio of TiO2 to WO3 in the metal oxide composites is a paramount parameter, 

since certain ratios will inhibit the photocatalytic performance (Figure 8, left). TiO2-WO3-AMT-

HCl 76:24 composite surpassed the reference photocatalysts’ (TiO2 removed 73.3%) removal 

efficiency, as it removed 99.0% of the pollutant. The 76:24 TiO2 to WO3 ratio was highly efficient 

in removing OA in various concentrations as it reached photodegradation rates above 95.0% in all 

cases, except when the OA concentration was the highest, in that case the photodegradation rate 

was 64.7% (Figure 8, right). The results prove that the photocatalytic efficiency of commercial 

TiO2 can be enhanced in binary metal oxide composites. 

 

 

Figure 8. Photocatalytic removal of OA employing TiO2/WO3 heterostructures with various 

TiO2 to WO3 ratios (left); and photocatalytic efficiency of TiO2-WO3-AMT-HCl 76:24 

composite in removing OA in various concentrations (right). 

 

T6. TiO2/WO3 heterostructures possess the ability to detect and to remove pollutants 

simultaneously. 

 

 The response of the TiO2-WO3-AMT-HCl heterostructures as sensor (blue colorization of 

the suspension) is dependent on the pollutant concentration, and on the optical properties (color) 

of the heterostructures. Higher pollutant concentrations resulted in stronger sensor response. 

Qualitative detection of OA model pollutants in aqueous solutions can be a viable option for OA 

detection when the pollutant concentration is at least 5.00 mM since, in this case, the blue 

colorization of the suspension is observable with the naked eye (Figure 9). The data presented in 
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Figures 8 and 9 prove that TiO2-WO3-AMT-HCl heterostructures possess the ability to 

simultaneously detect and remove the OA model pollutant. 

 

 

Figure 9. Detection of 5.00 mM OA under UV-A exposure employing TiO2/WO3-AMT-HCl 

heterostructures. 

 

Optimization of TiO2/WO3 heterostructures via pH adjustment of the TiO2-

WO3-AMT-HCl-WO3-HW ternary composites for enhanced photocatalytic 

efficiency 

 

T7. Structural investigations prove the presence of each component in the pH adjusted ternary 

composites. 

 

 In the previous thesis sub-chapters, it was proved that the optimal TiO2 to WO3 ratio was 

76:24, so correspondingly the same ratio was used for the preparation of the novel ternary 

TiO2/WO3 heterostructures, but in this case two types of tungsten oxides (WO3-HW and WO3-

AMT-HCl) were utilized in 12%-12% wt.% [49]. Since from the SEM micrographs the 

identification of each component of the ternary composites was not possible, structural 

investigations were carried out. The XRD patterns and the Raman spectra of the ternary composites 

proved the presence of each component in every sample (Figure 10). The heterostructures 

crystallinity deteriorated as the suspension medium was altered from strongly and moderately 

protonated to neutral and moderately deprotonated medium (Figure 10, left). The crystallinity 
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deterioration was possibly caused by the formation of amorphous Na2WO4 on the WO3 

semiconductors’ surface, respectively to the intercalation of Na+ into the crystal structure [50,51].  

 

 

Figure 10. Structural properties of the individual metal oxides and the pH adjusted ternary 

heterostructures. 

 

T8. The pH adjustment method for the preparation of ternary TiO2/WO3 heterostructures will 

result in composites with enhanced photoactivity. 

 

 Concerning OA photocatalytic degradation, composites with pH adjusted to 1 and 4 

performed better than TiO2 (47.9% efficiency), as they reached 95.9% and 72.2% OA removal 

efficiencies (Figure 11, left). The pH adjustment positively influenced two composites’ 

photocatalytic efficiency in the case of OA photodegradation. Regarding MO decolorization rate, 

the photocatalytic performance of each pH-adjusted ternary composite was enhanced (Figure 11, 

right): they efficiently removed 97.0% of MO at pH = 1, 89.7% at pH = 4, 89.7% at pH = 7, and 

98.7% at pH = 10. TiO2 (P25) successfully removed 82.8% of MO.  

Integrating two types of tungsten oxides, instead of the general one type of tungsten oxide, 

into the TiO2/WO3 composites via the pH adjustment method proved a viable option for preparing 

TiO2/WO3 heterostructures with enhanced photocatalytic performance. Integrating WO3-AMT-

HCl and WO3-HW with MC and HPH crystalline phases into the TiO2/WO3 heterostructures had 

a synergic effect on the composites photoactivity due to the more effective charge carrier 

separation, inhibition of their recombination rate, and charge carriers’ prolonged lifetime. 
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Figure 11. Photocatalytic degradation curves of OA (left) and MO (right) with the pH-adjusted 

ternary composites under UV light exposure. 

 

T9. Correlations established between the pH-adjusted ternary composites’ structural and optical 

parameters and their photocatalytic efficiencies. 

 

It was observed that the pH adjusted ternary heterostructures’ optical, structural and surface 

properties influenced their photocatalytic performance (Figure 12). The pH adjustment method led 

to the facet selective protonation or deprotonation of the TiO2 and WO3 semiconductors. The facet 

selective protonation or deprotonation in turn affected the ternary heterostructures crystallinity, Eg 

values, and surface defects. The ratio of WO3-AMT-HCl (200) to TiO2-A (101), correspondingly 

the ratio WO3-AMT-HCl (200) to WO3-HW (220) influenced the heterostructures photocatalytic 

performance in the same manner: lower ratios led to lower photocatalytic efficiencies, whereas 

higher ratios led to enhanced photocatalytic efficiencies. WO3 surface defects also influenced the 

heterostructures photocatalytic performance: surface defects abundance inhibited the composites 

photocatalytic activity. From the data presented, it can be concluded, that the photocatalytic 

efficiency of TiO2/WO3 heterostructures can be significantly improved by integrating two WO3 

metal oxides with different geometries and crystalline phases, respectively by employing the pH 

adjustment method to obtain ternary TiO2/WO3 heterostructures. 
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Figure 12. Correlations established between the pH-adjusted ternary composites’ structural and 

optical parameters and their efficiency regarding OA (left) and MO (right) photocatalytic 

removal. 

 

Electron trapping in TiO2/WO3-NWH-NaCl, TiO2-WO3-AMT-HCl 

heterostructures for applications in AOPs and sensing 

 

T10. Charge transfer in TiO2/WO3-NWH-NaCl heterostructures (ethanol – EtOH – vapor 

detection under brief UV light irradiation). 

 

The applicability of tungsten oxides as sensors, particularly hydrated types of tungsten 

oxides in TiO2/WO3 composites, is related to the capability of W6+ species to be reduced to W5+. 

This reduction is the result of the electron transfer from TiO2 to WO3-NWH-NaCl (Figure 13). In 

the presence of molecular oxygen atoms, the reduced W5+ species will be oxidized, and they return 

to their original W6+ states [52]. 

 

 

Figure 13. Charge transfer mechanism in TiO2/WO3-NWH-NaCl heterostructures. 
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T11. The photocatalytic performance of TiO2/WO3 heterostructures can be improved through the 

simple suspension preparation method. 

 

 TiO2/WO3-NWH-NaCl and TiO2/WO3-AMT-HCl heterostructures were prepared via the 

simple suspension method in the well-established 76:24 TiO2 to WO3 ratio. The photocatalytic 

activity of the composites was assessed by the removal of OA and MO model pollutants under UV 

light irradiation. Concerning OA photodegradation the obtained TiO2/WO3-NWH-NaCl and 

TiO2/WO3-AMT-HCl heterostructures did not performed better than the reference photocatalyst 

(TiO2), as they reached OA removal rates of 75.5% and 77.2%, whereas TiO2 reached a 95.7% 

removal efficiency (Figure 14, left).   Regarding MO decolorization rate, the simple suspension 

preparation method led to improved photocatalytic efficiencies in the case of both composites. 

Commercial TiO2 reached an 82.8% decolorization rate, TiO2/WO3-AMT-HCl and TiO2/WO3-

NWH-NaCl heterostructures reached 88.9% and 96.7% decolorization rates (Figure 14, right). The 

results presented here prove that the photocatalytic performance of TiO2/WO3 composites can be 

efficiently improved by employing a simple and straightforward preparation method. The 

improved photocatalytic performance of TiO2/WO3 composites was attributed to the synergistic 

effect between TiO2 and WO3 metal oxides, which resulted in more efficient charge carrier 

separation and a lower recombination rate. 

 

 

Figure 14. Photocatalytic removal of OA (left) and MO (right) solutions under UV light 

exposure employing commercial TiO2 and TiO2/WO3 composites. 
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T12. TiO2/WO3 heterostructures sensory applicability in closed and open systems (EtOH detection 

under UV light exposure; OA detection under direct sunlight). 

 

 The TiO2/WO3 heterostructures applicability as sensors in closed systems was carried out 

by assessing the heterostructures ability to detect EtOH vapors after a short (15 minutes) UV light 

exposure (Figure 15). To assess the heterostructures sensing capabilities their reflectance spectra 

were recorded prior to the UV light exposure, and afterwards to a span of 70 minutes. The 

difference in relative intensities of the reflectance spectra between the unexposed and UV-exposed 

TiO2/WO3-NWH-NaCl composite, which can be ascribed to the direct reduction process of W6+ 

species to W5+, was found to be 73.7% (Figure 15, right). Conversely, in the case of TiO2/WO3-

AMT-HCl composites, this difference in reflectance relative intensities was determined to be 

37.9% (Figure 15, left). The stronger sensor response exhibited by the TiO2/WO3-NWH-NaCl 

heterostructures, as compared to the TiO2/WO3-AMT-HCl heterostructures, can be attributed to 

the increased percentage of W5+ species present in the WO3-NWH-NaCl metal oxides (4.1%) that 

of the WO3-AMT-HCl metal oxides (2.4%). The data presented here indicate that TiO2/WO3-

NWH-NaCl heterostructures can function as effective vapor sensors in closed systems due to their 

fast and stronger sensor response. 

 

 

Figure 15. Reflectance spectra of TiO2/WO3-AMT-HCl and TiO2/WO3-NWH-NaCl composites 

before and after UV exposure (EtOH vapor detection). 

 

 The assessment of the sensorial applicability of TiO2/WO3 heterostructures in open systems 

was conducted through the drop-wise addition of a 1 mL solution of OA (5 mM) onto the side of 
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the tin foil that was coated with TiO2. Following the application of a coating onto the tin foil, the 

exposed surface (containing TiO2) was subjected to direct sunlight (Figure 16). Subsequently, the 

side with the WO3 metal oxides promptly exhibited a distinct blue hue. The information presented 

in this section prove that TiO2/WO3 heterostructures with different geometries and crystalline 

phases can be employed successfully for the photocatalytic removal of several pollutants, and as 

sensor in closed and open systems under UV light or direct sunlight exposure.  

 

 

Figure 16. Application of TiO2/WO3 heterostructures as sensor for OA detection in open 

systems. 

 

Applications in heterogeneous photocatalysis and surface-enhanced Raman 

spectroscopy of WO3 and WO3∙0.33H2O morphology-dependent Au/TiO2/WO3 

heterojunctions 

 

T13. Synthesis and morphology investigations of the Au/TiO2/WO3 heterojunctions. 

 

 For the synthesis of the tungsten oxide morphology dependent Au/TiO2/WO3 

heterojunctions, three different WO3 geometries were selected: prismatic (WO3-HW), rod-like 

(WO3-NWH), and flower-like (WO3-AMT). Au NPs were deposited on the TiO2/WO3 

heterostructures surface via a slightly altered Turkevich-Frens methods. Au NPs were deposited 

either by the heat-assisted method or by the time-assisted method. The average Au NPs’ size in 

each case was approximatively 20 nm (Figure 17). Time assisted deposition method resulted in 
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the successful deposition of Au NPs in higher percentages regardless of the WO3 morphology [53]. 

The deposited Au NPs’ geometry was spherical, regardless of the deposition method or WO3 

morphology. Au/TiO2/WO3 heterojunctions were successfully obtained by employing the slightly 

altered Turkevich-Frens Au NPs deposition methods (Figure 17). 

 

 

Figure 17. Au/TiO2/WO3 heterojunctions’ TEM micrographs and the deposited Au NP’s 

distribution histograms. 

 

T14. Photocatalytic recyclability and stability of the Au/TiO2/WO3 heterojunctions. 

 

 The stability and recyclability of Au/TiO2/WO3 heterojunctions were investigated over 

three photodegradation cycles for each model pollutant (Figure 18, left). The composites 

demonstrating the highest photocatalytic performance were selected for evaluation in terms of their 

potential for recyclability. The stability of the composites was evaluated by recording the FT-IR 

spectra of the samples before and after undergoing photodegradation (Figure 18, right). Based on 

the analysis of the photocatalysts’ FT-IR spectra following three reutilization cycles, no significant 

alterations were observed, except for minor modifications observed in the absorption bands 

associated with adsorbed water molecules (Figure 18, right). The synthesized Au/TiO2/WO3 
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heterojunctions proved to be highly stable even after several recycling rounds and are viable 

photocatalysts since their photocatalytic performance diminished only slightly after three recycling 

rounds. 

 

 

Figure 18. Au/TiO2/WO3 heterojunctions’ reusability up to three photodegradation cycles (left); 

and Au/TiO2/WO3 heterojunctions’ stability (right) after several cycles of reusability as shown 

by FT-IR spectra. 

 

T15. Crystal violet dye detection on Au/TiO2/WO3 substrates using SERS, and durability of 

Au/TiO2/WO3 heterojunctions as SERS substrates. 

 

 

Figure 19. The detection limit of crystal violet dye adsorbed on various Au/TiO2/WO3 

substrates. 
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Crystal violet was successfully detected on the Au/TiO2/WO3 substrates at concentrations 

as low as 10–6 M, 10–7 M, and 10–8 M. Specific crystal violet SERS bands were observed in each 

recorded SERS spectra (Figure 19). Upon analysis of the SERS spectra, it is discernible that certain 

heterojunctions exhibit a superior enhancement of the Raman signal compared to others. This 

difference was linked to the Au NP’s morphology and particle size [54]. Through a comprehensive 

analysis of the SERS spectra of crystal violet on Au/TiO2/WO3 substrates, it was concluded that 

the heterostructures Au/TiO2/WO3-HW─TA and Au/TiO2/WO3-AMT─TA were the most 

promising ones, as their detection limit for crystal violet was 10-8 M. In order to evaluate the 

stability of Au/TiO2/WO3 heterojunctions as SERS substrates, the SERS spectra of the crystal 

violet molecule adsorbed on Au/TiO2/WO3-HW─TA and Au/TiO2/WO3-AMT─TA substrates 

with varying concentrations (ranging from 10-6 to 10-8 M), were re-recorded after 4 years (Figure 

20). The strong intensity of the SERS signal and the photocatalytic recycling tests prove the 

extraordinary stability of the Au/TiO2/WO3 heterojunctions. 

 

 

Figure 20. Newly recorded SERS spectra (after 4 years) of crystal violet adsorbed on 

Au/TiO2/WO3-HW─TA (left) and Au/TiO2/WO3-AMT─TA (right) substrates at different 

concentrations. 
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5. Conclusions 

 

 The aim of the thesis was to obtain tungsten oxide-based semiconductors with different 

morphologies and crystalline phases and to assess their photocatalytic efficiently for removing 

several model pollutants as well as their ability as sensors for detecting chemical contaminants. 

The morpho-structural properties of synthesized semiconductors have been studied. A successful 

synthesis design of hydrothermal crystallization routes for obtaining shape-tailored tungsten oxide 

semiconductors has been presented. The influence of synthesis parameters on the WO3 

semiconductors’ morphology, structure, and optical properties has been studied. 

 The synthesized metal oxides were inactive in photocatalytic experiments, likely due to 

fast charge carrier recombination. The problem was addressed by preparing TiO2/WO3 

heterostructures and utilizing them as photocatalysts to remove pollutants under UV light. The 

TiO2/WO3 composites were prepared by mixing commercial TiO2 with flower/star-like 100% MC 

WO3 (WO3-AMT-HCl). The optimal composition was 76% TiO2 and 24% WO3. Under UV light 

irradiation for 3 hours, the TiO2/WO3 heterostructures removed 99% of a 3 mM OA solution, while 

commercial TiO2 removed 73.3% of the pollutant. The composites' photocatalytic performance 

was linked to the heterostructures’ water affinity, showing a correlation between hydrophilicity 

and photocatalytic activity. The TiO2/WO3-AMT-HCl samples have been used as a sensor to detect 

OA in concentrations from 0.05 to 5.00 mM. The sensorial applicability of TiO2/WO3 was due to 

the reduction of W6+ to W5+ in WO3 and the charge transfer mechanism between TiO2 and WO3. 

To study the combined effect of differently shaped tungsten oxides and pH adjustment on 

the TiO2/WO3 composites’ photocatalytic performance, TiO2/WO3 heterostructures were prepared 

using an alternative approach. The ratio of TiO2 to WO3 remained the same (76:24), but two types 

of WO3 metal oxides were added to the composites in a 12-12 wt.% proportion. The suspensions’ 

pH adjustment method was used to prepare the heterostructures. The pH adjustment influenced the 

crystallinity of the heterostructures. Alkaline conditions had a negative effect, while protonated 

conditions had a positive effect. Surface defects were induced by this method for TiO2/WO3 

preparation. W5+ species were detected in the Raman spectra of the samples, and they directly 

impacted the photocatalytic performance of the heterostructures. The pH adjustment method 

improved photocatalytic performance for specific pollutants, proving the synergic effect of two 

types of WO3 metal oxides in the TiO2/WO3 systems. 
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Additionally, TiO2/WO3 heterostructures were prepared using the simple suspension 

method. The composites’ ratio was 76:24 in this case too. The TiO2/WO3 heterostructures 

composites removed 77.2% of OA after 2 hours. TiO2/WO3-AMT-HCl achieved 88.9% MO 

decolorization after 2 hours, while TiO2/WO3-NWH-NaCl achieved 96.7% MO decolorization. 

The previous TiO2/WO3-AMT-HCl heterostructures have been used to detect OA. The sensing 

abilities of TiO2/WO3-AMT-HCl and TiO2/WO3-NWH-NaCl heterostructures to detect EtOH 

vapors in a sealed vial under UV light exposure were examined. Both composites efficiently 

detected EtOH vapors, but the TiO2/WO3-NWH-NaCl composite exhibited a more intense blue 

colorization. The TiO2/WO3-NWH-NaCl heterostructures had a stronger sensor response due to 

the HPH phase of WO3-NWH-NaCl semiconductors, more surface OH, and a higher percentage 

of W5+ species (4.0%) in bulk compared to WO3-AMT-HCl semiconductors (2.4%). 

Au/TiO2/WO3 heterostructures were synthesized via modified Turkevich-Frens routes: HA 

and TA—the desired heterojunction composition was: 1% Au, 24% WO3, and 75% TiO2. The 

photocatalytic performance of the heterojunctions in removing OA, PHE, MO under UV light 

exposure, and ASP under Vis light exposure was evaluated. The best-performing heterojunctions 

were Au/TiO2/WO3-NWH─HA, Au/TiO2/WO3-NWH─TA, and Au/TiO2/WO3-HW─TA. They 

removed 96.6% of OA, 99.0% of PHE, and 97.9% of MO dye under UV light. Under Vis light 

exposure, they removed 82.1% of ASP. The heterojunctions were employed as SERS substrates 

for detecting crystal violet dye down to nanomolar concentrations. The heterojunctions were stable 

and recyclable after multiple utilization cycles. Au/TiO2/WO3-HW─TA and Au/TiO2/WO3-

AMT─TA heterojunctions had the highest Au content and achieved a crystal violet detection limit 

of 10-8 M. 

This research produced multiple WO3 semiconductors with diverse morphologies and 

properties. The hydrothermally crystallized WO3 materials were inactive photocatalysts for 

multiple pollutants under UV or Vis irradiation. The TiO2/WO3 composites, prepared through 

various methods such as mechanical mixing, pH adjustment, or suspension, were more efficient 

than TiO2 in removing model pollutants under UV light exposure. TiO2/WO3 composites could 

detect OA solutions and EtOH vapors in closed systems and function as sensors in open systems. 

The Au/TiO2/WO3 heterojunctions showed improved photocatalytic performance (compared to 

TiO2) for various pollutants under UV and Vis light. Au/TiO2/WO3 heterojunctions detected 
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crystal violet dye at 10-8 M and remained stable as SERS substrates, providing strong signals even 

after 4 years.  
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