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Scheme S1: Synthesis of [Cu(etaoac),] adopted from Devi et al.?
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Scheme S2: Synthesis of [W(N'Bu),(dpamd),] according to Gwildies et al.?



Table S1: Overview of CVD parameters for stoichiometric variations of CuWO, thin films deposited on
silicon (Si) or fluorine doped tin oxide (FTO). If not otherwise stated conditions were the same for both
substrates.

N, flow for Cu N, flow for W 0, flow
Condition Material Time (min)
(sccm) (sccm) (sccm)
25 (Si); 12.5
| CulO - 100 60
(FTO)
50 (Si); 100
] Cu/W=6 25 200 60
(FTO)
]| Cu/W=1.7 12.5 25 100 60
----- 25 20
v Cu/wW=1.1 125 - 100 20
----- 25 20
----- 25 25
Vv Cu/W=04 125 - 100 10
----- 25 25
50 (Si); 25
Vi wWOo; - 100 60
(FTO)

In order to compensate for the affinity of the copper precursor to decompose to metallic
copper and for the tungsten precursor to include nitrogen into the deposits, the vaporization
temperature of the precursors was lowered to 110 °C, compared to 130 °C in previous
depositions of copper films and tungsten oxynitrides. The resulting lower concentration of
precursor in the gas phase and a high flow rate of oxygen were applied to allow for complete
oxidation of both elements. Indeed, applying the copper precursor in oxygen atmosphere,
yielded mixtures of cuprous (Cu,0) and cupric oxide (CuQ) at 400 and 500 °C, while from 600 °C
onwards only crystalline cupric oxide was detected (Figure S1). The CVD of tungsten oxide by
applying [W(NtBu),(dpamd),] did not give any films below 500 °C and amorphous deposits at
500 °C. At 600 and 700 °C crystalline tungsten oxide (WQ3) was observed, whereas at 800 °C a
mixture of WO; and most possibly oxygen deficient tungsten oxides such as W,,0¢5, W13049 Or
W;0,, are present (Figure S2). In a first attempt to synthesize CuWO, via CVD, the flow rates of
the binary processes were simply added (condition Il, Figure S3). The obtained deposits
contained the characteristic diffractions of CuWQ,. Albeit, the crystallinity and the weight gain

of the deposits was very low independent of the deposition temperature. Accordingly nitrogen
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and oxygen flow rates were reduced by fifty percent (Condition Ill). In a different approach,
inspired by Gao et al.,> CuWO, was grown separately by depositing the respective binary oxide
in the order 20 minutes WO;, 20 minutes CuO and another 20 minutes WO;3. Due to the 30
minutes annealing subsequent to the deposition proper mixing of the binary oxides was
achieved. Attempts to significantly influence the metal ratio via different carrier gas flows for
the copper and tungsten precursor failed (not shown). Via sequential deposition of binary
oxides in the order WO3;, CuO and WO; stoichiometric distribution of copper, tungsten and

oxygen was achieved and also tungsten rich deposits were successfully synthesized.
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Figure S1: XRD patterns of copper oxide deposited using [Cu(etaoac),] in oxygen atmosphere at
displayed temperatures on Si(100). The flow rates were set according to condition I. The reflex marked
with an asterisk corresponds to the underlying silicon substrate. The references are taken from the
ICSD reference database with the numbers 628612 (CuO) and 52043 (Cu,0).
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Figure S2: XRD patterns of tungsten oxide deposited using [W(N'Bu),(dpamd),] in oxygen atmosphere
at displayed temperatures on Si(100). The flow rates were set according to condition VI. The reflex
marked with an asterisk corresponds to the underlying silicon substrate. The reference is taken from
the ICSD reference database with the number 50728.
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Figure S3: X-ray diffraction patterns of CuWO, deposited on Si(100) at displayed deposition
temperatures using condition Il. Reference patterns taken from ICSD database: No. 628612 for CuO,
No. 50728 for WO; and No. 24339 for CuWO,. The asterisk denotes the diffraction of the underlying
Si(100) substrate at 33°.
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Figure S4: X-ray diffraction patterns of copper tungstate deposited on Si(100) at displayed deposition
temperatures using condition Ill (a) and condition IV (b) after 60 minutes annealing at 750 °C in oxygen
atmosphere. Reference patterns taken from ICSD database: No. 628612 for CuO, No. 50728 for WO;

and No. 24339 for CuWO,. The asterisk denotes the diffraction of the underlying Si(100) substrate at
33°.
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Figure S5: Summary of diffraction patterns of CuWQ, deposited at 600 °C on Si(100).
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Figure S6: XRD pattern of photoanodes deposited under condition Il — VI with a total duration of 4
hours at 600 °C on FTO. Reference patterns taken from ICSD database: No. 50728 for WO; and No.
24339 for CuwO,.
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Figure S7: RBS spectra of a) copper oxide and b) tungsten oxide thin films deposited at 600 °C on Si(100)
according to conditions | and VI.
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Figure S8A: Raman spectra of CuO, CuWO, and WO; deposited at 600 °C for 4 hours on FTO. Dash and
solid lines track Raman shifts for WO; and CuO, respectively. Short blue lines show Raman shifts for
pure CuWO,. Asterisk indicates a peak from underlying FTO.
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Figure S8B: Raman spectra of CuO, CuWO, and WO; deposited at 600 °C for 4 hours on FTO. The long
vertical solid line tracks Raman shifts for CuO. Short blue lines show Raman shifts for pure CUWO,.
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Figure S9: Raman shifts of thick (ca. 500 nm) Cu/W = 1.1 material before and after etching with acetic
acid. Dashed lines track Raman shifts for WO;. Short red and blue lines show Raman shifts for pure
CuWO,. Asterisk indicates a peak from underlying FTO.

Table S2: Elemental concentrations according to RBS/NRA measurements and calculated elemental
ratios detected from samples deposited on Si(100) using conditions | to VI at deposition temperature
of 600 °C.

Condition  C(at.%) O (at.%) Cu(at.%) W (at.%) Cu/W M/0
| 3.4 48.0 486 - 1.01
I 3.1 55.0 35.9 6.0 6.0 0.76
il 13 59.6 24.8 14.2 1.7 0.65
v 3.1 63.8 18.1 15.0 11 0.52
V' 1.1 71.2 8.3 19.4 0.4 0.39
Vi 7.9 705 - 216 - 0.31
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Figure S10: Cross sectional SEM micrographs deposited an Si(100) using condition Il (a), lll (b), IV (c)
and V (d). The thickness of the deposits is approximately 100 — 150 nm.
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Figure S11: otographs of the photoanodes on FTO with increasing tungsten content from left to
right.
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Figure S12: Photocurrent transients measured at thin electrodes of different composition under
intermittent monochromatic irradiation (5 s dark / 5 s light) at 1.12 V vs. RHE.
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Figure S13: Potential dependent photocurrent density plots of photoanodes (1 h deposition) with
varying copper concentrations recorded under simulated solar light AM1.5 (1 sun; backside
irradiation).
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Figure S14: Absorption coefficient and light penetration depth of CuWO, deposited at 600 °C for 4
hours on FTO according to condition IV (Cu/W = 1.1).

The light diffusion length vs incident light energy for the thin Cu/W = 1.1 sample was estimated
according to the formula: 6 = 1/a and a = -In(1-A)/d (formula from: Abdi et al., J. Phys. Chem.
C, 2017, 121 (1), 153-160), where § is a light penetration depth, « is an absorption coefficient, and A
and d stands for absorptance and layer thickness, respectively. At the maximal incident light energy
used for IPCE (330 nm), the light penetration depth is ca. 100 nm. At lower excitation energies, the
light penetration depth increases and reaches ca. 1400 nm at the bandgap energy.
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Figure S15: Wavelength dependent current density plots of 4 hour (600 °C) deposited photoanodes of
a) condition Ill, b) condition IV, c) condition V, and d) condition VI deposits under frontside and
backside illumination. The measurements were performed in borate electrolyte (pH 7) at 1.12 V vs.

RHE.
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Figure S16: IPCE values of CVD deposited WO; with deposition times of 1 hour (solid marker) and 4
hours (open marker) on FTO substrates under backside (red) and frontside (black) illumination. The
measurements were performed in borate electrolyte (pH 7) at 1.12 V vs. RHE.
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Figure S17: IPCE plots under frontside irradiation for thick CuWOQ, (condition IV, 600 °C, 4 hour)
photoanode etched with acetic acid. IPCE of thin CuWO, photoanode is also presented for comparison.
The measurements were performed in borate electrolyte (pH 7) at 1.12 V vs. RHE.
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Theoretical calculations

CuWO0O,4 Band Structure —I-Centered Grid
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Figure S18: Band diagram of CuWQ,according to the HSE functional. The k-points are written as explicit
vectors and were taken from the evenly distributed k-mesh since many data points along high
symmetry lines were difficult to converge at a reasonable computational time for the HSE functional.
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