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Figure S1: (a) A schematic covering the key stages common to all chemical vapour deposition (CVD)
processes for thin film growth: (1) vapour generation (heat, sonication, atomisation etc.), (2) transport
(inert carrier gas), (3) activation (heat, plasma, light, etc.), (4) gas phase reactions, (5) reactant
diffusion, (6) absorption, (7) growth site diffusion, (8) surface reactions, (9) nucleation, (10) by-product
diffusion, (11) by-products to exhaust. (b) A photograph of the aerosol-assisted chemical vapour
deposition (AACVD) apparatus used to grow our WO; photoanodes on FTO glass.
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Figure S2: Select XRD patterns from a series of photoanodes where (a) the volume of WO; deposited
was varied and (b) the volume of WO; deposited was varied for a fixed amount of TiO, grown on top.
Patterns are plot alongside their WO;, TiO, and FTO standards for comparison.

Table S1: Unit cell lattice parameters and average crystallite size derived from Le Bail refinement of
XRD data for anatase TiO, and monoclinic WO; phases (wRp is the weighted residual of least-squares
refinement; tis the average crystallite size)

Phase a(A) b(A) c(A) 6() V(A

TiO, 3.785 3.785 9.512 - 136.3
Powder standards
WO0O; 7.301 7.539 7.690 90.89 423.2
% change wRp Tt (nm)
TiO, - 12 mins Tio, -0.38 -038 -035 -  -112 0.063 42.2
g WO; - 20 ml WO, -0.15 -049 -047 045 -1.12 0.055 27.1
O
E) WO; - 40 ml WO0O; 0.58 0.04 0.12 -0.32 0.74 0.056 45.6
Qo
-UE’ WO;3 - 60 ml W0O; -0.03 -0.03 -0.06 -0.09 -0.11 0.051 56.1
WO;3 - 80 ml WO; 0.05 -0.06 -0.02 -0.05 -0.03 0.079 75.2
. . TiO, 0.09 0.09 -0.02 - 0.16 44.1
WO; - 80 ml/TiO, - 4 mins 0.056
WO; 0.16 -0.09 0.12 -0.25 0.20 61.2
) . TiO, -0.04 -0.04 0.03 -0.04 36.9
WO; - 80 ml/TiO, - 6 mins 0.079
WO0O; 0.05 -0.05 0.02 -0.20 0.03 66.4
S . _ Tio, -0.06 -006 -0.05 -  -0.17 348
S WO;-20 ml/TiO, - 12 mins 0.039
S WO; -0.01 -0.14 0.04 -0.18 -0.11 34.3
o . ~ TiO, 002 002 -005 -  -0.02 40.7
L WO;-40 ml/TiO, - 12 mins 0.038
% WO0O; -0.03 -0.12 -0.02 -0.19 -0.16 57.7
TiO, 0.09 0.09 -0.07 - 0.10 31.3
WOj; - 60 ml/TiO, - 12 mins 0.044
WO0O; 0.10 -0.06 -0.06 -0.26 -0.02 22.8
. . TiO, 0.09 0.09 -0.02 - 0.16 35.8
WOj; - 80 ml/TiO, - 12 mins 0.064
WO0O; 0.16 0.09 0.04 -0.14 0.30 32.9
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Figure S3: (a) change in unit cell volume (%) compared to the anatase TiO, and monoclinic WO,
standards and (b) average crystallite size of the TiO, and WO; components for select WO5;, WO,/ TiO,
and TiO, photoanodes.
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Figure S4: Raman spectra of select WO3, TiO, and WO;/ TiO, photoanodes. The Raman modes that

correspond to the anatase TiO, (A) and monoclinic WO; (W) phases are shown with dashed red and
blue lines respectively.
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Figure S5: Side-on SEM of (a) TiO, - 6 mins [50,000], (b) TiO, - 10 mins [25,000], (c) TiO, - 12 mins
[25,000], d) WO; - 60 ml [25,000], e) WO; - 40 ml/ TiO, - 4 mins [25,000], f) WO; - 80 ml/ TiO, - 12 mins
[25,000]. The magnification of each image is stated in square brackets. The red, orange, green and
blue bars respectively show where the SiO,, FTO, WO; and TiO, layers begin and end; dashed lines

represent the range where observed.
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Figure S6: Band energy diagram of the WO; heterojunction/ TiO, system using data from past
studies.?>?¢ E,, E,, E, E,g and x denote the conduction band, valence band, Fermi level, bandgap and
electron affinity of each material.
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Figure S7: UV-vis transmission (%) spectroscopy of the series of single layer (a) WO; and (b) TiO,
photoanodes.

°© WO, -80ml

energy (eV)

Figure S8: Example Tauc plot for the indirect allowed bandgap transition for the WO; - 80 ml
photoanode, where the extrapolations at the band edge intersect at a bandgap value of 2.75 eV. The
lowest energy bandgap transition in anatase TiO, and monoclinic WOj; is indirect.?”? Because of the
high degree of scattering present in the coatings herein, a Tauc plot shows a substantial ‘tail’ before
the indirect bandgap transition. This is can be accounted for by taking the bandgap to be the intercept
of the absorption onset and the absorption tail.>®
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Table S2: A summary of the bandgaps determined from Tauc plots for select single layer and
heterojunction samples.

Bandgap WO; (ml)

(eV) 0 20 40 60 80
B 0 - 29 2388 279 275
€ 3 319 295 2.89 2.82 2.78
g 6 323 298 2.85 290 2.88
= 12 320 3.05 292 292 2383
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Figure S9: (a) Current-voltage curves of select photoanodes measured in 0.1 M H,SO, electrolyte (pH
= 1.18) for dark (dashed lines) and back irradiation (solid lines) conditions. Photoanodes were
irradiated from the electrode-electrolyte interface and the light source used was monochromatic 375
nm light (2.6 mW.cm2). The voltage was swept from cathodic to anodic potentials from 0.45 to 2.45
Ve (50 mV.s2). (b) Contour plot of the onset potentials observed under back irradiation for all WO;,
TiO, and W03/ TiO, photoanodes synthesised herein.

Table S3: Experimental values of the onset potential (V) for front and back irradiation for all W03, TiO,
and WO;/TiO, photoanodes synthesised herein (non-adjacent averaged)

WO, (ml)
0 | 20 [ 20 [ 30 [ 40 [ 50 | 60 | 70 | 80
o| - | o065 |064]059]055]058]055][062]057
2 058 065 [079] 059 0.8 [0.73] 072 0.72 | 0.60
3 053] 050 |0.61 050064050050 054]051
4
6

front

0.52 | 0.71 | 0.60 | 0.78 | 0.45 | 0.64 | 0.60 | 0.49 | 0.47
0.61| 0.49 | 0.55]0.55]0.49 | 0.56 | 0.50 | 0.68 | 0.47
10 ( 0.45| 0.45 | 046 | 0.54 | 0.45 | 0.63 | 0.53 | 0.64 | 0.54
12 [ 0.48 | 0.53 | 0.55 | 0.56 | 0.55 [ 0.67 | 0.60 | 0.57 | 0.60
14 [ 0.45| 0.45 | 0.46 | 0.50 | 0.45 [ 0.54 | 0.62 | 0.50 | 0.65

TiO, (mins)
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WO, (ml)
back
- 0 10 20 30 40 50 60 70 80
0 - 0.63 [ 064 |0.61]0.57]0.56]|0.56]|0.62]|0.58
2 10501 0521072 ]10.76 1 0.68 | 0.69 | 0.69 | 0.81 | 0.58
’g 310521048 |0.68]0.77 1081 0.62|0.67 | 0.59 | 0.53
‘E 4 (050 067 | 06 |0.77 1049 ] 0.65] 0.67 | 0.58 | 0.57
) 6 | 046 0.49 | 0.65]0.59]0.73|0.59 | 0.60 | 0.69 | 0.69
= 110|045 045 | 0.61|053]|054|0.65]|0.67]|0.65]|0.70
12 1 047 ] 052 [ 054|062 |0.60| 0.68 | 0.61 | 0.58 | 0.62
14 1 046 | 0.47 (049|052 (049|058 0.69| 0.56 | 0.70
"""" WO;, - 30 ml (dark) (b) TiO, - 4 mins (dark)
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04 W6, e mlrie, 12 miss msvmngealet photoanodes measured in phosphate buffer
——— WO, - 30 ml/ TiO, - 12 mins (scavenger; light)y  (0.05 M K,HPO, and 0.05 M KH,PQ,; pH 6.7) in
= i the presence and absence of a hole scavenger
o) (0.5 M Na,SO0s;) for dark (dashed lines) and front
irradiation (solid lines) conditions. Photoanodes
014 /, were irradiated from the semiconductor-
e electrolyte interface and the light source used
00 was monochromatic 375 nm light (2.6 mW.cm-
2). The voltage was swept from cathodic to
G 5 R 5 anodic potentials from 0.45 to 2.45 Vg (50

mV.s1). The select photoanodes measured are
(a) WO; - 30 ml, (b) TiO; - 4 mins and (c) WO; -
30 ml/TiO, 12 mins.
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Figure S11: Contour plots of the IPCEs (%) at 375
nm observed under front irradiation for (a) 0.75
Vrue (b) 1.0 Vrge and (c) 1.5 Vg for all WO3, TiO,
and WO;/TiO, photoanodes synthesised herein.
All samples were measured in a 0.1 M H,SO,
electrolyte (pH = 1.18).
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Figure S12: Contour plots of the IPCEs (%)
observed under back irradiation at 1.23 Vgy for
(a) 350 nm, (b) 375 nm and (c) 400 nm for all
WO;, TiO, and WO;/TiO, photoanodes
synthesised herein. All samples were measured
ina 0.1 M H,SO, electrolyte (pH = 1.18).
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Table S4: Experimental values of the IPCEs (%) measured at 1.23 Vgye in 0.1 M H,SO, electrolyte (pH =
1.18) for both front and back irradiation at 350 nm, 375 nm and 400 nm for all WO;, TiO, and WO,/TiO,
photoanodes synthesised herein (non-adjacent averaged).

front, WO; (ml)

350 nm 0 10 20 30 40 50 60 70 80
- 19.40 | 19.56 | 12.47 | 22.87 | 36.34 | 15.19 | 8.05 | 12.44
142 | 1486 | 7.10 | 10.48 | 5.06 |21.71|19.41| 2.35 | 7.35
7.60 | 21.94 | 15.27 | 3.50 | 3.55 | 15.61 | 18.00 | 24.83 | 33.50
8.04 | 6.06 1.11 | 3.96 | 22.82|31.57 | 11.45 | 34.59 | 49.43
24.42 | 33.57 | 4.20 | 30.07 | 4.62 | 41.04 | 34.43 | 17.26 | 23.78
10 3391 | 45.62 | 13.61 | 48.84 | 15.15 | 31.75 | 28.75 | 28.50 | 20.09
12 | 36.03 | 39.46 | 31.63 | 46.24 | 27.00 | 13.43 | 35.67 | 19.99 | 17.69
14 | 14.70 | 34.13 | 34.26 | 50.81 | 29.46 | 14.12 | 36.30 | 36.30 | 21.89

| |WI|IN|O

TiO, (mins)
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back, WO; (ml)
350 nm 0 10 20 30 40 50 60 70 80
0 - 19.59 ] 16.33 | 11.38 | 19.14 | 28.46 | 17.58 | 13.59 | 19.81
2 | 2.01 | 13.18 | 8.50 | 10.82 | 9.77 | 25.22 | 17.53 | 3.56 | 13.45
"g‘ 3 | 6.06 |15.19 | 12,52 | 1.32 3.01 | 11.74 |1 24.09 | 27.14 | 42.48
€| 4] 806 | 592 (059 | 057 | 561 |42.45] 14.15| 20.34 | 39.48
;,S 6 |20.16 | 25.13 | 4.06 | 32.61 | 5.54 | 26.61 | 30.81 | 31.10 | 21.81
i [10] 33.61 | 37.88 | 9.10 | 34.34 | 8.48 | 31.10 | 33.81 | 19.84 | 14.88
12 | 36.29 | 27.21 | 20.91 | 39.73 | 25.50 | 15.33 | 37.36 | 26.87 | 28.44
14 | 27.57 | 32.39 | 29.82 | 20.18 | 17.60 | 14.09 | 36.12 | 27.93 | 25.54
front, WO; (ml)
375 nm 0 10 20 30 40 50 60 70 80
0 8.87 |1 10.29 | 7.35 | 15.12 | 22.22 | 11.93 | 5.77 | 9.89
2 1012 )6.18 | 3.74 6.49 3.26 | 1436 | 14.00 | 1.18 | 19.98
’g 3 (065]14.84 | 4.25 0.67 1.54 7.42 9.89 9.55 | 19.77
€ 4 1085|130 0.20 1.41 3.48 | 25.47 | 5.19 9.86 | 13.84
;«: 6 | 1.88|596 | 1.24 | 14.66 | 2.20 | 19.39 | 21.54 | 10.72 | 14.12
= [10]|432]9.73 | 295 | 1590 | 2.54 | 9.15 | 12.86 | 10.93 | 6.98
12 | 6.81 | 6.78 | 5.87 | 1557 | 1099 | 3.48 | 21.27 | 6.76 | 7.28
14 | 3.12 [ 6.03 | 9.51 | 1236 | 7.57 | 3.79 | 15.64 | 14.49 | 9.63
back, WO; (ml)
375nm | 0 10 20 30 40 50 60 70 80
0 10.05| 9.06 | 6.91 | 12.09 | 17.94 | 12.30 | 8.58 | 13.63
2 |0.17 | 5.68 4.57 6.82 517 | 14.84 | 11.65 | 1.84 | 17.15
'g 3 1049 | 2.38 5.52 0.27 1.83 7.53 | 15.94 | 10.05 | 27.97
‘€1 4[060] 1.30 | 0.11 0.27 1.63 | 25.70 | 8.30 | 11.73 | 23.70
g 6 |1.71| 547 | 1.48 | 17.20 | 3.10 | 15.96 | 17.94 | 21.07 | 14.16
= [10(3.87| 9.03 | 2.56 | 15.90 | 1.95 | 21.07 | 20.67 | 14.68 | 8.80
12 | 581 | 6.05 | 474 | 19.26 | 1494 | 7.59 | 20.99 | 15.72 | 16.39
14 | 6.25| 6.54 | 10.01| 862 | 7.21 | 6.12 | 24.17 | 17.21 | 15.85
front, WO; (ml)
400 nm 0 10 20 30 40 50 60 70 80
0 - 297 | 3.88 | 3.18 | 7.24 | 10.27 | 7.42 | 3.65 | 6.20
2 | 001|222 143|292 | 163 6.74 7.18 0.83 | 12.67
'g 3 1003055161 |0.22] 098 ]| 4.24 6.24 | 451 | 11.61
‘E 4 [ 0.17 | 0.14 | 0.04 | 0.85 | 0.60 | 14.54 2.84 5.19 4.84
5«: 6 | 009 | 126 | 045 | 6.56 | 1.10 | 9.50 | 10.52 | 7.40 | 7.12
= 110|035 1.10 | 0.70 | 5.88 | 0.48 [ 3.95 6.17 | 5.52 | 4.03
12 | 0.44 | 0.79 | 0.90 | 4.63 | 5.29 | 1.50 9.93 | 3.72 | 3.97
14 | 0.56 | 0.81 | 1.39 | 1.36 | 1.41 | 1.17 6.86 | 6.74 | 5.56
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back, WO; (ml)

400 nm 0 10 20 30 40 50 60 70 80
- 348 | 3.48 | 292 | 5.75 8.25 6.63 4.19 7.35
0.01 198 | 175 | 3.11 | 2.03 6.28 5.82 0.72 8.45
0.07 | 0.43 | 2.07 | 0.06 | 0.94 | 3.76 8.05 4.65 | 15.63
0.11 | 0.02 | 0.03 | 0.11 | 0.42 | 12.74 | 3.82 5.40 | 10.66
0.14 1119|059 | 715 | 1.56 | 7.13 8.44 | 10.51 | 7.24
10 | 0.22 (| 0.80 | 0.81 | 5.93 | 0.54 | 10.51 | 8.48 6.42 5.01
12 |1 031|113 |1 0.79 | 6.90 | 6.76 | 3.07 9.22 7.38 7.08
14 | 0.87 | 0.77 | 2.47 | 1.22 | 230 | 2.22 | 12.38 | 8.48 7.35
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Figure S13: Contour plot of the TSPs (mA.cm2), calculated from IPCE data measured at 1.23 Vg in 0.1
M H,SO, electrolyte (pH = 1.18), under back irradiation for all WO;, TiO, and WO;/TiO, photoanodes
synthesised herein.

Table S5: Calculated TSP (mA.cm=2) values from IPCE data measured at 1.23 Vgye in 0.1 M H,SO,
electrolyte (pH = 1.18) under both front and back irradiation for all WO;, TiO, and WO;/TiO,
photoanodes synthesised herein (non-adjacent averaged).

WO; (ml)
0 10 20 30 40 50 60 70 80
0 - 0.39]0.471030]053]|0.71]0.42]0.22]0.34
2 [0.05]0.33[0.15]0.25|0.12]0.49|0.48|0.70 | 0.70
3 /10.18|046(0.35|0.08(0.11]10.40(0.47]0.63|0.81
4
6

0.1810.12 | 0.02 1 0.11 | 0.38 | 0.86 | 0.29 | 0.66 | 0.83
0.4310.55]0.08 |0.65|0.11 | 0.87 | 0.82 | 0.47 | 0.58
10| 0.51]0.71] 0.23 | 0.87 | 0.24 | 0.55 | 0.63 | 0.56 | 0.42
12 (| 0.56 | 0.58 | 0.53 [ 0.78 | 0.52 | 0.24 | 0.81 | 0.39 | 0.38
14 (0.2310.57]0.57 [ 0.79 1 0.46 | 0.24 | 0.69 | 0.69 | 0.49

TiO, (mins)
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WO, (ml)

back ™3"T 70 [ 20 [ 30 | 40 | 50 | 60 | 70 | 80
0| - [035|031]022]039]060]|039][031]0.44
2 004022016 | 021|017 051|037 |058]0.77
% [3[0.09 [0.22[0.22[0.02[0.07 | 0.24 | 051|036 | 0.94
£ [ 4 [0.13]0.07 [ 0.01 | 0.01 [ 0.08 [0.91 ] 0.28 [ 0.40 | 0.84
& | 6 [030 038 038062012080 061]054]046
& [10[ 049 [056|0.15 | 0.62 | 0.12 | 0.54 | 0.66 | 0.53 | 0.35
12| 051 | 0.45 | 0.29 | 0.79 | 0.50 | 0.29 | 0.74 | 0.53 | 0.58
14| 037 | 0.46 | 0.48 | 0.33 | 0.29 | 0.25 | 0.78 | 0.60 | 0.51
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