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Abstract 

The tungsten trioxide/titanium dioxide (WO3/TiO2) heterojunction is archetypical in photocatalysis, with 
demonstrated synergetic properties despite some controversy around the predominant band model in these 
systems. The current work is a systematic study that quantified the synergetic contribution of the WO3/TiO2 
heterojunction to the enhancement of photocatalytic activity over the contribution of the TiO2 coating in core-
shell nanostructures. The films were produced from atomic layer deposition and chemical vapour deposition 
techniques and their photocatalytic activity was correlated with transient adsorption properties upon TiO2 
coating thickness. The study allowed to identify an optimum thickness range within 21–40 nm, showing the 
greatest contribution of the heterojunction for a TiO2 thickness of 30 nm. The outputs of this research have 
strong implications to heterojunction materials design for practical applications. 

Keywords

Heterojunction photocatalysts; tungsten oxide/titanium dioxide; transient absorption spectroscopy; stearic 
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Introduction

Photocatalysts use light to drive a wide range of useful chemical transformations,1 and are increasingly being 
applied in commercial technologies, including self-cleaning windows,2 concretes,3 tiles4 and paints.5 The 
efficiency in which photocatalysts harvest and utilise light can be improved through rational materials design 
strategies, with the use of heterojunction architectures becoming one of the most prominent strategies.6

Of the wide range of heterojunction photocatalysts studied to date, the tungsten trioxide/titanium dioxide 
(WO3/TiO2) heterojunction7 has been demonstrated in numerous studies to possess synergistically higher 
activity than the sum of its parent materials,8,9 where for the model organic pollutant degradation reaction - the 
mineralisation of stearic acid10 - it has shown the highest activity of any thin film photocatalyst to date.11  
Therefore, the WO3/TiO2 is now considered an archetypical system showing strong interfacial coupling and 
synergistic electronic properties.12 Upon formation of a WO3/TiO2 heterojunction, the equilibration of Fermi 
levels results in interfacial band bending, building an internal electric field that promotes the separation of 
photogenerated charge carriers. Traditionally, this system has been described by a type-II band alignment 
model, with photogenerated electrons transferring from TiO2 into the conduction band of WO3 and positive 
holes migrating in the opposite direction. Previous work in our group,11 combining hard X-ray photoelectron 
spectroscopy (HAXPES), transient absorption spectroscopy (TAS) and advanced hybrid density functional 
theory (DFT), challenged this model and proposed a band alignment that favoured the transfer of 
photogenerated electrons from WO3 into TiO2. Further studies using combined time-resolved computational 
studies and TAS confirmed that the charge transfer mechanism in the WO3/TiO2 heterojunction is dominated 
by the diffusion of excess electrons into TiO2 and transfer of holes over the valence band edge via thermionic 
emission in WO3.12 As the electrons are transported from WO3 into TiO2, a fully depleted TiO2 coating allows 
electrons to be accommodated in the conduction band electron notch. This effect has a clear impact on the 
inhibition of electron-hole recombination, significantly increasing charge carrier lifetime. Meng et al.13 pointed 
out that the accumulated photogenerated electrons in the conduction band of TiO2 would reduce O2 to a 
superoxide radical (•O2

–) while photogenerated holes in the valence band of WO3, with more positive potential, 
could oxidate H2O (or OH– groups) into hydroxyl radicals (•OH). In recent work,8 some authors have proposed 
an S-scheme mechanism for WO3/TiO2 materials, where carriers with poor redox ability (respectively, 
electrons in the conduction band of WO3 and holes in the valence band of TiO2) recombine, thus promoting 
the separation of useful photogenerated carriers. More recently, Diez-Cabanes et al.14 reported on the potential 
to tune band alignment in the WO3/TiO2 interface via morphological engineering. 

More consensus is reached over a clear enhancement in photocatalytic activity for WO3/TiO2 materials, 
although material engineering is still key for the optimisation of these systems for practical applications.  Pinto 
et al.15 recently carried out a systematic study of heterojunction phase space in this system for 
photoelectrochemical water splitting, identifying regions of high, intermediate and low activity for a range of 
WO3 nanorod length and TiO2 coating thickness. Building on previous work, herein, we seek to quantify the 
impact of TiO2 coating thickness on the observed synergetic increase in photocatalytic activity for a series of 
WO3/TiO2 heterojunction films. This is achieved by growing WO3 nanorods of a fixed architecture (~30 nm 
in radial thickness and ~650 nm in length) and systematically coating them with a conformal layer of TiO2, 
studying thicknesses from a few nanometers (~3 nm) to near microns (~500 nm) in length. High thickness 
control is achieved using atomic layer deposition (ALD), growing TiO2 with thicknesses ranging from ~3 to 
~110 nm. Thicker coatings were achieved using chemical vapour deposition (CVD), growing TiO2 with 
thicknesses ranging from ~30 to ~500 nm. ALD and CVD are both gas-phase thin-film growth techniques, but 
with fundamentally different growth mechanisms. ALD relies on sequential, self-limiting surface reactions, 
which enables angstrom-level control over film thickness and highly uniform, conformal coatings even on 
complex, high-aspect-ratio nanostructures.16 CVD involves continuous precursor supply and simultaneous 
gas-phase and surface reactions, offering less precise thickness control and reduced conformality, which can 
limit its effectiveness for nanoscale surface modification.17 ALD is particularly effective for engineering 
surfaces and interfaces in photocatalytic systems, although the as-deposited films are often amorphous or 
weakly crystalline and they often require post-annealing. CVD uses high deposition temperatures, which 
favours faster growth and the formation of thicker, more crystalline films compared to ALD, resulting in good 
carrier mobility and long diffusion lengths for the promotion of photocatalytic performance.
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The overall activity enhancement of the WO3/TiO2 films benefits from combined morphological and electronic 
components upon the construction of a high-surface area TiO2-based photocatalyst and the heterojunction 
itself. Interestingly, we show how these effects essentially dissipate when the nanostructure of the WO3 is 
obscured through the coalescence of TiO2 at high coating thickness (i.e. ~500 nm), resulting in the loss of 
surface area and the localization of charge carriers in the material bulk where photocatalysis cannot occur. 
More importantly, from a balance of factors an optimum photocatalytic activity is seen at a critical TiO2 
coating thickness (i.e. at ~65 nm for those grown using ALD and at ~40 nm for those grown using CVD). 
These optima are quantified and rationalized using TAS and charge transport simulation methods. 

Experimental Section

Synthesis procedure. All chemicals were used as purchased from Sigma-Aldrich. The WO3 nanorods were 
deposited on quartz substrates (25×25 mm2, Multi-Lab) using aerosol-assisted chemical vapour deposition 
(AACVD). Briefly, the precursor solutions were prepared from tungsten hexacarbonyl (W(CO)6, 99%, 
1.14 10-2 M) in a 2:1 mixture of acetone (99%) and methanol (99.5%).18 The dispersion was carried into the 
CVD reactor using an ultrasonic humidifier operating at 2 MHz (Liquifog, Johnson Matthey). The deposition 
was carried out at 350°C ± 10°C. The deposition of WO3 nanorods was followed by deposition of TiO2 films 
using either atomic layer deposition (ALD) or atmospheric-pressure chemical vapour deposition (APCVD). 
The APCVD films were deposited from titanium tetrachloride (99%) and ethyl acetate (99.8%), used as metal 
and oxygen precursors, respectively.Error! Bookmark not defined. Bubbler temperatures were set to 70 °C and 40 °C, 
under gas flow rates of 1.2 L min−1 and 0.25 L min−1, respectively. Film thicknesses were controlled by 
deposition time, ranging within 10 ― 120 s. The deposition temperature was set to 500 °C. In the ALD 
synthesis, the TiO2 films were produced out from titanium (IV) isopropoxide (99.9%, TTIP) and water, using 
nitrogen as carrier gas. The bubbler temperatures were set to 25°C and 5°C, under gas flow rates of 50 sccm 
and 0 sccm, respectively. Dose and purge times for TTIP were 2.5 s and 60 s, respectively. Dose and purge 
times for water were 2 s and 180 s, respectively. Purge lines in the system were set to 50 sccm. The deposition 
temperature for ALD TiO2 films was set to 200 °C. Further details of the synthesis are given in Supplementary 
Information (Fig. S1-S4 and Table S1). 

Characterisation techniques. The morphology of the heterojunction films was explored using scanning and 
transmission electron microscopy (SEM/TEM) and atomic force microscopy (AFM). SEM was carried out 
using the JEOL 6301 (5 kV) and JEOL JSM-6700F field emission instruments, equipped with a Hitachi S-
3400 field emission instrument (20 kV) for energy-dispersive X-ray spectroscopy (EDS) analysis. TEM 
images were collected using a high-resolution JEOL 2100 instrument, with a lanthanum hexaboride (LaB6) 
source operating at an acceleration voltage of 200 kV. A Gatan Orius charge-coupled device (CCD) was used 
to acquire and record the micrographs. Each sample was prepared by scrapping them off the quartz substrate 
using a diamond pen, followed by sonication in methanol and drop-casted onto a 400 Cu mesh lacy carbon 
film grid (Agar Scientific Ltd.). AFM was performed using a Bruker Icon system running in PeakForce 
Quatitative Nanomechanical Property Mapping (QNM) mode. The topography of the samples was measured 
across 5 μm2 areas using Bruker NCHV (etched silicon) tips in contact mode. The structural properties of the 
films were studied using X-ray diffraction (XRD) on a Bruker-Axs D8 (Lynxeye XE) diffractometer with a 
copper (Cu) X-ray source (Kα1, λ= 1.5406 Å) and under a glancing incident angle (θ) of 1°. Each diffraction 
pattern was fit to the Le Bail method using structure parameters from Joint Committee on Powder Diffraction 
Standards (JCPDS), through the GSAS and EXPGUI software suit. Micro-Raman spectroscopy was 
performed using a Renishaw 1000 spectrometer equipped with a 633-nm laser. This instrument was calibrated 
using a silicon reference. Optical UV/Vis spectroscopy was carried out using a double monochromated Perkin 
Elmer Lambda 950 UV/Vis/NIR Spectrophotometer, calibrated against a Labsphere reflectance standard. 
Transient absorption spectroscopy (TAS) was performed in diffuse reflection mode, from the 10 µs – 1 s 
timescale. A Nd:YAG laser (OPOTEK Opolette 355 II, ~6 ns pulse width) was used as the excitation source, 
generating 355 nm UV light from the third harmonic. This laser light was transmitted to the sample via a fibre 
optic light guide. The laser was fired at a rate of 0.65 Hz and a power of ~1.2 mJ cm-2. The probe light was 
generated from a 100 W Bentham IL1 quartz halogen lamp. Long pass filters (Comar Instruments) were placed 
to minimise short wavelength irradiation of the sample. Transient changes in absorption/diffuse reflectance 
from the sample were collected by a 2” diameter, 2” focal length lens and relayed to a monochromator (Oriel 
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Cornerstone 130). The transient signal was measured at select wavelengths between 550-950 nm. Time-
resolved intensity data was collected with a Si photodiode (Hamamatsu S3071). The data recorded at times t 
> 3.6 ms was registered by an oscilloscope (Tektronics DPO3012) after passing through an amplifier box 
(Costronics), whereas the data at t < 3.6 ms was simultaneously recorded on a National Instrument DAQ card 
(NI USB-6251). Each kinetic trace was obtained from the average of 100-250 laser pulses. Acquisitions were 
triggered by a photodiode (Thorlabs DET10A) exposed to laser scatter. Data was acquired and processed using 
a home-built software written in Labview. Due to the nanostructured topography, all samples scattered light 
strongly and were thus measured in diffuse reflection mode. As photo-induced changes in reflectance were 
low (<1%), it was assumed that the transient signal was directly proportional to the concentration of excited 
species. Much of the analysis herein considered the total transient absorption seen across these visible light 
wavelengths (550-950 nm) as a proxy for the total charge carriers present in the system at any given point in 
time. 

Photocatalytic testing. Photocatalytic screening was first carried out during photodeposition of silver 
nanoparticles from a silver nitrate solution (AgNO3, 0.5 M) under stirring conditions during 1.5 h, using a 
Vilber-Lourmat BLB lamp (28 W, I= 3.15 mW cm-2, = 365 nm) as the light source. Further photocatalytic 
testing was assessed during photodegradation of octadecanoic (stearic) acid, which was used as a model 
organic pollutant. A thin layer of stearic acid was dip-coated onto the films from a dispersion of the acid in 
chloroform (0.05 M). The degradation process was monitored via infrared spectroscopy (Perkin Elmer RX-I). 
Further details are given in Supplementary Information.

Computational Section

A finite-difference (FD) numerical model was developed to investigate the electrostatic and charge-transport 
properties of the WO₃/TiO₂ heterojunction. The model self-consistently solves the coupled Poisson and carrier 
continuity equations (Eqs. 1–3), enabling a physically consistent description of band bending and carrier 
redistribution across the heterojunction. The theoretical framework closely replicates the experimental 
configuration, and full details of the numerical implementation have been reported in our previous work.12, 29

𝜀𝑑2𝜙
𝑑𝑥2 + 𝑑𝜙

𝑑𝑥
𝑑𝜀
𝑑𝑥

= ― [𝑄𝑊 + 𝑄𝑇], (1)
1
𝑞

𝑑𝐽𝑛

𝑑𝑥
+ 𝐺𝑛 ― 𝑅𝑛 = ∂𝑛

∂𝑡
= 0, (2)

― 1
𝑞

𝑑𝐽𝑝

𝑑𝑥
+ 𝐺𝑝 ― 𝑅𝑝 = ∂𝑝

∂𝑡
= 0. (3)

Here, 𝜙 denotes the electrostatic potential across the heterojunction, while QW and QT represent the charge 
densities in WO₃ and TiO₂, respectively (subscripts “dark” and “light” indicate equilibrium and illuminated 
conditions). Jn and Jp are the electron and hole current densities, and n and p denote the spatially resolved 
electron and hole concentrations. Carrier generation terms Gn and Gp are calculated using the Lambert–Beer 
law, whereas electron and hole recombination (respectively, Rn and Rp) are modelled via trap-assisted 

Shockley–Read–Hall processes. The spatial dependence of the dielectric constant ε and grid discretization 

along the transport direction x are explicitly accounted for. All material and transport parameters employed in 
the simulations are adopted from literature reports and summarized in Table S3 (Supporting Information).

Results and Discussion 
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A series of nanostructured WO3/TiO2 films (henceforth referred to as WTi-LT; where LT as a number represents 
the radial thickness in nanometers of the conformal TiO2 layer grown atop of the WO3 nanorods) were 
deposited using CVD (30 ≤ LT (nm)  ≤ 500) and ALD methods (3 ≤ LT (nm)  ≤ 110). Importantly, for this 
work, the growth conditions of the WO3 nanorods were kept constant for all samples produced, with the rods 
having an average radial thickness of ~30 nm (Fig. S3). The resulting samples and their key properties are 
listed in Table 1. The use of two synthesis methods allowed for an evaluation of property trends independent 
of the synthesis approach, as well as enabling ultra-thin film growth using ALD (i.e. down to ~3 nm) and 
thicker film growth using CVD (i.e. up to ~500 nm). The deposition conditions in the case of the CVD 
synthesis were controlled to ensure the conformal coating of the nanorods. Microscopy images of the CVD 
films are shown in Fig. 1. As can be observed, short deposition times (t < 15 s) resulted in the growth of 
separate TiO2 particles on the WO3 nanorods and were thus excluded from this study. However, a growth 
regime was established at longer deposition times (15 ≤ t (s) ≤ 60) where conformal coating of the WO3 
nanorods occurred, with average growth rate of ca. 1.7 nm s-1 (Fig. S1). Further deposition times resulted in 
the coalescence of TiO2 between neighbouring WO3 sites, with the nanorods essentially buried beneath a thick 
coating of TiO2 (herein deemed non-conformal, nc-WTi). The average WO3 nanorod length was estimated at 
ca. 650 nm from the side-view SEM and TEM images (Fig. 1). AFM analysis accounted for the high surface 
roughness of the films, although surface roughness could not be adequately quantified using this technique. 
XRD and Raman spectroscopy confirmed the presence of monoclinic WO3 and anatase TiO2 phases (Fig. 
2a,b). No evidence of other crystalline phases or metal mixing across the heterojunction boundary was 
observed, with unit cell volumes and crystallite sizes remaining constant for both phases upon deposition of 
the TiO2 coatings (Fig. S6a,b). This was also confirmed by Raman spectroscopy (Fig. S6c), as the Eg mode 
(symmetric stretching vibration of the O-Ti-O bonds), which is highly sensitive to metal doping, remained at 
141 cm-1 across the samples. Valence band (VB) spectra were fitted with TiO2 and WO3 models (Fig. 2c), 
following a methodology reported elsewhere.28 Details of VB modelling are shown in Fig. S7. VB maxima 
for the parent material models were estimated at 3.21 eV and 2.72 eV, respectively for TiO2 and WO3, with a 
corresponding VBM offset of 0.49 eV. These values are consistent with those reported previously from 
HAXPES analysis and they confirmed the band model described in previous work.11 

The formation of the WO3/TiO2 heterojunction had an impact on the surface reactivity of the films, as first 
evidenced during photodeposition studies of Ag particles from a silver nitrate aqueous solution (AgNO3, 0.5 
M). Under similar experimental conditions, the size and shape of the photodeposited Ag particles can provide 
qualitative information on charge transfer and charge distribution events taking place at the film surface. As 
can be observed in Fig. 3, the conventional CVD TiO2 film formed large, round Ag particles, as expected from 
an active photocatalytic semiconductor, with a conduction band of sufficient overpotential to effectively 
reduce Ag+ ions. Instead, the WO3 nanorods induced formation of dendrite-like deposits, which can be 
associated with field enhancement effects at the tip of the nanorods, usually under non-equilibrium, diffusion-
limited conditions.19 The packed Ag deposits observed on the WTi heterojunction film suggested a combined 
mechanism for the photodeposition, where large dendrites were formed likely due to an increase in electron 
density across the surface. It is worth noting, however, that the observation of this combined effect is not sine 
qua non condition to demonstrate a synergistic interaction between the two semiconductors, since it could be 
due to the rod-like morphology of the TiO2 layer in the film. Thus, further photocatalytic testing was carried 
out. Herein we explored the degradation of stearic acid, often used as a standard organic pollutant, deposited 
on the catalyst surface.20 This approach follows the decay of characteristic C-H infrared bands of the acid 
under UV light (Fig. S8). The photocatalytic activity of the catalyst is estimated in terms of the formal quantum 
efficiency, , defined as molecules degraded per incident photon. Resulting  values are plotted as a function 
of radial TiO2 thicknesses, LT in Fig. 4. Typical  data from conventional TiO2 films is consistent with the 
photon absorption properties of the films. The total light absorption at the peak irradiation wavelength of the 
photocatalysis experiment (i.e. 365 nm) across each WTi nanorod was calculated with knowledge of the 
absorption coefficient of WO3 (~102,400 cm-1)21 and TiO2 (~9,900 cm-1)22 at this wavelength and thickness of 
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each layer, assuming an average incident angle of light to each nanorod of 45° (Fig. S9). This followed a linear 
trend, with absorbance increasing from ~58 % in pure WO3 to up to ~69% in WTi-110 (Fig. 4). Close 
inspection of the figure shows that WTi films with thin TiO2 coatings (LT < 20 nm) held a near linear 
relationship between light absorption and photocatalytic activity; however, thicker TiO2 coatings significantly 
deviated from it, with films within 20≤ LT (nm) ≤40 showing clear enhancements in photocatalytic activity 
with respect to the degree of light absorption. These enhancements were consistent, independent of the 
synthesis approach. An enhanced activity was also observed for the CVD WTi-80 film; however, other thick 
coatings produced by ALD (WTi-65 and WTi-100) resulted in comparatively lower activity, which was 
attributed to differences in charge transport characteristics in the films made by each technique, where poorer 
crystallinity and charge transport is likely to be seen in TiO2 layers deposited by the relatively low temperatures 
of ALD (200 C) compared to those made by CVD (500 C). This is inferred upon inspection of XRD patterns 
of ALD TiO2 films on glass substrates, as shown in Fig. S5.  

The non-linear trend in photocatalytic activity seen in our series of WTi films can be explained using TAS; a 
technique which can measure the population and lifetime of charge carriers in WO3,23 TiO2

24 and their 
heterojunctions.11 Example TAS data is illustrated in Fig. S10 for the ALD WTi series. The transient decays 
probed at 550 nm show a dynamic that follows a power law function, which is typical of a thermally assisted 
trap-hopping recombination mechanism (Fig. S10a).25 The transient absorption spectra showed broadband 
absorption, absorbing more prominently in the blue region (Fig S10b). The WTi-65 sample showed the highest 
degree of transient absorption at 1 ms and thus indicated that this sample possessed the highest number of 
charge carriers at this timescale in this series. Notably, it is from the 1 ms timescale that charge carriers can 
form the reactive oxygen species that drive photocatalytic oxidation reactions,1 and thus, to understand the 
photocatalytic activity trends observed herein, many of our comparisons below are made at this timescale. 
Importantly, significantly more charge carriers were present in the series of WTi heterojunctions compared 
with TiO2 alone, which showed that charge carrier formation, separation and lifetime were all higher in the 
heterojunctions, likely due to the formation of favourable band alignments and electric fields that promoted 
these effects; discussed in more detail later in this work.

As transient absorption in the visible region can be attributed to electron and hole carriers in both the WO3 and 
TiO2 components of the heterojunction, we used the total transient absorption (from 550 – 950 nm) as a proxy 
for the charge carrier population at a given time. In Fig. S11 we show the total transient absorption at 1 ms 
after the laser pulse for the ALD and CVD WTi series, where within each series, the ALD WTi-65 and CVD 
WTi-40 films showed the highest degree of transient absorption. Importantly, many heterojunction samples in 
the series showed a synergistically higher level of transient absorption than the individual parent materials of 
which it was composed. This is informatively shown in Fig. 5, where the relative enhancement in charge 
carrier population vs either its TiO2 parent material or vs the thinnest heterojunction produced, ALD WTi-3, 
are compared. When comparing to the TiO2 parent material, we used thick enough samples to maximise the 
optical absorption depth of TiO2 while maintaining reasonable charge extraction to the surface, minimising 
charge transport limitations. Reasonable comparison (highest range) was thus set at thicknesses of 90 nm and 
200 nm for ALD and CVD films, respectively. For the ALD series (Fig. 5a,b), the thinnest heterojunction 
WTi-3 showed marginal enhancements in charge carrier population relative to a 90 nm thick ALD TiO2 film, 
ranging from a factor of 2- to 5-time enhancement. However, the growth of a 21 nm thick TiO2 heterojunction, 
WTi-21, resulted in substantial increases in charge carrier populations from the 100 µs to 100 ms timescale, 
ranging from a factor of 10- to 40-time enhancement. For the ALD series, the enhancements were highest in 
the WTi-65 sample, with a 40- to 50-time increase relative to a 90 nm thick ALD TiO2 film. For the CVD 
series (Fig. 5c,d), the greatest enhancements in transient absorption, relative to a 200 nm thick CVD TiO2 film, 
were found in the 40 nm thick TiO2 heterojunction, WTi-40, with a ~60-time increase seen at the 10 ms 
timescale. Overall, one can qualitatively see that the formation of a heterojunction results in up to 60-fold 
increases in transient absorption, and thus charge carrier populations, than TiO2 alone (Fig. 5a,c), and that the 
formation of a heterojunction thicker than 3 nm TiO2 (WTi-3) can result in up to ~18-fold increases in transient 
absorption (Fig. 5b,d).
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If we now plot the TiO2 layer thickness in the WTi heterojunction against the total transient absorption (550 – 
950 nm) at 1 ms after the laser pulse (Fig. 6a), this reveals a region of optimum layer thickness for the ALD 
and CVD series. For the ALD series, the maximum is observed at a TiO2 thickness of 65 nm, and for the CVD 
series, the maximum is observed at a TiO2 thickness of 40 nm. This indicates that the population of charge 
carriers at 1 ms – a timescale where the reactive oxygen species that drive a wide range of photocatalytic 
reactions can begin to form – are highest when the TiO2 thickness in the heterojunction is between ~40 – 65 
nm. Within this optimal region, charge carrier populations were several factors higher than WO3 alone, and 
orders of magnitude higher than TiO2 alone. Interestingly, when the TiO2 thickness in the heterojunction was 
too high (i.e. 500 nm thick in nc-WTi), no enhancement was observed relative to WO3 alone and only a 
marginal enhancement was seen relative to TiO2 alone. This indicated that enhancements in charge carrier 
lifetime were not promoted in this structure, which may be attributed to the TiO2 layer being too thick to 
facilitate effective charge transfer to the WO3 core (and perhaps vice versa). 

Now if we compare the TiO2 layer thickness in the WTi heterojunction with photocatalytic activity (Fig. S12), 
we see a similar relationship to that of total transient absorption, with a maximum in photocatalytic activity 
being seen at a thickness of 65 nm. This showed that the total absorption at 1 ms (i.e. the charge carrier 
population) directly correlates with the observed photocatalytic activity, where a plot reveals a positive linear 
correlation (r2 = 0.89) (Fig. 6b). Therefore, our transient absorption spectroscopy analysis showed that charge 
carrier populations and lifetimes are significantly enhanced in WO3 and TiO2 upon forming a WO3/TiO2 
heterojunction, and that these enhancements in carrier populations map onto the observed photocatalytic 
activity with a high degree of correlation. 

Finally, we also analysed the results from our computational models. Figs. 7–8 present the results of our 
numerical solution of the coupled Poisson and carrier continuity equations for the WO₃/TiO₂ heterojunction. 
Since both WO₃ and TiO₂ are intrinsically n-type, the interface constitutes an abrupt n–n isotype 
heterojunction, with electrons and holes acting as majority and minority carriers, respectively. Fig. 7a shows 
the computed equilibrium band diagram for a WTi-65 heterojunction (LW = 30 nm; LT = 65 nm). Under dark 
equilibrium, a flat Fermi level (EF) is established throughout the junction, confirming the absence of net current 
flow (J= 0). Electron redistribution across the interface leads to the formation of a space-charge region 
(SCRdark), which generates an internal electric field (Efield) across the heterojunction and plays a central role in 
governing charge separation under illumination, as discussed below. Upon UV illumination, photogenerated 
electron–hole pairs induce a photovoltage (Vph), as computed in Figs. 2b and 2c. Illumination results in (i) the 
splitting of the Fermi level into electron and hole quasi-Fermi levels (EFn and EFp), and (ii) partial band 
flattening driven by Vph.12, 29 The latter directly reduces the electrostatic barrier at the interface, thereby 
facilitating directional carrier transport across the heterojunction. Fig. 2c compares the electrostatic potential 
profiles under dark (Vdark) and illuminated (Vlight) conditions, revealing a band-flattening of approximately 59 
meV.

To further elucidate the electrostatic and charge-transport characteristics of the WT heterojunction, we 
analyzed the spatial evolution of the net charge density (QW + QT) along the transport direction. Figs. 8a and 
8b show the calculated charge density profiles under dark equilibrium and 355 nm UV illumination, 
respectively. Under dark conditions, the WO₃ side exhibits a net positive space charge (QW,dark), while the 
TiO₂ side displays a corresponding net negative space charge (QT,dark). This charge separation originates from 
electron transfer from WO₃ to TiO₂ upon junction formation, consistent with Fermi-level equilibration. Charge 
neutrality is strictly preserved across the heterojunction, such that QW,dark + QT,dark = 0. Upon UV illumination, 
illumination-induced band flattening occurs as a result of photovoltage generation (Fig. 7c). This photovoltage 
effectively acts as a forward bias across the heterojunction, partially compensating the built-in potential and 
reducing the overall band bending. Consequently, the space-charge region weakens. As shown in Fig. 8b, the 
net positive charge in WO₃ under illumination (QW,light) decreases relative to its dark value due to an increase 
in electron concentration within WO₃ (see Fig. 8c). Similarly, the magnitude of the net negative charge in 
TiO₂ (QT,light) is also reduced compared to QT,dark, reflecting a redistribution of carriers across the interface.
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The illumination-induced modulation of carrier populations is quantified in Figs. 8c and 8d. Fig. 8c shows the 
accumulation of excess photogenerated electrons near the WO₃ side of the junction under illumination, while 
Fig. 8d reveals a reduction in electron concentration within TiO₂. This behavior is consistent with the 
downward shift of the electron quasi-Fermi level relative to the conduction-band minimum in TiO₂ (Fig. 7b). 
Corresponding hole concentration profiles (Figs. 8e and 8f) indicate negligible hole densities in the dark, as 
expected for n-type semiconductors, but substantial hole generation under illumination, with pronounced 
accumulation on the WO₃ side. This asymmetric hole distribution, together with the illumination-induced 
modulation of electron densities, promotes spatial separation of photogenerated charge carriers across the 
heterojunction, thereby suppressing recombination and enhancing the availability of charge carriers for surface 
reactions. We have analyzed the electrostatics and charge transport in great details in our earlier work.12

To assess the influence of TiO₂ thickness on the electrostatic response of the WT heterojunction, we solved 
the coupled Poisson and carrier continuity equations (Eqs. 1–3) for variable TiO₂ thickness (LT), while 
maintaining a fixed WO₃ thickness of LW = 30 nm. The resulting electric-field profiles are shown in Fig. 9. 
As LT increases from 20 to 80 nm, the TiO₂ surface progressively moves away from the buried heterojunction, 
leading to a significant attenuation of the electric field at the surface. For example, in the WTi-65 configuration, 
the electric-field strength within TiO₂ drops below 1% of its interfacial maximum beyond ~42.8 nm from the 
interface. In the case of WTi-20, although the TiO₂ layer is fully depleted, its limited thickness restricts optical 
absorption and photocarrier generation, preventing effective utilization of photocarriers generated in the WO₃ 
layer. However, an optimal balance between optical absorption, photocarrier generation, and electric-field-
driven charge separation is achieved for LT ~ 30 nm. For thicker TiO₂ layers, the influence of the interfacial 
electric field diminishes, and photocatalytic activities increasingly arise from the intrinsic properties of TiO₂ 
and the nanostructured, high-surface-area morphology of the film rather than from heterojunction-driven 
charge separation.

In sum, the results gathered from this study can be summarised in the schematic figure, Fig. 10. The overall 
efficiencies of the WTi samples resulted from two contributions: (a) the individual, nanostructured TiO2 
coatings and (b) the WO3/TiO2 heterojunction synergy. The samples with relatively thin TiO2 coatings (WTi-
21, WTi-30 and WTi-40) take advantage from the synergetic effect, showing unusually high quantum 
efficiencies, while those with thick coatings (WTi-80) mainly benefit from the former contribution. This is in 
line with our previous work,12 which identified an optimum TiO2 thickness of LT~30 nm for an effective charge 
separation towards promoting photocatalytic activity at the WTi interface. It also aligns with optimum length 
scales of 10–20 nm reported for bulk heterojunctions.26 When considering average diffusion length of electrons 
and holes in anatase TiO2,27 the minority carriers (e.g. holes) have much shorter diffusion lengths (typically 10 
nm) compared to the majority carriers (e.g. electrons), which are typically within 1 to 10 µm. This means that 
the photocatalytic activity is largely restricted by the transport of hole carriers; hence, the optimum length 
scales observed in practice. Notably, the formation of a heterojunction can induce electric fields that can drive 
band bending, thus promoting more favourable hole carrier transport and average diffusion lengths well 
beyond 40–50 nm, as evidenced from this work. 

Conclusions

A series of nanostructured WO3/TiO2 films were deposited using CVD and ALD methods, with radial 
thicknesses of TiO2 coatings ranging between 3−110 nm. The photocatalytic activity of these films was studied 
during degradation of a standard organic pollutant (stearic acid) and their quantum efficiencies correlated with 
their respective transient absorption properties, particularly those within meaningful reaction timescales. 
Deviation from the trend in photon absorption and relative carrier enhancements observed from transient 
absorption spectroscopy allowed for the quantification of the WO3/TiO2 heterojunction contribution within the 
overall quantum efficiency. Significant contributions were particularly observed within films containing thin 
TiO2 coatings within 21−40 nm, with an optimum thickness of 30 nm, which showed the greatest benefit from 
the synergetic effect between the two semiconductors. On the other hand, the formation of the heterojunction 
is less relevant in films with relatively thick TiO2 coatings (80 nm), which mainly benefit from the 
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nanostructured (i.e. high surface area) nature of the film and the individual photocatalytic properties of TiO2. 
These contributions may represent a trade-off in material design for practical applications, particularly when 
it comes to scalability and industrial use. In particular, given that the optimal material can be produced by 
CVD, which is a technique used to grow TiO2 photocatalysts at scale for self-cleaning glazing, the approach 
introduced in this work is inherently of industrial relevance.
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Figures

Fig 1. Microscopy images (respectively, SEM, TEM and AFM, from left to right) of selected heterojunction WTi 
films, obtained using deposition times of TiO2 within (a) 10 s, (b) 30 s, (c) 60 s and (d) 120 s, respectively. 
Corresponding average TiO2 radial thicknesses within the conformally coated films were estimated as (b) LT = 30 nm 
and (c) LT = 80 nm, respectively. (d) Long deposition times for TiO2 films resulted in non-conformal coatings (nc-
WTi).
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Fig. 2. (a) Selected XRD pattern of the CVD sample WTi-80, including XRD patterns of parent materials. Peak intensities 
have been modified (×4) for 2θ >26.5° for clarity. (b) Raman spectrum of sample WTi-40, including Raman spectra of 
parent materials. Band intensities have been modified (×2) in the range above 180 cm-1 for clarity. (c) Valence band (VB) 
spectra of sample WTi-3 fitted with VB models for TiO2 and WO3 components. The TiO2 and WO3 portions show only 
the model totals for each component for clarity. The VB fitting method is based on that previously reported for mixed 
phase TiO2 systems.28 The VB maximum offset (0.49 eV) of fitted models is indicated. 
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Fig. 3. SEM images showing Ag particles photodeposited from an AgNO3 solution (0.5 M) on (a) a conventional CVD 
TiO2 film; (b) a nanostructured WO3 film (b); and (c) a heterojunction WTi film containing TiO2-coated WO3 nanorods.

 

Fig. 4. Formal quantum efficiencies,  estimated from ALD (full blue symbols) and CVD (empty blue symbols) WTi 
films. Total light absorption at 365 nm (grey symbols) – the irradiation wavelength of the photocatalysis experiment – 
was calculated with knowledge of the absorption coefficient of WO3 (~102,400 cm-1) and TiO2 (~9,900 cm-1) at 365 nm 
and thickness of each layer, assuming an average incident angle of light to each nanorod of 45°. 
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Fig. 5. Relative carrier enhancements obtained from analysis of total transient absorption (550 – 950 nm) for ALD (top 
row) and CVD (bottom row) WTi films against single-phase TiO2 (a,c) or WTi-3 (b,d) samples. The TiO2 standards for 
ALD and CVD had thicknesses of 90 nm and 200 nm, respectively. 
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Fig. 6. (a) Total transient absorption (from 550 – 950 nm, %) at 1 ms after the laser pulse against TiO2 thickness for the 
ALD and CVD WTi series, plot alongside WO3 and TiO2 (200 nm thick CVD TiO2) parent materials for comparison. 
Notably, the nc-WTi film shows similar behaviour to the 200 nm thick TiO2 film. (b) A plot of the photocatalytic activity 
for the oxidation of stearic acid, ξ (x104, molecules degraded per photon) against transient absorption (from 550 – 950 
nm, %) at 1 ms after the laser pulse, showing a linear correlation, with a Pearson’s correlation coefficient of 0.89.

Fig. 7. Calculated energy band diagrams of the WTi-65 heterojunction photocatalyst under (a) dark equilibrium and (b) 
UV illumination conditions. The WO₃ and TiO₂ layer thicknesses are LW = 30 nm and LT = 65 nm, respectively. The 
vacuum level in bulk TiO₂ under dark conditions is used as the reference potential (0 eV). Under equilibrium, the band 
diagram exhibits a flat Fermi level, a large valence-band barrier for hole transport, a small conduction-band barrier for 
electron transport, and distinct conduction- and valence-band discontinuities at the interface, characteristic of an abrupt 
n–n isotype heterojunction. Under UV illumination, the junction develops a photovoltage (Vph), accompanied by splitting 
of the electron and hole quasi-Fermi levels. (c) Spatial profiles of the electrostatic potential under dark (Vdark, blue) and 
illuminated (Vlight, red) conditions. Comparison of Vdark and Vlight yields an illumination-induced band flattening of 
approximately 59 meV, which effectively acts as a forward bias and reduces the interfacial band bending.

Page 14 of 20Inorganic Chemistry Frontiers

In
or

ga
ni

c
C

he
m

is
tr

y
Fr

on
tie

rs
A

cc
ep

te
d

M
an

us
cr

ip
t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

6 
Fe

br
ua

ry
 2

02
6.

 D
ow

nl
oa

de
d 

on
 2

/2
6/

20
26

 1
1:

44
:3

9 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
DOI: 10.1039/D5QI02269J

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5qi02269j


15

Fig. 8. Calculated spatial distributions of net charge density across the WTi = 65 heterojunction under (a) dark equilibrium 
and (b) UV illumination. Under equilibrium, WO₃ exhibits a net positive space charge while TiO₂ exhibits a 
corresponding net negative space charge, arising from electron transfer from WO₃ to TiO₂ during Fermi-level 
equilibration. Upon UV illumination, the extent and magnitude of the space-charge region are reduced due to illumination-
induced band flattening and the associated weakening of the internal electric field. (c) Accumulation of excess electrons 
on the WO₃ side of the junction (highlighted in yellow), obtained as the difference between electron concentrations under 
illumination (nlight, red) and dark conditions (ndark, blue). (d) Spatial distributions of electron concentration in TiO₂ under 
dark (ndark, blue) and illuminated (nlight, red) conditions. Spatial distributions of hole concentration along the heterojunction 
under (e) UV illumination and (f) dark conditions.

Fig. 9. Calculated spatial distribution of the electric field of the WO3/TiO2 heterojunction with LW is 30 nm and (a) LT = 
20 nm, (b) LT = 30 nm, (c) LT = 40 nm, (d) LT = 65 nm and (a) LT = 80 nm.
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Fig. 10. Schematic figure illustrating contributions from the nanostructured TiO2 coatings (yellow bars) and the buried 
WO3/TiO2 heterojunctions (blue bars) in selected samples (namely WTi-3, WTi-21, WTi-30, WTi-40 and WTi-80). The 
arrows refer to relative contributions within the two types: WTi-30 shows the greatest benefit from the WO3/TiO2 
heterojunction while WTi-80 benefits particularly from TiO2 thickness and individual photocatalytic properties. 
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Tables

Table 1. Sample description of WO3/TiO2 heterojunction films (henceforth, WTi-LT) synthesized from atomic layer 
deposition (ALD) and chemical vapour deposition (CVD), indicating corresponding average radial thicknesses for WO3 
(LW) and TiO2 (LT), total light absorption, A (%) and formal quantum efficiencies, ξ (molec/photon) with the average, 
<x>, and standard deviation, σ, stated.

ξ×104

(molec/photon)Sample 
name Method Lw

(nm)
LT

(nm)
A

(%) <x> σ

WTi-3 ALD 30 3 58.41 0.33 0.02

WTi-9 ALD 30 9 − 1.50 0.01

WTi-13 ALD 30 13 − 2.25 0.02

WTi-21 ALD 30 21 60.45 8.77 0.15

WTi-30 CVD 30 30 61.44 10.82 0.29

WTi-40 CVD 30 40 62.50 11.35 0.17

WTi-65 ALD 30 65 65.04 10.01 0.07

WTi-80 CVD 30 80 66.47 17.06 0.59

WTi-110 ALD 30 110 69.18 10.37 0.12

nc-WTi CVD − 500 89.66 0.79 0.15
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