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Abstract
Recent work has shown that heterojunction photoelectrodes can achieve synergistically higher water splitting activity than their parent materials. To optimise the performance in such layered systems, it is necessary to develop new methods capable of assessing heterojunction phase space. Herein we explore WO3/ TiO2 heterojunction phase space as model system.
Using chemical vapour deposition, 71 unique photoanodes were grown (15 single layer; 56 heterojunction). The materials were physically characterised using XRD, Raman, SEM, EDX analysis and UV-vis transmission spectroscopy. Various key performance indicators were measured. Within this WO3/ TiO2 heterojunction phase space, onset potentials ranged from ∼0.45 to ∼0.81 VRHE; IPCEs at 350, 375 and 400 nm ranged from ∼0.6 to ∼50.9%, ∼0.1 to ∼30.0%, ∼0 to ∼15.6%, respectively; and TSPs ranged from ∼0.01 to ∼0.94 mA.cm-2. Contour plots allowed us to identify regions of heterojunction phase space with high activity and establish trends. We identified an electronic barrier to charge transfer between the heterojunction layers that required a sufficiently high applied potential (≥ 1.0 VRHE) to be surpassed and for synergetic improvements in activity to be observed. 
We recommend that the methods developed herein, for assessing the performance of sample libraries of heterojunction photoelectrodes, be used alongside combinatorial synthesis methods and high throughout photoelectrochemical measurements to optimise promising heterojunction systems more rigorously and rapidly.



1. Introduction
Photoelectrochemical water splitting is a promising method for producing renewable hydrogen fuel from sunlight.1 Since its inception in 1972,2 several hundred materials have been studied,3 and numerous strategies have been developed to improve their activity.4 One of the most favoured strategies is to form a heterojunction (a junction formed between two dissimilar semiconductors). This enables photogenerated charge to spatially separate across the junction, thereby reducing recombination losses.5 The most active photoelectrochemical devices are heterostructures, showing solar-to-hydrogen efficiencies of up to ∼19%.6 Optimising the performance of heterojunctions is less trivial than for a single layer. Consequently, there have been far more studies on optimising the photoelectrochemical activity of single layer materials7–9 than heterojunction systems.10 
Numerous heterojunction systems have been explored for applications in photocatalytic water splitting,11 which include WO3/TiO2 photoanodes for water oxidation.12–18 The WO3/TiO2 heterojunction has also been explored for general applications in photocatalysis,19–24 showing record high efficiency in the oxidation of a model organic pollutant.25 These two semiconductors form a type II staggered heterojunction, where the bands align in a fashion that provides a thermodynamic driving force for photogenerated charges to move in opposing directions, and therefore, reduce deleterious electron-hole recombination.26 Also, the more narrow bandgap of WO3 (∼2.5 to 2.8 eV)27 with respect to (TiO2 ∼3.2 eV)28 extends the activity of the WO3/TiO2 heterojunction into the visible region.
Herein, using WO3/TiO2 as an archetypal system, we explore heterojunction phase space – a two dimensional representation of this layered system, where each dimension represents the synthetic parameters used to form each layer –  for applications as a photoanode to drive water oxidation. Using chemical vapour deposition processes, 71 discrete samples were synthesised in a systematic manner. Irradiating from the front and the back, the photoelectrochemical performance of all samples was rigourosly evalulated. Several key performance indicators29 were assessed, which included the onset potential of photoelectrochemical water oxidation, the quantum efficiency of water oxidation at a range of applied potentials (at 375 nm) and wavelengths (at 1.23 VRHE), and the theoretical solar photocurrent at 1 sun irradiance (at 1.23 VRHE). Contour plots were used to represent the large body of data generated. These allowed us to identify regions of high, intermediate, and low activity across WO3/TiO2 heterojunction phase space and facilitated the development of physical-functional property relationships. We envisage that the analytical methods developed herein can be applied to other promising heterojunction systems and optimise their function for photoelectrochemical water splitting applications. 

2. Experimental
2.1. Synthesis of the WO3, TiO2 and WO3/ TiO2 heterojunction photoanodes
Photoanodes were grown on F-doped SnO2 (FTO) electrodes (TEK 15; 2.5 × 2.7 cm) using chemical vapour deposition (CVD) methods at atmospheric pressure, inside a cold wall reactor (Figure S1). The FTO electrodes were cleaned with successive 15 min sonications (UT8031/EUK, 40 kHz, 100 W, Shesto) in 50:50  deionised water: soap mixture, deionised water, isopropanol and then acetone. During the CVD reaction, the FTO electrodes were heated from their underside using a graphite block (Olmec) and cartridge heater (Watlow Firerod 750 W). Precursors were carried into the CVD reactor using argon gas (99.99%, BOC), with the flow rate controlled using a flowmeter (FLGXIS221, RM&C). The precursors were carried into the reactor through a baffle manifold to ensure laminar flow. The inlet to the reactor was equipped with a cooling water jacket to prevent any prior decomposition of the precursor before entering the reactor. All heating elements in the systems were controlled using Pt-Rh thermocouples and a Eurotherm PID controller (3216).
[bookmark: _Toc8850630]2.1.1 CVD synthesis of WO3
WO3 photoanodes were grown using an aerosol-assisted chemical vapour deposition (AA-CVD) process, using a method reported by Blackman et al.30 A stock precursor solution was made by dissolving tungsten hexacarbonyl (0.6 g, 11.4 mM) in a mixture of acetone (100 ml) and methanol (50 ml). The stock solution was sonicated for 15 mins to dissolve the solid and stored in the dark to prevent photo-decomposition. For CVD reactions, a specific volume of the stock solution was aerosolised using an ultrasonic humidifier (2 MHz, Liquifog, Johnson Matthey) and carried at flow rate of 4 L.min-1 into the heated reactor where the FTO electrodes were located. Reactions were carried out at 375 °C. A range of WO3 photoanodes were produced, using a set volume for each deposition; 10, 20, 30, 40, 50, 60, 70 and 80 ml. Following the complete transfer of the precursor solution, the coating was allowed to cool to room temperature under a flow of argon. The coatings were then annealed at 500 °C in air for 12 h. Herein, single layer WO3 photoanodes are named WO3 - X ml, where X represents the volume transferred during the CVD reaction.

[bookmark: _Toc8850631]2.1.2 CVD synthesis of TiO2
TiO2 photoanodes were grown using an atmospheric pressure chemical vapour deposition (AP-CVD) process, using a similar method to Evans et al.31 Titanium tetra-isopropoxide (TTIP; excess) was heated to 120 °C using an oil bath, reaching a vapour pressure of ~52 Torr.32 Vapours were carried at flow rate of 3 L.min-1 into the heated reactor where the FTO electrodes were located. Reactions were carried out at 450 °C. A range of TiO2 photoanodes were produced, using a set reaction time for each deposition; 2, 3, 4, 6, 10, 12 and 14 mins. At the end of the reaction, the coating was annealed at 500 °C under a flow of argon (2 L.min-1) for 45 mins to improve crystallinity. The coating was subsequently cooled to room temperature under a flow of argon. Herein, single layer TiO2 photoanodes are named TiO2 - Y mins, where Y represents the reaction time during the CVD reaction.

[bookmark: _Toc8850632]2.1.3 CVD synthesis of WO3/TiO2 heterojunctions
WO3/ TiO2 heterojunctions were grown on FTO electrodes from the sequential CVD deposition of WO3 and TiO2 (as outlined above). These sequential steps and the list of 71 unique samples synthesised in this work (15 single layer; 56 heterojunction) are summarised in Scheme 1. Herein, heterojunction WO3/ TiO2 photoanodes are named WO3 - X/ TiO2 - Y mins, where X represents the volume transferred during the WO3 synthesis step and Y represents the reaction time during the TiO2 synthesis step.

[image: ]
[bookmark: _Ref78996196]Scheme 1: Synthesis scheme depicting the various types of photoanode grown herein, which include WO3 and TiO2 single layer materials and WO3/TiO2 heterojunctions (with representative side-on SEMs shown). The grid in the bottom right shows the 71 unique samples synthesised herein, with blue and red shading representing the WO3 and TiO2 layers, respectively. 

2.2. Physical characterisation
X-ray diffraction (XRD) patterns were measured on a modified Bruker-Axs D8 diffractometer with parallel beam optics equipped with a PSD LinxEye silicon strip detector. X-rays were generated using a Cu source (V = 40 kV, I = 30 mA) with Cu Kα1 (λ = 1.54056 Å) and Cu Kα2 radiation (λ = 1.54439 Å) emitted with an intensity ratio of 2:1. The incident beam was held at 1° with respect to the sample and the angular range of the patterns collected between 6° ≤ 2θ ≤ 70° with a step size of 0.034°. Patterns were compared with standards from the Physical Sciences Data-Science (PSDS) database.33 Lattice parameters and the average crystallite size of each sample was determined by fitting a Le Bail model to each diffraction pattern using GSAS-EXPGUI software.34 Raman spectra were obtained using a Horiba LabRam Infinity equipped a helium-neon laser (633 nm, 25 mW). The system was calibrated to a silicon reference. Samples were analysed over the 50 - 1100 cm-1 range and compared with standards from the RRUFF project database.35 Scanning electron microscopy (SEM) images and energy-dispersive X-ray spectroscopy analysis (EDX) was carried out using a Zeiss Leo Gemini 1525 instrument (1.8 kV). To prevent charging, samples were sputter coating with a thin layer of chromium (~15 nm). Ultra-violet visible (UV-Vis) transmission spectroscopy was performed on a Shimadzu UV-vis 2600 spectrophotometer equipped with an integrating sphere. Samples were measured over the 185 - 1400 nm range, with 1 nm resolution.

2.3. Photoelectrochemical water splitting measurements
All photoelectrochemical measurements were carried out in a custom polyetheretherketone (PEEK) cell with quartz windows (0.5 cm2) front and back. Measurements were conducted using a three electrode configuration, with Pt mesh as the counter electrode and Ag/AgCl in sat. KCl(aq) as the reference electrode (0.197 VNHE at 25 °C; Metrohm). The PEC performance of all samples were measured in an acidic electrolyte (0.1 M H2SO4; pH ~1.2). To compare the effect of a hole scavenger, the PEC performance of select samples were measured in phosphate buffer (0.05 M K2HPO4 and 0.05 M KH2PO4; pH 6.7) with and without the hole scavenger sodium sulfite (0.5M Na2SO3). The water used in all electrolytes was Milli-Q-water (Millipore Corp., 18.2 MΩ·cm at 25 °C).
An Autolab potentiostat (PGSTAT12 with an FRA2 module) was used to apply voltage and measure currents. All applied voltages are reported vs the reversible hydrogen electrode (VRHE), converted using the Nernst equation:
                                        (Eq 1)
where  is the applied potential vs the reference electrode and  is the standard potential of the reference electrode.
The light source used to measure current-voltage (JV) curves and incident photon to current efficiency (IPCE) curves was an ozone-free xenon lamp (75 W, Hamamatsu) coupled to a monochromator (OBB-2001, Photon Technology International). Light intensities were measured using an optical power meter (PM 100, Thorlabs) coupled with a power sensor (S120UV, Thorlabs). 
For JV curves, the monochromator was set to a wavelength of 375 nm (2.6 mW.cm-2) to photoexcite the photoanodes. JV curves were measured by sweeping the voltage from cathodic to anodic potentials (0.45 - 2.45 VRHE) at a rate of 50 mV.s-1 in the light and dark. Generally speaking, the onset potential is the potential at which a certain current density is recorded, or a potential at which the measured current visibly deviates from the background signal.36 In this work, the onset potential was defined as the VRHE at which an IPCE of > 0.1 % is reached using 375 nm irradiation.
For IPCE measurements, the light and dark current was measured at a fixed voltage of 1.23 VRHE for a range of wavelengths between 250 and 475 nm in 25 nm intervals. The IPCE was calculated using the following equation:
                                     (Eq 2)
where Iph is the photocurrent (mA.cm-2), 1239.8 is the multiplication of Planck’s constant with the speed of light (eV.nm), Pmono is the light power at a given wavelength (mW.cm-2) and λ is the wavelength of the monochromated light (nm).
The solar water splitting activity was calculated using IPCE measurements. This theoretical solar photocurrent (TSP) was determined by multiplying the IPCE with the AM1.5 solar spectrum, and converting this into a current:29

[bookmark: _Ref20605956](Eq 3)
where AM1.5 is the solar photon flux (photons.cm-2), Ebg is the material bandgap and 1C is 6.241 x 1018 electrons per second.
A significant volume of data was generated from the PEC analysis of 71 unique photoanode samples. On numerous occasions, the data is represented in the form of a contour plot. To better visualise trends and reduce the effect of sample variability and/or outliers, the data was plot using adjacent averages.

3. Results and Discussion
3.1. Synthesis
To systematically explore WO3/TiO2 heterojunction phase space for applications in photoelectrochemical water splitting, 71 discrete WO3, TiO2 and WO3/TiO2 photoanodes (15 single layer samples, 56 heterojunction samples) were grown using CVD. WO3 layers were grown using an AA-CVD method, where the aerosol of a tungsten source (W(CO)6), dissolved in a 2:1 acetone:methanol solution, was carried into a heated reactor where the electrode was located. This equated to a mass flow of 0.114 mmol of tungsten being carried into the reactor per 10 ml transferred. As-deposited single layer WO3 coatings were blue, and turned light yellow after annealing in air at 500 °C. The coatings were translucent and could be removed from the FTO electrode by abrasion, failing the ScotchTM tape test.37 TiO2 layers were grown using an AP-CVD method, where the vapours of a titanium source (TTIP; ~52 Torr) were carried into a heated reactor where the electrode was held. With the carried gas flow rate used (2 L.min-1) this equated to mass flow of 6.08 mmol of titanium being carried into the reactor per minute of reaction.38 As-deposited single layer TiO2 coatings were transparent and well-adhered to the FTO electrode, passing the ScotchTM tape test. Thinner samples (TiO2 - 2 mins to TiO2 - 6 mins) showed colour bands due to optical interference; a consequence of the flat topography of these coatings. Thicker samples (TiO2 - 10 mins to TiO2 - 14 mins) were more were translucent and did not show these colour bands. For the synthesis of single layer coatings, the growth rate of WO3 coatings was ~2400 nm per mmol of tungsten transferred and the growth rate of TiO2 coatings was ~42 nm per mmol of titanium transferred. WO3/TiO2 heterojunctions were translucent and light yellow in appearance, and like single layer WO3 coatings, could be removed from the FTO electrode by abrasion, failing the ScotchTM tape test. 

3.2. Physical characterisation
3.2.1. XRD and Raman spectroscopy
XRD patterns and Raman spectra were measured for 11 select samples (5 single layer; 6 heterojunction). XRD showed that the crystal structure adopted by WO3 and TiO2 in both single layer and heterojunction samples was monoclinic γ-WO3 (P21/n, a = 7.3271(2) Å, b = 7.5644(2) Å, c = 7.7274(3) Å, β = 90.488(3)°)39 and tetragonal anatase TiO2 (I41/amd, a = 3.7710(9) Å, b = 3.7710(9) Å, c = 9.430(2) Å),40 respectively (Figure 1). Peaks at 2Θ of 23.3, 23.8 and 24.6° corresponded to the primary (002), (020) and (200) planes in γ-WO3, and the peak at 2Θ of 25.4° corresponded to the primary (101) plane of anatase TiO2. Peaks at 2Θ of 26.6, 34.2, 37.8 and 51.6° were due to diffraction from the underlying FTO electrode; cassiterite tetragonal SnO2 (P42/mnm, a = 4.737(1) Å, b = 4.737(1) Å, c = 3.185(1) Å). No additional phases or impurities were observed.
XRD patterns were fit using a Le Bail model to determine the lattice parameters and average crystallite sizes of the WO3 and TiO2 components (Table S1). For single layers of WO3 (Figure S2), the unit cell volume deviated by up to 1.1% from a power standard in thinner coatings (WO3 - 20 ml to 40 ml). However, in thicker coatings (WO3 - 60 ml to 80 ml) the unit cell volume was more similar to a power standard, deviating by less than 0.1% (Figure S3a). The average crystallite size in single layers of WO3 increased quite steadily with coating thickness from ~27 nm in WO3 - 20 ml to ~75 nm in WO3 - 80 ml (Figure S3b). This was coupled with an increasing preference of growth in the (002) plane at 2ϴ of 23.3°. For the single layer of TiO2 measured (TiO2 - 12 mins) the unit cell contracted by 1.1% with respect to a powder standard and possessed an average crystallite size of ~42 nm. Le Bail fitting of a series of WO3/TiO2 heterojunctions showed that there was no significant change in unit cell volume in either layer. This indicated that ion migration between the two layers was not significant. As found in single layer WO3 coatings, WO3/TiO2 heterojunctions showed the same tendency to grow in the (002) direction as the thickness of the WO3 coating was increased. In general, the average crystallite size of the WO3 component in the heterojunctions was lower than single layer coatings, which may have been caused by the TiO2 coating process. However, the average crystallite size of the TiO2 layer in heterojunction coatings was similar to what was observed in the single layer.

[image: ]
[bookmark: _Ref79014202]Figure 1: Selected XRD patterns from a series of photoanodes where 80 ml of WO3 was grown and varying amounts of TiO2 was deposited on top. Patterns are plot alongside WO3, TiO2 and FTO standards for comparison. A close up view of the 2Θ region between 22 and 30⁰ is shown on the right.

Raman spectroscopy supported our findings from XRD, showing that the crystal structure adopted by WO3 and TiO2 in both single layer and heterojunction samples was monoclinic γ-WO3 and anatase TiO2, respectively (Figure S4). No additional phases were observed. Previous studies have shown that the wavenumber of the primary Raman scattering band in anatase TiO2 (Eg ~144 cm-1) increases when W-ions are incorporated within the TiO2 unit cell.41 No significant shifts in this band were observed herein, providing further support that ion migration between the two layers was not significant.

3.2.2. SEM and EDX analysis
The topography of select WO3, TiO2 and WO3/ TiO2 heterojunction coatings were investigated by SEM. Single layers of WO3 formed nanoneedle structures (Figure 2), as previously observed by Blackman et al for WO3 coatings grown using the same method.30 The density of nanoneedle growth and the width of nanoneedles increased with deposition volume from WO3 - 40 ml (Figure 2a) to WO3 - 80 ml (Figure 2b), an effect also observed by Parkin et al.42 Single layers of TiO2 formed dendritic nanocolumns that grew thicker towards their peak (
Figure S5). Previous work by Evans et al. on TiO2 coatings grown using a similar method found their structures were more globular and compact.31 Differences observed herein may be related to the substrate, where an FTO electrode was used in this work and stainless steel was used in theirs. In WO3/TiO2 heterojunctions, the nanostructure of the WO3 host was preserved after coating with TiO2, forming a coating with a similar dendritic structure to single layers of TiO2 (Figure 2c). Side-on SEM images showed that the TiO2 layer did not coat the entire length of the WO3 nanoneedle, forming a thicker coating towards the tip 
Figure S5). Recent experimental and modelling studies of WO3 nanoneedle/ TiO2 heterojunctions have shown that this system forms a type II staggered heterojunction; 25,26  with the band alignment shown in the supporting information (Figure S6).

[image: ]
[bookmark: _Ref79049138]Figure 2: Top-down SEM images at 100,000 magnification of (a) WO3-40 ml, (b) WO3 - 80 ml and (c) WO3 - 80 ml/ TiO2 - 6 mins. 

The thicknesses of our coatings, measured using side-on SEM images, are summarised in Table 1. From the FTO electrode, an ultra-thin layer of SiO2 (~50 to ~70 nm thick) is observed beneath the FTO layer (~330 to ~450 nm thick). In single layers of WO3 and TiO2, coating thickness increased quite linearly with deposition volume and reaction time. In WO3, coating thickness increased from ~750 nm in WO3 - 40 ml to ~1800 nm WO3 - 80 ml. In TiO2, coating thickness increased from ~400 nm in TiO2 - 4 mins to ~3000 nm TiO2 - 12 mins. In WO3/ TiO2 heterojunctions, the thickness of the WO3 layer was relatively unchanged, with respect to the single layer, after coating with TiO2. However, the TiO2 layer was significantly less thick in heterojunctions as compared with single layers. For example, the TiO2 layer in the WO3 - 80 ml/ TiO2 - 12 mins heterojunction was ~1250 nm thick, whereas the TiO2 layer in TiO2 - 12 mins was ~3000 nm thick. This decrease in TiO2 growth rate may be caused by the vastly higher surface area of the WO3 scaffold, as compared with the relatively flat FTO electrode. EDX analysis of a representative WO3 - 80 ml/ TiO2 - 6 mins sample showed that Ti, W, O and Sn were present, with no impurity elements observed.

[bookmark: _Ref79050585]Table 1: Summary of the thicknesses of the SiO2, FTO, WO3 and TiO2 layers observed from side-on SEM images from a series of select photoanodes.
	
	Layer thickness (nm)

	
	SiO2
	FTO
	WO3
	TiO2

	
	Average
	Min
	Max
	Average
	Min
	Max
	Average

	Single layer
	TiO2 - 6 mins
	~60
	~350
	-
	-
	-
	~370
	~420
	~400

	
	TiO2 - 10 mins
	~50
	~450
	-
	-
	-
	~1560
	~2490
	~2000

	
	TiO2 - 12 mins
	no
	~440
	-
	-
	-
	~1650
	~4370
	~3000

	
	WO3 - 40 ml
	~70
	~330
	~640
	~860
	~750
	-
	-
	-

	
	WO3 - 60 ml
	~60
	~390
	~1520
	~1700
	~1600
	-
	-
	-

	
	WO3 - 80 ml
	~50
	~350
	~1510
	~2110
	~1800
	-
	-
	-

	Hetero-junction
	WO3 - 40 ml/ TiO2 4 mins
	~50
	~360
	~1160
	~1400
	~1200
	~500
	~1200
	~850

	
	WO3 - 60 ml/ TiO2 6 mins
	~60
	~360
	~940
	~1510
	~1250
	~560
	~1300
	~925

	
	WO3 - 80 ml/ TiO2 12 mins
	~60
	~370
	~1560
	~2020
	~1800
	~910
	~1620
	~1250


no = not observed

3.2.3. UV-vis transmission spectroscopy
UV-vis transmission spectroscopy was carried out on select samples over the 185 - 1400 nm range. Transmission spectra of a series of single layer WO3 and TiO2 samples are shown in Figure S7. For the single layer WO3 samples (Figure S7a), the degree of transmission in the visible and near-infrared regions decrease as coating thickness increases. This is attributed to the growth of longer and more densely packed nanoneedles that increasingly scatter light. An increasingly red-shifted band edge was also observed; increasing from ∼310 nm in WO3 - 10ml to ∼400 nm in WO3 - 80ml. Similar trends were observed in single layer TiO2 samples (Figure S7b), where increases in coating thickness resulted in reduced transmission in the visible and near-infrared regions and a red-shifting of the band edge; from ∼300 nm in TiO2 - 2 mins to ∼350 nm in TiO2 - 14 mins. In a select series of WO3/ TiO2 heterojunctions, where the thickness of the TiO2 layer was held constant, the band edge red-shifted as the WO3 layer thickness was increased (Figure 3a). 
Optical bandgaps were determined from Tauc plots43 (Figure S8). These bandgaps are shown in a 3D bar chart in Figure 3b, and the values listed in Table S2. The derived bandgaps for single layer WO3 and TiO2 coatings ranged from ∼2.75 to ∼2.90 eV and ∼3.19 to ∼3.23 eV, respectively, and were both in agreement with literature reports (WO3 ∼2.5 to 2.8 eV; TiO2 ∼3.2 eV).27,28 The bandgap in WO3 single layers decreased as coatings were made thicker; in agreement with previous reports.42,44 The bandgap in heterojunction samples was mostly controlled by the thickness of the WO3 layer, with bandgap values ranging from ∼2.78 eV in WO3 - 20 ml/ TiO2 - 3 mins to ∼3.05 eV in WO3 - 20 ml/ TiO2 - 12 mins.


[image: ][image: ]
[bookmark: _Ref79066004][bookmark: _Ref79066000]Figure 3: (a) UV-vis transmission (%) spectroscopy of an example series of WO3/ TiO2 heterojunction photoanodes, where the TiO2 layer thickness was held constant with a 6 mins deposition time. (b) The indirect allowed optical bandgaps (eV) determined from a Tauc plot of UV-vis transmission data for a series of photoanodes.

3.2.4. Photoelectrochemical water splitting
The photoelectrochemical properties of all 71 photoanodes (15 single layer; 56 heterojunction) were investigated in a three electrode configuration (0.1 M H2SO4; pH = 1.18). To evaluate their potential use as photoanodes in water splitting devices, certain key performance indicators29 were measured. These include: (i) the onset potential in which photocurrent, and therefore water oxidation was observed, (ii) the quantum efficiency of water oxidation at one wavelength (375 nm) for a range of applied potentials, (iii) the quantum efficiency of water oxidation at a range of wavelengths at one applied potential (1.23 VRHE) and (iv) the theoretical solar photocurrent at one applied potential (1.23 VRHE). All measurements were carried out under front and back irradiation conditions.

3.2.4.1. Current-voltage curves and onset potentials
JV curves were measured from 0.45 - 2.45 VRHE in the dark and in the light (375 nm; 2.6 mW.cm-2). Measurements were carried out for both front and back irradiation. In Figure 4a, example JV curves are shown for WO3 - 60 ml, TiO2 - 10 mins and WO3 - 60 ml/ TiO2 - 10 mins under front irradiation. In WO3 - 60 ml, we see an onset potential for photoelectrochemical water oxidation at ∼0.55 VRHE; similar to literature reports for this material.27 The photocurrent rises to a plateau of ∼0.09 mA.cm-2 at ∼0.9 VRHE, which corresponds to an IPCE of ∼12%. The onset for dark electrocatalysis is observed at ∼1.9 VRHE. In TiO2 - 10 mins, we see an earlier onset potential for water oxidation at ∼0.45 VRHE, similar to literature reports for this material,45 and an earlier plateau photocurrent, reaching ∼0.03 mA.cm-2 at ∼0.6 VRHE, which corresponds to an IPCE of ∼4%. The onset for dark electrocatalysis is observed later at ∼2.1 VRHE. In the WO3 - 60 ml/ TiO2 - 10 mins heterojunction we see an onset potential of ∼0.55 VRHE; similar to the WO3 single layer. Although the photocurrent shows a lower fill factor than its parent materials, the plateau photocurrent is significantly higher, reaching ∼0.18 mA.cm-2 at ∼1.8 VRHE, which corresponds to an IPCE of ∼23%. The onset for dark electrocatalysis is observed at ∼2.0 VRHE, a value between what was observed for the two single layer materials. The case of back irradiation for the same three samples is shown in Figure S9a. Similar behaviours were observed for these three photoanodes, with near analogous onset potentials and photocurrent trends. Of note, photocurrents under back irradiation are marginally higher, with WO3 - 60 ml, TiO2 - 10 mins and WO3 - 60 ml/ TiO2 - 10 mins showing plateau photocurrents of ∼0.10, ∼0.04 and ∼0.25 mA.cm-2, and therefore IPCEs of ∼13, ∼5 and ∼32%, respectively. For both front and back irradiation, synergetic increases in photocurrent were observed in this heterojunction (with respect to its parent materials). 
The onset potentials of all 71 photoanodes under front irradiation are summarised in a contour plot (Figure 4b). General trends are observed for the three types of photoanode – WO3, TiO2 and WO3/ TiO2. A region therefore higher onset potential (yellow-red in graph, 0.60 to 0.68 VRHE), is located in the region of WO3 - 10 to 80 ml/ TiO2 - 0 to 2 mins single layer and heterojunction phase space (i.e. single layer WO3 photoanodes and WO3/ TiO2 heterojunctions where the TiO2 layer is thin). A region of dark blue-light blue, and therefore lower onset potential (0.44 to 0.52 VRHE), is located in the region of WO3 - 0 to 30 ml/ TiO2 - 10 to 14 mins single layer and heterojunction phase space (i.e. thick single layer TiO2 photoanodes and WO3/ TiO2 heterojunctions where the WO3 layer is thin and the TiO2 layer is thick). Finally, a region of dark green-light green, and therefore intermediate onset potential (0.52 to 0.60 VRHE), is primarily located in the region of WO3 - 40 to 80 ml/ TiO2 - 6 to 14 mins heterojunction phase space (i.e. WO3/ TiO2 heterojunctions where the WO3 and TiO2 layers are thick). Our analysis shows that the onset potentials in our WO3/ TiO2 heterojunctions are, broadly speaking, an average of the two parent materials. This is in agreement with recent modelling work on the WO3/TiO2 heterojunction, which showed that Fermi level equilibration and the action of light results in an “electron-notch” forming between the TiO2 and WO3 conduction band energy levels, resulting in a barrier for electron transfer from TiO2 to WO3 of ∼0.09 to 0.11 meV.26 It is noteworthy that a near analogous increase in onset potential between our single layer TiO2 (average ∼0.50 V) and WO3/TiO2 heterojunctions (average ∼0.60 V) are observed herein. The onset potentials for the case of back irradiation are also summarised in a contour plot (Figure S9b). Trends are broadly quite similar to what is observed under front irradiation; the only exceptions of note being that: (i) lower onset potentials were reached in single layer TiO2 samples at lower thicknesses and (ii) thicker heterojunctions located in the region WO3 - 60 to 80 ml/ TiO2 - 6 to 12 mins showed markedly higher onset potentials. The onset potential values for all 71 samples are tabulated in the supporting information (Table S3).
To better understand the observed differences in surface activity, we measured the photoelectrochemical behaviour of 3 select samples (2 single layer and 1 heterojunction material) in the presence and absence of a hole scavenger using 375 nm light (Figure S10). By reducing the barrier for hole transfer to occur, this experiment allows one to probe the efficiency of charge carrier separation.46 The plateau photocurrents achieved with and without a sulfite hole scavenger were similar for the 3 samples analysed, which showed that with sufficient applied potential, the charge carrier separation efficiency could be raised to an intrinsic limit at the wavelength studied. More significant differences were observed in the onset potentials for the photo and electrocatalytic oxidation reactions. With regards to electrocatalytic oxidation, the 3 samples showed a cathodic reduction in onset potential of ~1.2 VRHE when the hole scavenger was present. However, with regards to photocatalytic oxidation, only the WO3 sample (WO3 - 30 ml) showed any significant change in onset potential, decreasing cathodically from ~0.65 VRHE to ~0.45 VRHE when the hole scavenger was added (Figure S10a). For the TiO2 (TiO2 - 4 mins; Figure S10b) and WO3/ TiO2 heterojunction samples (WO3 - 30 ml/ TiO2 - 12 mins; Figure S10c) the onset potentials and photocurrents were near analogous in the presence and absence of the hole scavenger. This indicated that surface hole transfers to the electrolyte occurred primarily through the TiO2 layer in the heterojunction. And given the photocurrent density in the heterojunction (~34 μA.cm-2 at 0.75 VRHE with a hole scavenger; ~24 μA.cm-2 without) was higher than the combined performance of WO3 (~22 μA.cm-2 at 0.75 VRHE with a hole scavenger; ~11 μA.cm-2 without) and TiO2 (~0.92 μA.cm-2 at 0.75 VRHE with a hole scavenger; ~0.59 μA.cm-2 without), this also indicated holes were primarily formed in the WO3 layer in the heterojunction (for this excitation wavelength of 375 nm).
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[bookmark: _Ref79251386]Figure 4: (a) Current-voltage curves of select photoanodes measured in 0.1 M H2SO4 electrolyte (pH = 1.18) for dark (dashed lines) and front irradiation (solid lines) conditions. Photoanodes were irradiated from the front using monochromatic 375 nm light (2.6 mW.cm-2). The voltage was swept from cathodic to anodic potentials from 0.45 to 2.45 VRHE (50 mV.s-1). (b) A contour plot of the onset potentials (VRHE) observed in JV curves under front irradiation for all WO3, TiO2 and WO3/TiO2 photoanodes synthesised herein.

3.2.4.2. IPCE
As the JV curves of all 71 unique photoanodes were measured using monochromatic 375 nm light of a known power (2.6 mW.cm-2), photocurrents could be converted into IPCEs. Contour plots of the IPCE at 375 nm for the applied potentials of 0.75, 1.0 and 1.5 VRHE when irradiated from the back are shown in Figure 5. At 0.75 VRHE (Figure 5a), the highest IPCEs (yellow-red region; ∼5.25 to 7.00 %) are observed in single layer WO3 phase space, from WO3 - 40 to 80 ml. Regions of intermediate IPCE (dark green-light green regions; ∼2.45 to 4.90 %) are observed in WO3 - 0 to 20 ml/ TiO2 - 8 to 14 mins single layer and heterojunction phase space and WO3 - 60 to 80 ml/ TiO2 - 10 to 14 mins heterojunction phase space. And regions of low IPCE (dark blue-light blue; ∼0 to 2.1 %) are observed in WO3 - 0 to 30 ml/ TiO2 - 0 to 6 mins single layer and heterojunction phase space. At 1.0 VRHE (Figure 5b), a new region of highest IPCE emerges (yellow-red region; ∼10.5 to 15.0 %) in the region of WO3 - 50 to 80 ml/ TiO2 - 4 to 14 mins heterojunction phase space. Intermediate IPCEs (dark green-light green; ∼5.25 to 9.75%) are now primarily found in single layer WO3 phase space, from WO3 - 20 to 80 ml, and WO3 - 10 to 40 ml/ TiO2 - 8 to 14 mins heterojunction phase space. And low IPCEs (dark blue-light blue; ∼0 to 4.5 %) are found in WO3 - 0 to 20 ml/ TiO2 - 2 to 8 mins heterojunction phase space. At 1.5 VRHE (Figure 5c), we see near analogous trends to 1.0 VRHE, with IPCEs now reaching ∼24%. For the case of front irradiation (Figure S11), near analogous trends are observed at 0.75, 1.0 and 1.5 VRHE to those found under back irradiation. However, marginally lower IPCEs were attained; with the highest IPCEs at 1.5 VRHE reaching ∼20%. 
Overall, this analysis shows that at low applied potentials (≤ 0.75 VRHE), single layer WO3 photoanodes possess the highest IPCEs at 375 nm. But at higher applied potentials (≥ 1.0 VRHE), WO3/TiO2 heterojunctions overtake single layer WO3 photoanodes and show higher IPCEs.  This shows that there is a barrier to charge transfer between the heterojunction layers in our WO3/TiO2 heterojunctions at low applied potentials (≤ 0.75 VRHE) that is overcome at higher applied potentials (≥ 1.0 VRHE), resulting in improvements in performance with respect to the parent materials.
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[bookmark: _Ref79408435]Figure 5: Contour plots of the IPCEs (%) at 375 nm observed under back irradiation for (a) 0.75 VRHE, (b) 1.0 VRHE and (c) 1.5 VRHE for all WO3, TiO2 and WO3/TiO2 photoanodes synthesised herein. All samples were measured in a 0.1 M H2SO4 electrolyte (pH = 1.18).




The IPCE behaviour was also measured at a range of wavelengths (250 - 475 nm; 25 nm intervals) at 1.23 VRHE; the thermodynamic potential of water oxidation. Figure 6 shows the IPCEs for front and back irradiation of an example series of WO3/ TiO2 heterojunctions, where the TiO2 deposition time was held constant at 3 mins (Figure 6). Under front irradiation, we see a general trend where the IPCEs increase with WO3 layer thickness; with IPCEs in WO3 - 80 ml/ TiO2 - 3 mins approaching ∼52% at 300 nm and ∼32% at 350 nm (Figure 6a). Of note, a significant increase in visible light activity is observed on going from single layer TiO2 (Ebg ∼3.2 eV; ∼390 nm) to the WO3/ TiO2 heterojunction (Ebg ∼2.8 eV; ∼440 nm), with no IPCE observed in TiO2 - 3 mins ≥ 400 nm and no IPCE observed in WO3 - 80 ml/ TiO2 - 3 mins ≥ 450 nm. Under back irradiation, markedly lower IPCEs were observed in the hard UV region, due to parasitic absorption of light from the FTO electrode (Ebg ∼3.6 eV; Figure 6a). In the soft UV and blue regions, marginally lower IPCEs were observed than under front irradiation; with the IPCE in WO3 - 80 ml/ TiO2 - 3 mins approaching ∼27% at 350 nm. 
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[bookmark: _Ref79419257]Figure 6: IPCEs (%) of an example series of WO3/ TiO2 heterojunction photoanodes, where the TiO2 layer thickness was held constant with a 3 mins deposition time, for (a) front and (b) back irradiation. Samples were measured at 1.23 VRHE in 0.1 M H2SO4 (pH = 1.18). 

Contour plots of the IPCEs at 1.23 VRHE for the select wavelengths of 350, 375 and 400 nm are shown in Figure 7 for front irradiation and Figure S12 for back irradiation. 
We will first discuss the observed trends for the case of front irradiation. Under 350 nm irradiation (Figure 7a), the region with the highest IPCEs (yellow-red; ∼31.5 to 44 %) is found in WO3 - 10 to 30 ml/ TiO2 - 10 to 14 mins heterojunction phase space. Intermediate IPCEs (dark green-light green; ∼21.5 to 29 %) are primarily found in WO3 - 40 to 80 ml/ TiO2 - 4 to 14 mins heterojunction phase space. And low IPCEs (dark blue-light blue; ∼4 to 14 %) are found in WO3 - 0 to 40 ml/ TiO2 - 0 to 4 mins single layer and heterojunction phase space. Under 375 nm irradiation (Figure 7b), the region with the highest IPCEs (yellow-red; ∼11 to 16 %) changes location, and is found sporadically in WO3 - 50 to 80 ml/ TiO2 - 0 to 14 mins single layer and heterojunction phase space. Intermediate IPCEs (dark green-light green; ∼5 to 10 %) are primarily found in WO3 - 20 to 40 ml/ TiO2 - 8 to 14 mins heterojunction phase space. And low IPCEs (dark blue-light blue; ∼0 to 4 %) are found in WO3 - 0 to 30 ml/ TiO2 - 2 to 6 mins single layer and heterojunction phase space. Under 400 nm irradiation (Figure 7c), similar trends to those observed under 375 nm irradiation are found; the key differences being that IPCEs are lower, reaching ∼8%, and all single layer TiO2 photoanodes show near zero activity as this wavelength is at the band edge of the material. 
We will now discuss the observed trends for the case of back irradiation. Under 350 nm irradiation (Figure S12 a), the regions with the highest IPCEs (yellow-red; ∼24 to 34 %) are found in WO3 - 10 to 30 ml/ TiO2 - 10 to 14 mins and WO3 - 50 to 80 ml/ TiO2 - 4 to 14 mins heterojunction phase space. And the region of lowest IPCEs (dark blue-light blue; ∼4 to 10 %) is found in WO3 - 0 to 40 ml/ TiO2 - 2 to 4 mins single layer and heterojunction phase space. Under 375 nm irradiation (Figure S12b), the region with the highest IPCEs (yellow-red; ∼14 to 20 %) is found primarily in WO3 - 50 to 80 ml/ TiO2 - 2 to 14 mins heterojunction phase space. And the lowest IPCEs (dark blue-light blue; ∼0 to 6 %) are generally found in WO3 - 0 to 30 ml/ TiO2 - 2 to 6 mins single layer and heterojunction phase space. Under 400 nm irradiation (Figure S12c), similar trends to those observed under 375 nm irradiation are found, with IPCEs reaching ∼10%. 
Within the heterojunction phase space, there were several cases where synergistic improvements in activity were observed. For example, under front irradiation, WO3 - 30 ml/ TiO2 - 10 mins showed IPCEs of 48.8, 15.9 and 5.9 % at 350, 375 and 400 nm, respectively (Table S4). These values were more than additive with respect to the parent materials, where WO3 - 30 ml and TiO2 - 10 mins showed 12.5, 7.4 and 3.2% and 33.9, 4.3 and 0.4 % at 350, 375 and 400 nm, respectively. Such synergistic improvements can be attributed to the beneficial effect of a junction in spatially separating photogenerated charge.5 
Comparing the IPCE trends for front and back irradiation, we find that IPCEs at 350 nm were generally lower under back irradiation. However, at 375 nm and 400 nm, IPCEs were generally higher under back irradiation. Also, comparing the IPCEs for the different wavelengths of light, we find the general trend that IPCEs decrease when higher wavelengths of light were used; decreasing from up to ∼44% at 350 nm to up to ∼10 % at 400 nm. This effect is caused by differences in the penetration depth of light, and where light is primarily absorbed in the coating. In TiO2, the penetration depths of 350, 375 and 400 nm light are ∼300, 2000 and 3000 nm, respectively.45 And in WO3, the penetration depths of 350, 375 and 400 nm light are ∼300, 500 and 700 nm, respectively.42 Under front irradiation, 350 nm light is absorbed relatively close to the surface of both TiO2 and WO3, and therefore, hole carriers have a relatively short distance to travel to the material surface and oxidise water. However, 400 nm light is absorbed much deeper in both TiO2 and WO3, meaning hole carriers have a longer distance to travel to the material surface and oxidise water. Given the relatively short hole carrier diffusion lengths in these materials (TiO2 ∼10 nm; WO3 ∼150 nm),47 a much smaller fraction of hole carriers will reach the material surface, and therefore explains the finding that lower IPCEs are observed when higher wavelengths of light are used. This effect is compounded by the reduced absorption of higher wavelengths of light at the band edge of these materials. The IPCE values at 350, 375 and 400 nm for all 71 samples are tabulated in the supporting information (Table S4).
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[bookmark: _Ref79427369]Figure 7: Contour plots of the IPCEs (%) observed under front irradiation at 1.23 VRHE for (a) 350 nm, (b) 375 nm and (c) 400 nm for all WO3, TiO2 and WO3/TiO2 photoanodes synthesised herein. All samples were measured in a 0.1 M H2SO4 electrolyte (pH = 1.18). 





3.2.4.3. TSP 
The TSP is a method that uses the IPCE (measured at a range of suitable wavelengths) to predict the photocurrent that would be observed at 1 sun (AM 1.5; 100 mW.cm-2).48 A diagramatic example of how this is calculated is shown in Figure 8a. The TSP was calculated for all 71 unique photoanodes synthesised herein, for both front (Figure 8b) and back irradiation (Figure S13). 
For the case of front irradiation (Figure 8b), a contour plot shows that there are two regions of high TSP (yellow-red; 0.55 to 0.75 mA.cm-2) that mostly spanned WO3 - 20 to 40 ml/ TiO2 - 10 to 14 mins and WO3 - 50 to 80 ml/ TiO2 - 2 to 10 mins heterojunction phase space. A region of low TSP (dark blue- light blue; 0.10 to 0.30 mA.cm-2) spanned WO3 - 0 to 40 ml/ TiO2 - 2 to 4 mins single layer and heterojunction phase space. This showed that thinner photoanodes were less active than thicker photoanodes, and in part, may be caused by their higher light transmittance (Figure 3a and Figure S7). For the case of back irradiation (Figure S13), a contour plot shows that there is, broadly speaking, one region of high TSP (yellow-red; 0.55 to 0.75 mA.cm-2) that spanned WO3 - 60 to 80 ml/ TiO2 - 2 to 14 mins heterojunction phase space. A region of low TSP (dark blue- light blue; 0.10 to 0.30 mA.cm-2) was again observed in WO3 - 0 to 40 ml/ TiO2 - 2 to 4 mins single layer and heterojunction phase space.
As sunlight contains more light in the visible than in the UV region, photoanodes with higher IPCEs in the visible (Figure 7c and Figure S12c) generally showed higher TSPs. In general, heterojunctions showed higher TSPs than their parent materials. The most active sample under front irradiation was WO3 - 30 ml/ TiO2 - 10 mins, with a TSP of 0.87 mA.cm-2, and the most active sample under back irradiation was WO3 - 80 ml/ TiO2 - 3 mins, with a TSP of 0.94 mA.cm-2. Both heterojunctions showed synergistic improvements in TSP with respect to their parent materials (Table S5), and again, can be attributed to the beneficial effect of forming a junction. The TSP values for all 71 samples are tabulated in the supporting information (Table S5).
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[bookmark: _Ref79482488]Figure 8: (a) Example calculation of the TSP (mA.cm-2) for the photoanode WO3 - 50 ml/ TiO2 - 4 mins from IPCE data measured at 1.23 VRHE in 0.1 M H2SO4 electrolyte (pH = 1.18) under front irradiation. (b) Contour plot of the TSPs (mA.cm-2)  from IPCE data measured at 1.23 VRHE VRHE in 0.1 M H2SO4 electrolyte (pH = 1.18) under front irradiation for all WO3, TiO2 and WO3/TiO2 photoanodes synthesised herein.

3.2.4.4. Comparisons with the literature
Various composite and heterojunction WO3/ TiO2 photoanodes have been examined for applications in photoelectrochemical water splitting,10,12–18 albeit less rigorously than herein (i.e. with typically smaller numbers of samples synthesised, and their photoelectrochemical properties measured less comprehensively). The photoelectrochemical performance of WO3, TiO2 and WO3/TiO2 photoanodes are summarised in Table 2 alongiside the best performing photoanodes from the work herein. Unless stated, all photocurrents reported in this section were measured at 1.23 VRHE and 1 sun irradiance. It should be noted that the both the electrolyte and pH was not constant across all studies compared herein, where the pH varied from ~0.6 to ~13.8. Although this is unlikely to have an effect on the performance of TiO2, which has been shown to have near analogous photoelectrochemical activity in acid, neutral and basic pH,45 it will likely affect the performance of WO3, which shows varied photoelectrochemical activity at different pH.49
Na et al. synthesised mesoporous WO3/TiO2 composite photoanodes using a two-step process.18 First P25 TiO2 paste was screen printed onto an FTO electrode, and then impregnated with WO3 using a sol-gel process. Photoanodes showed stable photocurrents of up to ~0.7 mA.cm-2. Mojgan et al. grew WO3/ TiO2 nanotube composites by anodizing Ti foil in a W-rich electrolyte.17 Photocurrents of up to ~0.1 mA.cm-2 were observed using a 35 W Xe lamp. Davarzadeh et al. also grew WO3/ TiO2 nanotube composites using an anodization route, attaining higher photocurrents of ~0.8 mA.cm-2.16 Chen et al. grew WO3/TiO2 composite photoanodes using a two-step process. TiO2 nanorods were grown by anodization of Ti foil, and then impregnated with WO3 nanoparticles using a hydrothermal method.13 Photocurrents of up to ~2.7 mA.cm-2 were observed.
Zhao et al. synthesised WO3/TiO2 heterojunction photoanodes using a physical vapour deposition processes, where WO3 nanorods were coated with a conformal TiO2 shell.12 Photoanodes showed photocurrents of up to ~0.025 mA.cm-2 and IPCEs nearing 2.5% at 400 nm. Ludwig et al. grew combinatorial libraries of mesoporous WO3/ nanocolumn TiO2 heterojunctions using physical vapour deposition processes that showed photocurrents of up to ~0.11 mA.cm-2.10 Sun et al. synthesised WO3/ TiO2 heterojunction photoanodes using a two-step process, where WO3 nanoplates were grown using a sol-gel route and TiO2 nanoprickles were grown on top using a chemical bath deposition.15 They saw photocurrents of up to ~1.7 mA.cm-2 and IPCEs of ~72% at 400 nm. The best performing WO3/ TiO2 heterojunction herein (WO3 - 80 ml/ TiO2 - 3 mins; back irradiation) showed a TSP of ~0.94 mA.cm-2 and an IPCE of ~16% at 400 nm. 
It is interesting to note that, to our knowledge, the best performing WO3/TiO2 photoanodes from the literature (up to ~2.7 mA.cm-2)13 show lower photoelectrochemical activity than the best performing WO3 photoanode to date (~3.7 mA.cm-2; Table 2).50 This is likely due to the greater number of studies on WO3 alone than the WO3/ TiO2 heterojunction, resulting in further advances in its optimisation. Interestingly, the best performing TiO2 photoanode to date (~2.6 mA.cm-2)51 shows similar photoelectrochemical activity to the best performing WO3/TiO2 photoanodes from the literature. Comparing the performance of our single layer WO3 and TiO2 photoanodes to those also grown using CVD methods in the literature, we see lower performances. For WO3, our nanoneedles (up to ~0.71 mA.cm-2) showed lower activity than nanoneedles grown using an analogous method (~1.24 mA.cm-2).42 This difference may be attributed to their use of a dense WO3 seed layer, which improved the density of WO3 nanoneedle growth. For TiO2, our nanocolumn anatase (up to ~0.56 mA.cm-2) showed lower photoelectrochemical activity than nanocolumn anatase:rutile TiO2 grown using a similar method (~1.2 mA.cm-2).48 This difference is likely due to the presence of rutile in their photoanode, which extends light absorption into the visible and improves solar harvesting.





[bookmark: _Ref79518738]Table 2: Summary of the synthesis, microstructure, and photocatalytic water oxidation activity for some of the best performing WO3, TiO2 and WO3/ TiO2 photoanodes reported in the literature to date.
	
	Material
	Synthesis
	
	1.23 VRHE
	Reference

	
	
	
	electrolyte (pH)
	Photocurrent (mA.cm-2)
	IPCE
	

	WO3
	WO3 nanoplates
	Hydrothermal
	0.1 M H2SO4 
(ns)
	~3.7
	~55% at 400 nm
	Wang et al.50

	
	WO3 nanoneedles on a 
dense seed layer
	AA-CVD
	0.5 M H2SO4
(~0.6)
	~1.24a
	~27% at 400 nm
	Parkin et al.42

	
	WO3 nanoneedles
	AA-CVD
	0.1 M H2SO4
(~1.2)
	~0.71a
	~10% at 400 nm
	herein

	TiO2
	TiO2 nanowires 
(80:20 anatase:rutile) 
	Mechanochemical synthesis + drop cast
	1.0 M NaOH
(~13.8)
	~2.6
	~90% at 350 nm
	Liu et al.51

	
	TiO2 nanocolumns
(95:5 anatase:rutile)
	Pulsed pressure CVD
	1.0 M NaOH
(~13.6)
	~1.2a
	~85% at 350 nm
	Krumdieck et al.48

	
	TiO2 nanocolumns
(anatase)
	AP-CVD
	0.1 M H2SO4
(~1.2)
	~0.56a
	~36% at 350 nm
	herein

	WO3/ TiO2 
composite
	Mesoporous WO3/ TiO2 composite
	Screen printing + sol-gel
	0.1 M Na2SO4
(~6.8)
	~0.7
	ns
	Na et al.18

	
	WO3/ TiO2 nanotube composite
	Anodization
	1.0 M KOH
(~13.6)
	~0.1b
	ns
	Mojgan et al.17

	
	WO3/ TiO2 nanotube composite
	Anodization
	1.0 M NaOH
(~13.6)
	~0.8
	ns
	Davarzadeh et al.16

	
	WO3 nanoparticles/ TiO2 nanotube composite
	Anodization + hydrothermal
	0.1 M Na2SO4
(ns)
	~2.7
	ns
	Chen et al.13

	WO3/ TiO2 heterojunction
	WO3 nanorods/TiO2 shell heterojunction
	Physical vapour deposition
	0.5 M NaClO4 (~7.2)
	~0.025
	~2.5% at 400 nm
	Zhao et al.12

	
	WO3 mesopore/ TiO2 nanocolumn heterojunctions
	Physical vapour deposition
	0.5 M NaClO4
(~3.7)
	~0.11
	ns
	Ludwig et al.52

	
	WO3 nanoplate/ TiO2 nanoprickle heterojunctions
	Sol-gel + chemical bath deposition
	0.5 M NaClO4 (~7.2)
	~1.7
	~72% at 400 nm
	Zhao et al.12

	
	WO3 nanoneedles/ TiO2 dendrites heterojunction
	AA-CVD/ AP-CVD
	0.1 M H2SO4
(~1.2)
	~0.94a
	~16% at 400 nm
	herein


All photocurrents measured using solar simulated light at 1 sun power (100 mW.cm-2) unless specified. aTSP; b35 W Xe lamp, light power not stated; ns  = not stated.

The methodologies developed herein, for assessing and comparing the photoelectrochemical performance of a relatively large catalogue of heterojunction photoelectrodes (71 unique samples in this work), enabled us to readily find regions of heterjunction phase space of high activity (for solar conditions and specific wavelengths) and identify performance trends. Although the relationships identified herein are likely only applicable to WO3/ TiO2 heterojunction systems with similar heterostructure, grown using similar methods, the methods developed herein are generalizable, and can be applied to other promising heterojunction systems to identify regions of high activity. These can also be used to establish new understanding of physical-functional property relationships and the creation of new design rules for producing more active heterojunction materials. Also, we envisage that when these methods are used alongside combinatorial methods for growing photoelectrodes,53 and high throughout photoelectrochemical analysis,54,55 this will result in the more rapid optimisation of heterojunction systems. 

4. Conclusion
Herein, we systematically explored WO3/TiO2 heterojunction phase space for applications in photoelectrochemical water splitting, synthesising 71 unique photoanodes (15 single layer; 56 heterojunction) using chemical vapour deposition processes. The heterojunctions were composed of WO3 nanoneedles (up to ~1800 nm thick) and TiO2 nanocolumns (up to ~1250 nm thick). The WO3 and TiO2 layers adopted monoclinic γ-WO3 and tetragonal anatase structures, respectively. Bandgaps ranged from ∼2.78 to ∼3.05 eV. Their photoelectrochemical performance was measured under front and back irradiation. New methods were developed to analyse the large body of data generated. Within this heterojunction phase space, onset potentials ranged from ∼0.45 to ∼0.81 VRHE; IPCEs at 350, 375 and 400 nm ranged from ∼0.6 to ∼50.9%, ∼0.1 to ∼30.0%, ∼0 to ∼15.6%, respectively; and TSPs ranged from ∼0.01 to ∼0.94 mA.cm-2. Contour plots of these parameters allowed us to identify regions of high, intermediate and low activity, and were used to form physical-functional property relationships. Exploration of this heterojunction phase space showed that there is a barrier to charge transfer across the junction at low applied potentials (typically < 1.0 VRHE), and that a sufficiently high potential (typically ≥ 1.0 VRHE) is necessary for synergetic improvements in activity to be observed. In addition, hole scavenger experiments indicated that the oxidation of water occurred primarily on the TiO2 layer in the WO3/ TiO2 heterojunction.
For front irradiation, the most active photoanode under solar conditions was WO3 - 30 ml/ TiO2 - 10 mins, reaching a TSP of ∼0.87 mA.cm-2. This sample was grown from the transfer of 30 ml of a tungsten precursor to grow the WO3 nanoneedle layer (~500 nm thick) and the transfer of vapours for 10 mins of a titanium precursor to grow the TiO2 nanocolumn layer (~1,100 nm thick). For back irradiation, the most active photoanode under solar conditions was WO3 - 80 ml/ TiO2 - 3 mins, reaching a TSP of ∼0.94 mA.cm-2. This sample was grown from the transfer of 80 ml of a tungsten precursor to grow the WO3 nanoneedle layer (~1,800 nm thick) and the transfer of vapours for 3 mins of a titanium precursor to grow the TiO2 nanocolumn layer (~600 nm thick). We envisage that the analytical methods developed herein can be used to optimise other promising heterojunction systems for applications in photoelectrochemical water splitting, especially when coupled with combinatorial synthesis and high throughput photoelectrochemical analyses.
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