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Abstract 

This article describes the synthesis of tungsten doped (W-TiO2) nanoparticles and their 

incorporation into a coating to improve the air quality inside buildings. W-TiO2 was prepared 

using a sol-gel synthesis route incorporating 1%, 2.5% and 3% tungsten in TiO2. Coatings 

containing the nanoparticles were produced using a water/alcohol liquid phase containing a 

polyurethane binder and applied to the surface of medium density fibreboard (MDF). 

Photocatalytic activity of unbound nanoparticles was studied using methylene blue degradation 

to evaluate liquid/solid interface reactions and NOx degradation to study gas/solid interfacial 

reactions. The coatings containing the nanoparticles were applied onto the surface of MDF and 

evaluated using Ink Intelligent indicator  dyes. In the tests photocatalytic activity under visible 

light of all W-TiO2 concentrations exhibited a higher activity compared to the commercially 

available Degussa P25.  This paper has demonstrated for the first time that polyurethane W-

TiO2 coatings can be effectively applied to MDF and exhibit activity in visible light.   

Keywords:  Tungsten doped TiO2, NOx, methylene blue, Ink Intelligent, coatings, air quality 
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1. Introduction  

The health risks associated with atmospheric pollutants and volatile organic compounds 

(VOCs) has stimulated research to improve indoor air quality (IAQ). This paper develops the 

current state of the art by identifying a suitable material to form a coating that can improve 

indoor air quality.  This has been achieved through a robust experimental programme which 

includes the synthesis and comprehensive testing of novel doped W-TiO2  nanostructures.  The 

research described also advances the current knowledge of coating formation.  Since the 

discovery of TiO2 (titanium dioxide or titania) photocatalytic behaviour (PC) by Honda and 

Fujishima [1, 2] the application of titania for hydrogen production [3], solar cells [4-9] and the 

removal of various airborne or waterborne pollutants has increased exponentially [10-23]. 

Being inexpensive, non-toxic and possessing the ability to be modified by various methods, 

titania is the ideal material to improve air quality in indoor [16, 24] and outdoor environments 

[25-28].  However, a key challenge is the formation of durable coatings of TiO2 on the desired 

substrate.  The band gap of 3.2 eV is characteristic of pure anatase and requires short 

wavelength ultraviolet (UV) light to generate the electron-hole pair which initiates all 

degradation reactions. The amount of UV light in solar radiation is a few percent of the total 

irradiance [29] and indoor lamps produce much less UV radiation. The capacity to catalyse the 

oxidation and reduction of pollutants by solar radiation and indoor lighting can be enhanced 

by doping with transition metal [30, 31] and non-metallic [32] elements or by depositing TiO2 

on others substrates [33, 34] thus increasing light absorption in the visible range of the 

electromagnetic spectrum.   

A wide range of inorganic and organic pollutants and VOCs are emitted by materials in 

buildings such as furnishing, carpets and paints [35-40] and their presence is a contributing 

factor to sick building syndrome [41-43] with a negative impact on life and performances of 

users.  
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Numerous complex chemical reactions can occur between indoor pollutants that originate from 

activities being undertaken such as cooking, smoking and the use of solvents and cleaning 

chemicals, while reactions may involve ozone from air purifiers, laser printers or photocopiers 

[38, 44]. People in the developed world commonly spend 90% of their time inside buildings, 

breathing in these compounds [45].  Poor IAQ impacts human health and is exacerbated by the 

low air exchange rates associated with highly thermally efficient modern buildings with no 

mechanical ventilation [46]. Moreover, recent studies suggest that (re)emission of VOCs from 

surfaces mean that even periodically opening windows (for example) to reduce VOC 

concentration is often ineffective [47].  In developing countries use of wood and coal for 

cooking inside buildings can lead to poor air quality [48].  The elderly, sick and young children 

are societal members with a disproportionality higher vulnerability to poor IAQ.  Indoor 

pollutants have been reported at concentrations of up to 2,274 µgm-3 [49] indoors with impacts 

such as a headache, irritation of eyes and increased risk of cancer being some of the likely 

effects [50]. Lung irritation, carcinogenesis, teratogenesis, mutagenesis, optic nerve, brain, 

heart and kidney damage are serious health conditions attributed to poor air quality [51, 52].  

The World Health Organisation (WHO) has recommend implementing strategies to reduce 

indoor pollutant levels as the negative health effects are cumulative over time.  Economically 

it is important to find solutions to poor air quality as the World Bank has estimated the annual 

cost worldwide associated with impeded development from poor air quality, impacts on public 

health, and the environment to be in the order of trillions of dollars [53]. 

To diminish sick building syndrome the EU funded project, ECO-SEE (Eco-innovative, Safe 

and Energy Efficient Wall Panels and Materials for a Healthier Indoor Environment), is 

developing indoor building panels made of eco-compatible materials to improve moisture and 

temperature control, acoustic isolation and indoor air quality (IAQ). TiO2 based photocatalytic 

materials play an important role in achieving this objective. 
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This paper describes a refined sol-gel synthesis of undoped and tungsten doped TiO2 

nanoparticle aggregates (NPAs) that compared with previous work [54] has excellent 

solubility, reduced aggregation obtaining finer aggregates and higher photocatalytic activity 

[55-57].  Jin et al., proved that tungsten dopants, substituting Ti in the anatase TiO2 structure, 

can release two electrons [58]. This enables a strong hybridisation of Ti 3d states with W 5d 

states. Consequently, the TiO2 band gap can be broadened. This is also promising as it allows 

the use of low dopant levels that reduce defect concentrations, and hence the scattering of 

charge carriers [59].  Besides, as demonstrated by Kafizas and Parkin, tungsten incorporation 

into the TiO2 structure has multiple advantages such as enhancing the photocatalytic activity 

by reducing charge carrier recombination, and increasing light absorption by absorbing in the 

visible portion of the spectrum [60].  Recently, Parkin and co-authors have demonstrated by 

means of a combined computational and experimental approach, that an order of magnitude 

enhancement in electron and hole lifetimes exists in the W-TiO2 system, making this an 

archetypal photocatalyst model [61]. 

In this study, several techniques were used to characterise the physical and chemical properties 

of the W-doped and undoped nanoparticles including standard scanning electron microscopy 

(SEM) with energy dispersive X-ray analysis (EDX), transmission electron microscopy 

(TEM), Raman spectroscopy, diffusive reflectance spectroscopy (DRS), Brunauer–Emmett–

Teller (BET) analysis and X-ray powder diffraction (XRD). A comparison was made with the 

commercially available nanoparticle product Degussa P25®. Photocatalytic activity of particles 

was studied in the liquid/solid phase following methylene blue solution degradation, air/solid 

phase activity was studied following the degradation of NOx in a bespoke rig and the PC 

activity of the coating was studied following degradation of organic dyes.  

The application and characterisation of these particles on medium density fibreboard (MDF) is 

also described. MDF is used for building and furniture construction due to its numerous 
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advantages compared to natural wood including homogeneity, the absence of defect, low 

cost/performance ratio and tuneable properties employing different fibres, resins and 

manufacturing parameters [62-65].  

It is necessary to immobilise PC particles on the surface of MDF boards, finished with a 

melamine formaldehyde impregnated paper (décor finish), in order to use the material 

effectively but adverse effects such as surface degradation of a PC coating on the paper finish 

should be avoided.  

2. Experimental methods 

2.1 Preparation of TiO2 nanoparticles  

Both doped and undoped nanoparticles were prepared using a sol-gel method centred on the 

hydrolysis and polymerization of a metal-organic precursor to form a colloidal suspension. In 

the synthesis 10 mL of titanium tetraisopropoxide (Sigma-Aldrich, ≥ 98 %, Molecular weight 

= 284.22; Density = 0.96 g/mL) was mixed with 40 mL of 2-propanol (Sigma-Aldrich, ≥ 

99.7 %, d = 0.785 g/mL) in a round bottomed flask [1, 2]. A flat crystalliser dish filled with 

water was used to ensure even heating of the flask to a temperature of 80° C. A separator funnel 

was filled with deionised water and adjusted to a pH of 2 using nitric acid and mounted above 

the round bottom flask. The 2-propanol and titanium precursor were mixed under continuous 

vigorous magnetic stirring for 1 hour at a temperature of 80 °C before the acidified water was 

allowed to flow into the reaction vessel at a rate of 2 mL/min to start the hydrolysis. After 

continuous stirring for 6 hours, a colloidal system with white colour with a concentration of 

5g/L TiO2 was obtained through the reaction described in (1). 

Ti[OCH(CH3)2]4 + 2 H2O → TiO2 + 4 (CH3)2CHOH (1) 

The excess solvent was removed immediately after completion of the reaction. The TiO2 thus 

obtained was amorphous in nature and required annealing to form the anatase crystalline phase 
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that exhibits higher photocatalytic activity compared to amorphous or rutile TiO2 [66, 67]. 

Annealing was carried out using an Elite BRF 14/10-2416 CG furnace with the material held 

in an alumina crucible of internal volume 20 mL. The annealing was achieved by ramping the 

temperature at a rate of 200 °C/h followed by a dwell at 450 °C, for 2.5 h before cooling. 

W-doped TiO2 was prepared using a similar method to that described for the undoped particles. 

Tungstic acid (Sigma-Aldrich, WH2O4, ≥ 98 %, MM = 249.85) was used as a source of tungsten 

at various concentrations. The stoichiometric quantity was dissolved in concentrated ammonia 

(15 mL of 25% NH3) due to the insolubility of the acid in water or 2-propanol. The ammonia 

and tungstic acid solution was then added to 25 mL of water and successively to 80 ml of 2-

propanol. A separator funnel was filled with the solution and then manually mixed for a 

sufficient time for the light opalescence to disappear, after which nitric acid (HNO3 Sigma-

Aldrich, ≥ 70 %, MM = 63.01; d = 1.413 g/mL) was added to adjust the pH to 2. This final 

solution was added dropwise to the Ti tetraisopropoxide in 2-propanol under continuous 

mechanical stirring. Following completion, the solvent was then removed and the powder was 

thermally treated at 450 °C for 2.5 h following the procedures described previously.   

 

 

2.2 Application procedure for applying photocatalytic coating onto MDF board  

Water based solutions were prepared using 2% polyurethane (PU), 25% isopropyl alcohol 

(IPA), 0.5% of TiO2 (1% and 3% W-doped) and 72.5% water by weight. MDF wood board 

with a commercial paper décor finish impregnated with melamine urea formaldehyde (MUF) 

was used as a substrate and cut into 3cm x 3cm squares.  Approximately 0.25 mL of the selected 

solution was brushed onto the surface of the rectangular specimen resulting in an estimated 
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coating thickness of about 20 μm. The PU acted as the bonding agent to adhere the 

nanoparticles to the surface following the evaporation of the water and IPA in the coatings.. 

2.3 Sample characterisation  

X-ray diffraction (XRD) was carried out to evaluate the composition of crystalline phases and 

reveal microstructural features such as crystallite size in the specimens. The Rietveld method 

was applied on the XRD data to perform a semi-quantitative phase analysis (QPA). Rietveld 

refinements were assessed using the GSAS-EXPGUI software packages [40, 41]. The 

Diffractometer employed was a PANalytical X’Pert Pro (NL) θ/θ, using Cu Kα radiation (45 

kV and 40 mA) with a step size of 0.02° and time per step of 200 s over a 2θ range from 20° 

to 80°. The instrumental broadening was measured comparing with the NIST SRM 660b 

standard (LaB6), collected under the same conditions as those used for the samples.  

For this purpose, XRD data was collected in the same instrument with the identical set-up as 

that used for QPA analysis. In the range of 20–145 °2θ, using a step size of 0.1°, and a time 

per step of 500 s to achieve higher signal-to-noise ratio. The instrumental contribution was 

obtained by parameterising the profile of fourteen (hkl) reflections from the NIST SRM 660b 

standard (LaB6), according to the Caglioti et al. relationship [68]. The whole powder pattern 

modelling (WPPM) method [69] as implemented in the PM2K software package was used to 

determine microstructural features. The size distribution of individual phases in NPs can be 

accurately defined [70] using this novel methodology. In this work the assumptions were made 

that the crystalline domains were spherical, and their diameters were distributed according to 

a log-normal curve.  

Raman spectra were acquired using a Renishaw System 2000 spectrometer equipped with an 

inVia Raman microscope using a He-Ne laser as an excitation source operating at 785 nm and 

a maximum power of 20 mW. The laser was focused on the sample with objective 
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magnification ×100 corresponding to a laser spot diameter of about 10 μm. The acquisition 

time of 1 s was used for each spectrum over the wavenumber range 100–3500cm−1 with a 4 

cm–1 resolution and five spectra were recorded for each sample. 

The morphologies of the aggregates of pure TiO2 and W-doped TiO2 were studied using a 

JEOL JSM-6480lv scanning electron microscope (SEM) with Oxford INCA Energy X-ray 

Analyser using an acceleration voltage of 20 keV and a spot size of 60 μm. Higher 

magnification images were acquired using a JEM-2100Plus Transmission Electron Microscope 

(TEM) using an acceleration voltage of 200 keV and spot size of 1 nm. 

Diffuse reflectance spectroscopy (DRS) was performed with a Shimadzu UV 3100 (JP) 

spectrometer and spectra of the samples were acquired in the UV–Vis range (250–850 nm), 

with 0.2 nm in step-size, using Spectralon® as a white reference material. The Kubelka-Munk 

theory was applied with the aim to convert the diffuse reflectance into the pseudo-absorption 

coefficient α, the Tauc plot was used to estimate the electronic transition in the prepared 

specimens, using the following equation (2): 

𝛼ℎν = A(ℎν – 𝐸𝑔)
𝛾
 (2) 

where h is Planck's constant, ν is the photon's frequency, α is the pseudo-absorption coefficient, 

Eg is the band gap, and A is a proportionality constant. The value of the power coefficient γ 

denotes the nature of the electronic transition, whether allowed or forbidden and whether direct 

or indirect: for direct allowed transitions: γ = 1/2, while for indirect allowed transitions, γ = 2 

[71, 72].  The specific surface area (SSA) of the prepared samples was evaluated by the 

Brunauer–Emmett–Teller (BET) method (Micromeritics Gemini 2380, US), using nitrogen as 

the adsorbate gas and degassing the samples at 120 °C. 

2.4 Determination of liquid/solid photo-catalytic activity of nanoparticle aggregates 

using degradation of methylene blue  
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Degradation of a methylene blue (MB) solution, containing the NPs was used to assess the PC 

activity at the liquid/solid interface following an adaptation of ISO 10678:2010 standard [73].  

An ultraviolet (UV) light with wavelengths in the range 375-385 nm with an average irradiation 

intensity of 16.44 W/m2 and LED white light with an average irradiation intensity of 17.74 

W/m2 were employed to irradiate the solutions. All the light sources were situated 15 cm from 

the sample and average intensities were measured using a Delta OHM photo radiometer HD 

2102.1. The UV probe used had a spectral range from 315 nm to 400 nm and an irradiance 

range from 0.1 mWm–2 to 2000 Wm–2. The visible probe had a spectral range from 425 nm to 

750 nm and a range of irradiance from 0.1 mWm–2 to 2000 Wm–2.  

The experimental procedure involved the degradation of the methylene blue solution and was 

monitored quantitatively by measuring the absorbance of the solution using a Jenway 6300 

Spectrophotometer.  The photometer was set at 670 nm using deionised water for calibration 

in a 10 mm wide plastic cuvette. MB concentration in the samples was calibrated to have an 

absorbance value smaller than 1 and was measured before the start of each experiment. The 

Lambert-Beer law was applied to correlate the absorbance to the concentration following 

equation (3)  

A =  ελlC                                                                   (3) 

Where: A is the Absorbance; l is the path length, and ελ is the molar absorption coefficient, 

typical for each compound. The molar absorption coefficient was dependent on the wavelength 

considered, the width of the cuvette and C is the concentration of the methylene blue solution. 

In every experiment, 100 mL of a 0.1 M solution of MB was placed in a 200 mL beaker. 

Approximately 0.1 g of the selected NPs was then added to these solutions. The solution was 

allowed to stand 10 minutes in the dark, where MB was adsorbed onto the surface of the 

particles. In order to initiate the degradation reaction, the selected light source was employed 
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to irradiate the sample surface. A 10 mL syringe with a filter unit attached (Sartorius Stedim, 

Minisart®, 0.10 µm) was used to remove solid particles from the solution prior to measurements 

which were taken 5 minute intervals. 

2.5 Determination of gas/solid photo-catalytic activity of nanoparticle aggregates 

using NOx degradation reaction based reactor 

The reactor employed for gas−solid phase tests operated under a constant flow of NOx as 

previously described in detail by Giampiccolo et al. [22, 74] The reactor consisted of a chamber 

fabricated from a high-grade stainless steel cylinder (35 L in volume) with a stainless steel top 

equipped with a sealed quartz glass window, thereby allowing the sample, placed in a 6 cm 

petri dish, inside the reactor to be irradiated. A schematic diagram is shown in Figure 1.The 

light source employed was a solar lamp (Osram Ultra-Vitalux, 300 W, 280 to 780 nm) located 

at a distance 65 cm from the sample placed inside the chamber. The light intensity was 

measured with a radiometer (Delta OHM, HD2302.0, IT) and values were 3.6 W m−2 in the 

UV-A range and 25 W m−2 in the visible-light range. The temperature measured by means of 

a thermocouple in the chamber was 27 ± 1 °C with a relative humidity of 31% measured with 

a sensor in the inlet pipe and it remained stable throughout the tests. A chemiluminescence 

analyser (AC-31M, Environment S.A) was used to record the concentration of the pollutant 

gas exiting the chamber. 
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Figure 1 Schematic diagram of the NOx degradation reactor showing the mass flow 

controller (MFC), NO analyser (NOA) and data logger (DL). 

 

The experimental procedure involved firstly placing the petri dish containing the photocatalyst 

inside the reactor and covering the glass window with a sheet of aluminium to avoid irradiation 

inside the chamber. A pre-defined mixture of NOx and air was automatically controlled in real 

time using a mass flow controller and introduced into the chamber at a flow rate of 1 L min–1 

until a stable concentration of 0.2 ppm was reached. 

The condition of continuous flow and stabilisation of the concentration in the chamber was 

necessary to ensure saturation of the sample during the test.  Under these experimental 

conditions, the photocatalytic process could be determined without the influence of the 

absorption of gas whether onto the sample or reactor surface influencing the measurements 

[75]. Once a concentration of 0.2 ppm was reached, the window glass was uncovered, the lamp 

turned on, and the photocatalytic reaction started. Measurements were carried out until the 

pollutant concentration stabilised to a minimum value meaning that any NOx was no longer 

decomposed by the catalyst. The conversion rate (%) of the initial NOx concentration was 

calculated using equation (3) [76] and used as an indicator of the photocatalytic activity. 
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(NO𝑥 conversion) % =   
(NOx)0  −  (NOx)𝑡 

(NOx)0
×  100 (3) 

 

Where (NOx)0 and (NOx)t are, respectively, the initial NOx and the NOx concentration both 

expressed as parts per million by volume (ppmv) after a certain irradiation time. Furthermore, 

in order to assess the reproducibility of the testing method, all the photocatalytic tests were 

repeated in triplicate, using the very same specimen and protocol as that in the first test. 

2.6 Determination of photocatalytic activity of coatings on MDF using Ink Intelligent 

dyes 

Ink Intelligent dyes were employed to qualitatively evaluate the photocatalytic activity of the 

TiO2 based coatings applied to the MDF substrates. Ink Intelligent is a spin-off company from 

Queen’s University, Belfast, UK. The focus of company is production of inks that provide a 

rapid and reliable method of evaluating the photocatalytic activity of a substrate. A semi-

quantitative measure of the activity can be determined by looking at the rate of colour change 

[77, 78]. UV light (375-385 nm) with an average intensity of 5.0 Wm−2 measured with a Delta 

OHM photo radiometer HD 2102.1 with a UV Probe with spectral range from 315 nm to 400 

nm and range of irradiance from 0.1 m Wm−2 to 2000 Wm−2 was used to irradiate the surface 

of the samples once the inks were applied on the MDF. Three different inks with different 

sensitivity were employed. The Validator ink (patented dye) was used to evaluate surfaces with 

low PC activity, The Explorer (Resazurin based dye) was used for surfaces with medium 

activity and the Visualiser (Basic Blue 66 based dye) was used on surfaces with higher activity. 

All the samples followed the same protocol having half of the dye-coated-surface covered with 

aluminium foil during irradiation. This allowed a comparison of colour change between 

irradiated and non-irradiated surfaces to be made. 
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3. Results and discussion 

3.1 X-ray diffraction (XRD) characterisation of samples 

Results of quantitative phase analysis (QPA) are recorded in Table 1, while a graphical output 

of a Rietveld refinement is shown in Figure 2. As seen in Table 1, the unmodified specimen 

only contains the anatase and brookite TiO2 polymorphs. Anatase is expected to be present, 

being the stable TiO2 polymorph at the nanoscale, because of thermodynamic considerations 

[79]. On the other hand, the presence of brookite is due to the acidic conditions of the synthesis 

[80]. The addition of tungsten favoured the formation of the rutile TiO2 polymorph, mainly at 

the expenses of brookite; it has to be noted that the higher the tungsten mol% in the TiO2, the 

higher the anatase fraction in the specimen. For example, the specimen with 3 mol% tungsten 

is composed of 86.7 wt% anatase, 3.1 wt% rutile, and 10.2 wt% brookite. However, in the TiO2 

system, crystallisation and, consequently, the anatase-to-rutile phase transition (ART), is 

affected by several parameters (the synthesis process, starting materials, atmosphere and the 

presence of impurities or doping species) [81]. Thus, we can fairly assume here that, with this 

synthesis method and at a moderately low temperature of 450 °C, the insertion of tungsten in 

the anatase-brookite system (i.e. the TiO2 polymorphs present in the unmodified specimen), 

favoured the ART, although at very low W concentrations.  
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Table 1 Rietveld agreement factors and phase composition of the samples 

Sample 
 

Agreement factors  Phase composition (wt%) 

No. of 

variables 

R(F
2) 

(%) 

Rwp 

(%) 

χ2  anatase rutile brookite 

TiO2 17 3.61 3.75 1.65  61.3±0.2 – 38.7±0.7 

1% W-TiO2 19 2.46 3.47 1.57  55.0±0.2 17.8±0.2 27.2±0.4 

2.5% W-TiO2 12 2.38 3.20 1.46  77.5±0.1 11.6±0.2 10.9±5 

3% W-TiO2 12 3.63 3.36 1.50  86.7±0.1 3.1±0.2 10.2±0.5 

 

Table 2 Whole powder pattern modelling (WPPM) agreement factors, anatase unit cell 

parameters and average domain diameters. 

Sample Agreement factors  Unit cell parameters Average 

domain 

diameter 

(nm) 

Rwp 

(%) 

Rexp 

(%) 

2  

 a=b (nm) c (nm) V (nm3) 

TiO2 6.79 2.45 2.77  0.3783(2) 0.9493(3) 0.136(1) 8.2(1) 

1% W-TiO2 5.34 2.39 2.23  0.3789(1) 0.9511(3) 0.137(1) 11.0(5) 

2.5% W-TiO2 5.60 2.36 2.37  0.3790(1) 0.9500(3) 0.136(1) 8.8(5) 

3% W-TiO2 5.07 2.33 2.17  0.3792(1) 0.9500(5) 0.137(1) 8.3(1) 
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Figure 2 Rietveld refinement of XRD data for the sample 1% W-TiO2. The red continuous 

line represents the calculated pattern, the black open squares the observed pattern, and the 

difference curve between observed and calculated profiles is plotted below (blue continuous 

line). The position of reflections is indicated by the small vertical bars (black: anatase; red: 

rutile; green, brookite) 

 

Results obtained via the Whole powder pattern modelling (WPPM) method are listed in Table 

2.  Considering that the presence of tungsten oxides was not detected in the XRD patterns, and 

looking at the unit cell parameters, the entrance of W into TiO2 lattice is likely because the 

ionic radii of [VI]W4+ and [VI]Ti4+ are equal to 0.66 and 0.61 Å, respectively [82]. Moreover, the 

addition of only 1 mol% W gave a higher average crystalline domain diameter for the anatase 

nanocrystal (i.e. 11.0 nm versus 8.2 nm in the unmodified sample). This is consistent with the 

more advanced ART in that sample (cf  Table 1): as a matter of fact, ART is believed to be a 
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nucleation-growth phenomenon [82]. This might confirm that nucleation and growth of anatase 

was favoured by the addition of 1 mol% tungsten, , and the critical size beyond which the ART 

occurred was achieved faster than with 2.5 and 3 mol% tungsten additions. 

 3.2 Raman analysis 

Raman spectra are presented in Figure 3 for a) P25 commercial TiO2 and b) the tungsten doped 

particles [59]. 

 

(a) 
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(b) 

Figure 3 Raman spectra of (a) P25 and (b) 1% 2.5% and 3% W-TiO2 

In all the samples, bands assigned to both the rutile and anatase phases were observed. The 

main anatase Raman band (Eg around 145 cm-1) identified in all the synthesised samples was 

fitted with a Lorentz-Gaussian function which enabled the goodness of fit (χ2), centroid and 

full width at half maximum (FWHM) of the peaks to be obtained, as shown in Table 3. Balaji 

and colleagues [83] reported that by comparing the FWHM and the centroid it is possible to 

obtain qualitative information about disorder.  Sathasivam and coworkers reported that a 

linearly increasing shift in the Eg Raman peak to higher wavenumbers with tungsten content is 

attributed to the formation of a solid solution, which also shows good agreement with XRD 

data [59]. 
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In a study conducted by Balaji and colleagues the presence of tungsten and its increasing 

concentration in the doped samples had a similar effect, however the shifts were slightly 

smaller than those observed by Sathasivam [59].  This is due to the tungsten concentrations of 

up to 14% and the manufacturing method (chemical vapour deposition versus sol gel). The 

Raman shift observed can also be related to the domain dimensions of the anatase and is 

consistent with the XRD results. 

Table 3 FWHM and centroid value for W-TiO2 

Sample Centroid position 

(cm–1) 

FWHM 

(cm–1) 

% Gaussian χ2 

1% W-TiO2 147.2 18.5 8.61 6.07 

2.5% W-TiO2 148.2 19.4 2.35 11.43 

3% W-TiO2 148.6 20.3 2.82 11.15 

 

3.3 Electron microscopy 

The microstructure of the nanoparticles was imaged using field emission (FE) electron 

microscopy in order to compare the morphology of the nanoparticle formulations with different 

tungsten content. Transmission electron microscopy was employed to examine the particle size 

and lattice structure. 

3.3.1 Field emission scanning electron microscopy images 

The microstructures of formulations containing 1, 2.5 and 3% tungsten are presented in Figure 

4 (a) to (f) respectively.  Figure 4 (a) and (b) shows 1% W doped TiO2 at magnifications of 30k 

and 85k. Examination of the images shows that the particles are in a sintered state.  
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(a) (b) 

  

(c) (d) 

  

(e) (f) 

Figure 4 SEM images of the surface of W-TiO2 sample at magnifications of 30k and 85k, (a) 

and (b) 1% W-TiO2, (c) and (d) 2.5% W-TiO2, (e) and (f) 3% W-TiO2. 
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The size of the particle clusters was measured manually using the image analysis software, 

ImageJ which showed an average diameter of 66 ± 10 nm. The 2.5% W doped TiO2 at the same 

two magnifications as for the 1% is shown in Figure 4 (c) and (d) and indicate that the particle 

sizes, morphology and microstructure are very similar with an average dimension for the 

particles of 66 ± 11 nm.   

In comparison Figure 4 (e) and (f) shows the microstructure of 3% W doped TiO2 at the same 

magnifications. The morphology is noticeably different in this case with a more porous 

structure comprised of larger particles with an average dimension of 130 ± 28 nm.  However 

closer examination of the larger particles, for example large particles in the bottom left hand 

side of Figure 4 (f), suggests that these particles may be agglomerates of nanoparticles.  Hua 

and co-workers studied the activity of W-doped TiO2 nanoparticles under simulated sunlight 

and observed inhibited growth attributed to the presence of tungsten [45]. 

3.3.2 Transmission electron microscopy (TEM)  

TEM images of the nanoparticles containing 1%, 2.5% and 3% W-TiO2 are presented in Figure 

5 (a) to (f) at high magnification.  Figure 5 (a) shows aggregates and single particles of 1% W-

TiO2 with an average dimension of 14 ± 3 nm measured manually with ImageJ image 

manipulation software.  A high magnification image is shown in Figure 5 (b).  Aggregate 

particles of 2.5% W-TiO2 are shown in Figure 5 (c) and (d).  Particle dimensions obtained from 

Figure 5 (c) indicate an average dimension of 10 ±2 nm. Compared with 1% W-TiO2 (Figure 

5 (a)) there is more aggregation and atomic lattices are better shown in Figure 5 (d).  Figure 

5(e) and (f) shows an aggregate of 3% W-TiO2 with an average particle dimension of 10 ±2 

nm.  This is the same as that observed in Figure 5 (c) and (d).  Aggregation was increased in 

this sample compared with the others which is in accord with SEM images shown in Figure 4 

(e) and (f). 
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(a) (b) 

  

(c) (d) 

  

(e) (f) 

Figure 5 TEM images showing aggregates of nanoparticles with 200 nm and 10 nm scale 

bars for (a) and (b) 1% W-TiO2, (c) and (d) 2.5% W-TiO2, and (e) and (f) 3% W-TiO2 
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3.3.3 Diffuse reflectance spectroscopy (DRS) and BET surface analysis 

Diffuse reflectance spectroscopy (DRS) results are shown in Table 4, and Figure 6, Figure 7 

and Figure 8. All the spectra consist of one single absorption edge at around 390 nm, assignable 

to the band-to-band transition in titania. The values of the optical Eg of the specimens, obtained 

through the Tauc plot, are presented in Table 4. The indirect allowed model (Figure 8) fits well 

to this TiO2 band structure because the Eg values obtained are consistent with the expected Eg 

for rutile (i.e. 3.0 eV, in agreement with other literature data [84]) . On the contrary, the direct 

allowed model (Figure 7) gave slightly increased Eg values, which is not consistent with the 

TiO2 band structure. 

The BET surface area, SBET, values in Table 4 are notably different for the three levels of 

tungsten doping suggesting different levels of clustering and perhaps particle size variation.  

On this basis the higher SBET, value for 2.5% tungsten would be consistent with a less 

agglomerated structure. 

 

Table 4 Optical band gap and BET surface area of commercial and synthesised samples 

Sample Optical Eg (eV) SBET (m
2 g-1) 

Direct allowed Indirect allowed 

P25  3.68±0.01 [85] 3.26 ±0.01 [85] 79.6 ± 1.1  

1% W-TiO2 3.29±0.01 2.96±0.01 68.9 ± 0.9  

2.5% W-TiO2 3.39±0.01 3.03±0.01 110.9 ± 1.6 

3% W-TiO2 3.33±0.01 2.99±0.01 99.0 ± 1.3 
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Figure 6 Diffuse reflectance spectroscopy (DRS) of the W-TiO2 specimens. 
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Figure 7 Kubelka–Munk elaboration versus photon energy according to the DIRECT Eg 

model on 1% W-TiO2. The dashed red line represents the x-axis intercept of the line that is 

a tangent to the inflexion point of the curve.. 
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Figure 8 Kubelka–Munk elaboration versus photon energy according to the INDIRECT Eg 

model on 1% W-TiO2. The dashed red line represents the x-axis intercept of the line that is 

tangent to the inflexion point of the curve. 

 

3.3.4 Methylene Blue degradation test 

The concentration of methylene blue during the time of irradiation with UV (Figure 9) and 

white LED light (Figure 10) sources for commercially available P25 pure anatase and 1, 2.5 

and 3% tungsten doped TiO2.  Photocatalytic degradation of methylene blue under UV 

irradiation (Figure 9) by the TiO2 nanoparticles shows the expected reduction in normalised 

concentration shown as a downward trend.  All the synthesised tungsten doped TiO2 particles 

degrade MB by 10 to 20% more than commercially available particles in the UV range. 
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Figure 9 Methylene blued degradation tests of all the particles irradiated by UV light. The 

dotted lines are a guide-to-the-eye. 
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Figure 10 Methylene blued degradation tests of all the particles irradiated by white LED 

light. The dotted lines are a guide-to-the-eye. 

 

The degradation experiment was then repeated irradiating with white LED visible light 

commonly used indoors (Figure 10) and suggests that the amount of dye removed under UV 

light was greater in specimens with a higher anatase wt% as shown in Table 1.  However, it is 

noteworthy that under visible light exposure dyes can undergo light-sensitisation effects [86].  

It is reported that the TiO2-phenol system also gives rise to sensitisation [87].  In a previous 

study an analysis for total organic carbon (TOC) was performed on a W-TiO2 material 

synthesised using a similar methodology to that employed here [88].  TOC content was 

observed to decrease under visible light irradiation.  This therefore demonstrates that we would 

expect some activity in this case, however it should be stressed that potential dye-sensitising 
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effects cannot be totally excluded.  Degradation of methylene blue under UV irradiation due to 

photocatalytic degradation by the TiO2 nanoparticles shows promising results. All the 

synthesised tungsten doped TiO2 particles degrade MB by 10 to 20% more than commercially 

available P25 particles in the UV range so the application of W-doped based coatings inside 

the buildings will further improve IAQ. 

3.3.5 NOx degradation test 

The conversion rate (%) of the initial NOx concentration was calculated using equation (4) and 

is plotted in Figure 11, the data plotted is an average of three tests.  All the trends in the 

reduction of NOx concentration by photocatalytic activity for the four particles studied are 

similar but all the W-doped synthesised particles are circa 10% more effective than commercial 

P25 making them suitable for application in an indoor environment. Figure 11 shows that 

following an initial degradation, the pollutant concentration reached a plateau, and the samples 

could no longer keep on decomposing nitrogen oxides – this is particularly noticeable for P25. 

This deactivating behaviour of TiO2 is well-known to be caused by the oxidation of NO2 to 

HNO3 [89].  O2
− and OH˙ radicals formed during photocatalysis react with the pollutant gas, 

producing NO2 and HNO3, however, the HNO3 formed is easily eluted into water [90, 91].  

To better compare the tested specimens, the experimental data of the first 20 min NOx 

degradation was analysed according to a first-order kinetic law, so as to obtain the pseudo-first-

order apparent rate constant (k’app). Results are presented in Table 5.  
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Figure 11  Decomposition of NOx by PC reaction of the nanoparticles irradiated with an 

Osram Solar lamp. The dotted line shows when the light was switched on after a period of 

stabilisation when all the NOx was adsorbed within the chamber 

Table 5 Initial (20 min) pseudo-first order kinetic constants, and relative correlation 

coefficients for the tested samples, in the case of the NOx degradation in the gas–solid phase, 

using the solar lamp.  

Sample k20 × 103 (min–1) R2 

P25 6.36±0.14 0.997 

1% W-TiO2 8.08±0.25 0.995 

2.5% W-TiO2 9.51±0.46 0.988 

3% W-TiO2 7.32±0.23 0.995 
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The pseudo-first order kinetic constants of the initial first 20 min of reaction confirmed that the 

W-TiO2 specimens are more photocatalytically active than the commercial sample P25. Among 

the W-TiO2 samples, 2.5% tungsten-doped sample possesses the highest activity up to 25 

minutes, however after this point the performance is close to that of the 3% doped material.  A 

possible explanation might be the reduced dimension of anatase crystalline domains (i.e. 8.8 

nm, see Table 2), and its greater specific surface area, i.e. 110.9 m2 g–1 (Table 4).  

3.3.6 Ink Intelligent tests 

The performance of 1% and 3% W-TiO2 when incorporated with an organic binder and 

deposited as a thin film on the surface of an MDF board with a white décor finish was evaluated 

under irradiation by LED and UV light.  During the entire duration of the experiment half of 

the surface of the samples was covered during irradiation to allow the photocatalytic induced 

colour change with the non-irradiated surface to be compared as shown in Figure 12. During 

the testing phase photographs of the dye lines were taken every 5 minutes up to 15 minutes. 

 

 

Figure 12 Diagram showing first steps of the protocol used during Ink Intelligent tests 

 

Figures 13 (a) to (d) compare colour changes in commercial indicator inks when exposed to 

irradiation by light for coatings containing 1% and 3% tungsten.  The sequence of dyes applied 

to the surface was consistent for all the samples: the dye on the left is Explorer (light blue 
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transitioning to purple), the dye in the centre is Visualiser (dark blue transitioning to light blue) 

and the dye on the right is Validator (transparent changing colour to light brown).  Figure 13 

(a) and (b) reports pictures taken 5 minutes apart for Ink Intelligent dyes applied on W-TiO2 

coatings on MDF décor finish panels irradiated with white LED light.  

The colour change of the Ink Intelligent dyes occurred most rapidly when the surface was 

irradiated with UV light.  The PC nanoparticles were most effective when exposed to UV 

irradiation during the methylene blue degradation test reported in section 7.5. Irradiation with 

white light degraded just the most sensitive dye as shown in Figure 13 (a).  The 3% W-TiO2 

formulation slightly increased the activity of the coating and significantly degraded the 

Validator dye after 10 min as shown in Figure 13 (b).  Figure 13 (d) shows the result of dye 

degradation when irradiated with UV light.  Employing UV light dramatically increased the 

degradation rates of all the dyes. The first change of colour is noticeable after 5 min in all the 

dyes used meaning that the PC activity happens at a faster rate.  The presence of 3% of W-TiO2 

did not accelerate the degradation rate and colour change was visible after 5 min. 
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(a) 

    

(b) 

    

(c) 

    

(d) 

    

 0 min 5 min 10 min 15 min 

 

Figure 13 Degradation of Ink Intelligent dyes at 0, 5, 10 and 15 mins on base coatings by: 

White LED light (a) 1% W TiO2, (b) 3% W TiO2, and UV light on (c) 1% W TiO2 and (d) 3% 

W TiO2. 
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4. Discussion  

W-doped TiO2 was synthesised using the sol-gel route described in section 2.1.  Following an 

annealing process to develop the anatase crystal structure, agglomerates of nanoparticles were 

formed.  Within the built environment the presence of agglomerates is preferable as there is a 

much reduced risk of individual nanoparticles being released into the environment which may 

affect the occupant’s health [92].  The agglomerates were successfully bonded onto the surface 

of an MDF substrate which mitigates against potential toxicological effects [93].  This was 

achieved through the development of a paint based on a polyurethane binding agent within a 

water/alcohol liquid carrier phase.  The coating was applied onto the surface of the substrate 

using a brush thereby enabling the subsequent formation of a thin film through an evaporative 

process.  The low viscosity of the paint means it could also be deposited onto a surface using 

a roller or spray gun making it suitable for economical application to large surface areas inside 

buildings.  X-ray diffraction combined with Rietveld analysis revealed near surface features, 

phases and crystalline domains of the particles, which were in agreement with the results of 

Raman spectroscopy. TEM and SEM images confirmed that increasing the amount of tungsten 

in the sample did not modify the internal microstructure or surface of the nanoparticles. 

Photocatalytic degradation of methylene blue at the liquid/solid interface revealed a general 

increase in activity with increasing tungsten content from 1 to 3% when compared with the 

commercially available P25 titanium dioxide.  This was the case under both UV and white light 

irradiation. W-TiO2 particles were also evaluated for their ability to degrade NOx and their 

performance was found to be superior when compared to P25. This was in agreement with the 

literature where Hua observed higher photocatalytic activity in W-doped TiO2 [55].  Tungsten 

doped particles were attached to the surface of MDF board using the photocatalytic coating 

developed in this research which was subsequently studied qualitatively using Ink Intelligent 

dyes.  These were used to evaluate the photocatalytic activity under visible and UV 
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wavelengths of light.  The results showed an increase in the degradation of the dyes with 

increasing time and tungsten concentration.  This study has provided a robust evaluation of the 

tungsten doped TiO2 and demonstrated activity in both the aqueous and gas phases.  Within the 

built environment the intensity of UV light inside buildings is significantly lower than that 

outside, directly reducing the ability of pure TiO2 to exploit its photocatalytic properties.  The 

use of W-doped TiO2, which is active in the visible range of the electromagnetic spectrum, 

exhibits a higher activity for applications indoors.  Environments that would benefit from 

improved indoor air quality include homes, offices, hospitals, care homes, shops and enclosed 

spaces where indoor pollutants can accumulate.  The hydroxyl radicals and superoxide anions 

formed on the surface of TiO2 (in the excited state) may also neutralise pathogens such as 

bacteria, viruses and fungi which can be problematic in the indoor environment [94].  In 

addition to the demand for effective materials to improve indoor air quality there is also an 

increasing need to remove organic contaminants from waste water [95].  The activity 

highlighted in the aqueous phase suggested W-TiO2 is a strong candidate for these applications 

also. 

5. Conclusions  

The following conclusions can be drawn from the results presented. 

• The sol gel nanoparticle processing route described successfully produced TiO2 

nanoparticles of size 10 to 14 nm containing 1, 2.5 and 3% tungsten without significant 

modification of the microstructure.  The nanoparticle agglomerates formed reduce the 

risk that individual nanoparticles may pose within the indoor environment.  

• The proportion of anatase in the material increased from 61.3 to 86.7% with the 

increasing concentration of tungsten from 0 to 3%.  Anatase is the most photo 

catalytically active crystal form of TiO2 and used widely in the indoor environment.  
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• Particles produced containing 2.5% tungsten doping had an anatase domain size of 8.8 

nm and a higher BET surface area of 110.0 m2g-1 compared to 79.6 m2g-1 and 99 m2g-1 

for 0% and 3% tungsten additions respectively.  The high surface area is preferable to 

increase the ability of particles to absorb pollutants onto their surface. 

• When compared to pure anatase (commercially available P25 nanoparticles) the 

tungsten doped particles exhibited superior NOx abatement with increasing tungsten 

concentration, however after 25 minutes this trend was less distinct between the 2.5% 

and 3% tungsten contents.  This demonstrates the suitability of W-TiO2 to be used in 

the outdoor built environment where NOx from traffic and industrial pollution may be 

highest.      

• Photocatalytic tests on powders exhibited similar trends in both gas/solid and liquid 

/solid phase reactions.  This indicates that the material may be exploited for water 

purification applications in the built environment.   

• Photocatalytic tests on polyurethane W-TiO2 coated MDF (medium density fibreboard) 

substrates showed activity under both UV and white light.  MDF is a widely used 

material for interior construction applications and furniture.    
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