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ABSTRACT: Cu2O is a model p-type semiconductor for photocathodes in photoelectrochemical 

(PEC) water splitting cells. However, major challenges remain in controlling its deposition into 

thin and homogeneous semi-transparent films. Herein, we report a new route to construct thin 

homogeneous Cu2O layers on transparent fluorine doped tin oxide (FTO) substrates via the in-situ 

electro-conversion of CuSCN to Cu2O. We highlight the morphology control of the resulting 

converted Cu2O thin-films while demonstrating that they maintain promising performance for 

solar-driven hydrogen production with a maximum incident photon to current efficiency (IPCE) 

reaching 60% (at 0 V vs RHE and 450 nm) for a 180 nm-thick film and integrated solar 

photocurrents up to 4 mA cm–2. In addition, altering the deposition conditions (e.g., applied 

potential, electrolyte compositions and pH) gives important insight into the mechanism and 

operation of the electro-conversion process. 
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Developing efficient and economically-viable systems for the conversion of solar energy into 

chemical fuels is an important task towards a decarbonized economy.1 Using photoelectrochemical 

(PEC) cells to directly split water into H2 and O2 is a promising method given the versatility of H2 

(e.g. as an energy storage vector and a chemical feedstock) and the relative simplicity of a PEC 

device.2,3  A PEC tandem cell employs a photoanode and a photocathode to perform water 

oxidation and reduction, respectively, while also harvesting a significant portion of the solar 

spectrum, giving a maximum theoretical solar-to-hydrogen (STH) conversion efficiency over 20% 

under standard conditions.4,5 Accordingly, the development of semiconductor materials that can 

meet performance requirements for cost-competitive PEC-based water splitting is an ongoing 

research goal.6–9  Cuprous oxide, Cu2O, is a promising candidate as a photocathode material due 

to its band gap energy (Eg = 2.0-2.1 eV), atomic abundance, and facile preparation by low-cost 

methods (e.g. electrodeposition10). As such, its ability to operate as the light-harvesting material 

in H2-producing or CO2/N2 reducing photocathodes has been widely investigated.11–15 Stabilized 

operation and water-reducing photocurrent densities close to the theoretical maximum for this 

material have been achieved by using electron transport layer (ETL) and protective over-layers 

(e.g. Ga2O3/TiO2)16–18 and nano/micro-structuring approaches,19,20 respectively. However, in order 

to assemble a high-STH-efficiency PEC tandem cell, the Cu2O photocathode should be used in a 

stack as the top cell given its Eg (while a photoanode with Eg = 1.2-1.5 eV would serve as the 

bottom cell).5,21 Thus, control of the Cu2O thickness and morphology is essential in order to tune 

light absorption and transmission. 

Typically, Au-coated substrates are used to electrodeposit Cu2O since this interface forms a low-

resistance ohmic contact and also provides a suitable surface for the electrodeposition of Cu2O, 

leading to homogeneous nucleation and good coverage. However, opaque Au substrates are not 
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suitable as the top-cell in a tandem configuration.22 As such, alternative transparent underlayers 

for Cu2O have been recently developed.23,24 Nevertheless, electrodeposited Cu2O generally results 

in the formation of micron-sized cubic crystals25 that strongly scatter incident light. Since this light 

scattering can lead to significant losses in transmission to the bottom cell, as demonstrated with 

Cu2O26 and other oxide semiconductor photoelectrodes,27 there remains a general need to develop 

methods to control the morphology and transparency of Cu2O formed by electrodeposition. This 

is especially important for the application of Cu2O in extremely-thin-absorber type 

photoelectrodes, where a large surface area conductive template is coated with an ultrathin Cu2O 

layer. While promising performances have been obtained with Cu2O grown on an opaque Cu 3D-

network,28,29 the demonstration of a highly photo-active ultrathin (< 200 nm) Cu2O layer 

electrodeposited on transparent conductive substrates has not been yet achieved.   

Herein we report that electrodeposited CuSCN can be used as precursor for the electro-

conversion into Cu2O under specific electrochemical conditions. Our discovery resulted from work 

on the CuSCN/Cu2O heterojunction, which has been established in photocathodes24,30 and in 

photovoltaic devices.31 However, our efforts to investigate conditions for the subsequent 

electrodeposition of Cu2O on CuSCN led to the surprising observation of an electro-conversion 

process.  We show that the electro-conversion allows for a novel morphological control of Cu2O 

film on transparent conductive substrates and we further investigate the key parameters required 

to drive the in-situ CuSCN electro-conversion. Finally, we highlight the optoelectronic and 

photoelectrochemical advantages of the converted Cu2O photocathode over the direct deposition 

on transparent substrates. 

Following common procedures (see experimental methods section) a layer of CuSCN was first 

electrodeposited on transparent F-doped SnO2 (FTO) coated glass substrates using a constant 
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applied potential of –0.3 V vs Ag/AgCl with a CuSO4 and KSCN-based electrolyte. The resulting 

layer exhibits a nanopillar structure (see scanning electron micrograph, SEM, images Figure S1, 

Supporting Information, SI) and the crystal structure is verified by X-Ray diffraction (XRD), as 

shown in Figure S2, SI. The thickness can be tuned by varying the deposition time with a 2-min 

and 10-min electrodeposition leading to thicknesses of 140 nm and 570 nm, respectively (see 

cross-sectional SEM Figure S1, SI). During the subsequent electrodeposition of Cu2O with a 

copper(II) lactate complex, but using a higher pH of 12 compared to previous work,24 an interesting 

behavior is observed during constant-current electrodeposition as shown by chronopotentiometry 

(–0.1 mA cm–2) in Figure 1 for electrodeposition on bare FTO glass compared to thick (570 nm) 

or thin (140 nm) layers of CuSCN on FTO.   

 

 

Figure 1. (a) Potential evolution during Cu2O electrodeposition by chronopotentiometry at –0.1 
mA cm–2 on bare FTO, and FTO/CuSCN substrates with different thicknesses of CuSCN. SEM 
images (top-view and cross section) are shown in the insets for the FTO/CuSCN (570 nm) substrate 
at various times during the electrodeposition (0, 42, and 100 min) and the corresponding points on 
the chronopotentiometry curve are indicated. (b) XRD patterns of 570 nm CuSCN film during in-
situ electro-conversion at time = 0 min, 42 min and 100 min. 

 

For the same current density during the electrodeposition (–0.1 mA cm–2), the potential evolves 

differently for bare FTO and CuSCN/FTO substrates. When bare FTO is used, the potential 

remains constant at ca. –1.1 V vs Pt during a 100 min deposition. However, a less negative 
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potential (–0.8 V) is initially observed for CuSCN-coated FTO followed by a shift to –1.1 V at 

around 15 and 48 min for the thin (140 nm) and thick (570 nm) CuSCN substrates, respectively. 

The obvious correlation between the duration of the less negative potential segment of the 

deposition to the thickness of the CuSCN layer suggests a process involving the CuSCN is 

occurring during the low potential phase of the deposition. In order to gain insight into this process, 

we examined the morphology of the substrate at different deposition times in the thick CuSCN 

layer case as shown by top-down and cross-sectional SEM image insets in Figure 1a.  Before the 

electrodeposition (time = 0) the substrate is composed of the typical CuSCN nanorods with a 

thickness of 570 nm as expected. Interestingly, at time = 42 min, before the shift in potential, the 

rounded CuSCN nanorods seem to have changed shape, appearing more cubic with a size of 100-

200 nm; however, the thickness of the film remains largely unchanged. Continuing the 

electrodeposition after the potential shift, at t = 100 min, the thickness of the resulting film 

increases to 750 nm and the typical micron-sized cube morphology of electrodeposited Cu2O is 

observed on the top of the small-cube layer. XRD of the 0, 42, and 100-minute samples (Figure 

1b) show the dominant peaks of Cu2O at 2θ = 29.6, 36.5, 42.3, 61.4 and 73.5° corresponding to 

the (110), (111), (200), (220), (311) planes32 emerging after 42 min and becoming more intense 

after 100 min while the characteristic (003) CuSCN peak is already absent after 42 min. X-ray 

photoelectron spectroscopy (XPS) further confirms the total transformation of CuSCN to Cu2O 

(Figure S3, SI). Indeed, neither sulfur nor nitrogen was detected in the Cu2O prepared from the 

CuSCN layer, in contrast to the original CuSCN film (Figures S3a,b). The Cu 2p 3/2 signal exhibits 

two features at 932.5 and 934.5 eV (Figure S3c). The 932.5 eV signal cannot be attributed to Cu0 

considering the fit of the LMM auger transition spectrum (Figure S3d) using the Biesinger 

method.33 The peak at 934.5 eV is attributed to Cu(OH)x species present due to air exposure of the 



 7 

Cu2O surface, therefore it is not present in the CuSCN sample. Moreover, energy-dispersive X-

ray (SEM-EDX) mapping obtained in analytic mode (Figure S4, SI) shows only copper (Cu), 

oxygen (O), element signals, and no sulfur signal (no peak at 2.307 keV) indicating the complete 

transformation of CuSCN to Cu2O.Overall, the SEM, EDX, XRD,XPS results support the view 

that the CuSCN layer can be converted to Cu2O during electrodeposition at pH 12. Furthermore, 

the chronopotentiometry results suggest that the electro-conversion of CuSCN to Cu2O occurs at 

a potential of –0.8 V vs Pt.  

In order to identify the parameters essential for driving the formation of Cu2O via the observed 

in-situ electro-conversion of CuSCN, and to gain insight into the transformation mechanism, we 

performed additional experiments by varying the processing conditions. First, to understand the 

importance of the pH on the stability of the CuSCN layer we investigated the impact of a 1-min 

dipping of an FTO/CuSCN film in copper lactate-based electrolyte at different pH (without any 

applied potential). As shown in Figure S5, SI, at pH 12 the CuSCN (003) XRD peak is still present, 

however the shape and density of the CuSCN nanopillars are slightly changed. This change is more 

intense at pH 13 than pH 12. Indeed, at pH 13, the FTO substrate is partially visible via top-view 

SEM (Figure S5c), and the (003) CuSCN XRD peak vanishes, suggesting that the CuSCN is 

dissolved/corroded in the electrolyte under these conditions. However, we also observed weak 

reflections of Cu2O or Cu(OH)2 on the XRD spectra (Figure S5d), which become more intense at 

pH 13 compared to pH 12. Furthermore, photographs of the films (Figure S6, SI) show a color 

change occurring during the dipping process, from the typical colorless CuSCN to a yellowish 

film, when FTO/CuSCN substrates are dipped in pH 12 or 13 electrolyte while at pH 11 the film 

does not change.  Thus, we conclude that at pH ≥ 12 the CuSCN layer can undergo dissolution and 

conversion to a highly amorphous phase, likely based on a Cu2O or Cu(OH) stoichiometry. Indeed, 
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the formation of a Cu2O-Cu(OH)2 nanocomposite has been suggested to form in alkaline media 

when using CuSCN as precursor34, confirming the possibility of CuSCN conversion. However, in 

our experiments there is no evidence of the full conversion to Cu(OH)2 or Cu2O This can be 

explained by the presence of lactate ion which complexes Cu2+ ions and likely leads to the 

dissolution of the CuSCN. In fact, after a prolonged dipping time the material at the surface of the 

FTO glass is completely dissolved for both pH 12 and pH 13 (Figure S6).  

The importance of the presence of the copper ion in the electrolyte is further illustrated in Figure 

S7, SI, where XRD and SEM images of FTO/CuSCN films are shown after 1-min dipping in 

electrolyte at pH 12 without Cu2+. In the case without both copper and lactate (pH 12 adjusted with 

NaOH) the density of the CuSCN nanorods decreases and some needle-like structures are formed, 

while in electrolyte without Cu ions but with lactate, the nanorods are slightly dissolved as some 

small pores can be observed. For both cases some weak Cu2O or Cu(OH) reflections appear in the 

XRD spectra at 36° and 42° (for dipping in NaOH). The latter result suggests that the Cu ions are 

not essential for the phenomenon to take place without applied potential. However, comparing the 

results from Figures S6 and S7, the presence of lactate in the solution appears to be key to control 

the morphology. Overall, with the dipping experiments, we can conclude that the formation of 

Cu2O pure films cannot arise from a simple solid-liquid reaction, as the cathodic polarization 

seems to be crucial for the transformation to occur.  

While it is clear that applying a cathodic current is necessary to afford the CuSCN conversion 

to Cu2O, it is also important to note that the electrolyte composition plays a role in the electro-

conversion. This is illustrated by additional electrodeposition experiments in pH 12 electrolyte 

without Cu ions (Figure S8, SI). In both cases of electrolyte with or without lactate, after 100 min 

of chronopotentiometry at -0.1 mA cm–2, solely weak Cu2O XRD peaks are visible at 42°. 
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Likewise the preceding dipping experiment, these minor traces are not comparable to the cubic 

Cu2O layer obtained with typical Cu2O electrodeposition electrolyte (Cu ions, lactate, K2SO4), in 

Figure 1. Rather the CuSCN nanopillars are transformed into amorphous structures. The applied 

potential is also found to affect the conversion, as shown by performing the electrodeposition in 

copper lactate electrolyte (pH 12) at different potentials ranging from –0.1 V to –1.1 V (vs Pt) for 

a 100-min deposition on an FTO/CuSCN substrate. In Figure S9, SI, we can see that at –0.1 V, the 

conditions are not sufficiently negative to drive the transformation; the CuSCN is almost totally 

dissolved. The same conclusion can be made at –0.5 V, however the dissolution seems slower as 

more CuSCN nanorods are visible by SEM after 100 min. At the more negative potential of –0.8 

V, which is the typical potential for a Cu2O chronopotentiometry deposition (see Figure 1), the 

substrate surface is fully covered with Cu2O. Thus, we conclude that both the proper electrolyte 

(copper and lactate ions at pH ≥ 12) and a sufficiently negative potential must be applied to drive 

the in-situ electro-conversion.  

Further insight is gained into the mechanism of the electro-conversion by comparing Cu2O films 

prepared by the two methods shown in Figure 2a. The “Cu2O_D” film is grown directly on bare 

FTO and “Cu2O_C” is prepared via CuSCN electro-conversion, terminating just as the conversion 

transitions to the standard electrodeposition (which is easily monitored via the potential during the 

deposition). A 180 nm thick-film of CuSCN (corresponding to 25 mC cm–2 of charge passed during 

the CuSCN electrodeposition) was used to prepare the Cu2O_C film. For both the Cu2O_C and 

Cu2O_D films, the Cu2O film was deposited at -0.1 mA cm–2 for 20 min (120 mC cm–2). The 

morphology difference between the Cu2O prepared by the two routes is shown in the SEM images 

in Figure 2b-g.  While the Cu2O_C film is evenly coated (has an FTO coverage of 100%) the 

coverage is incomplete for the Cu2O_D film and is estimated at 46% by inspection of the SEM 
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images. The absence of a favorable back contact such as gold for the Cu2O_D sample can explain 

the uneven coverage. It should be noted that by increasing the deposition time for the Cu2O_D 

film, the surface becomes increasingly covered (Figure S10, SI). However, after 90 min the 

coverage is still not 100%. 

In addition to substrate coverage, the cube size and the film thickness are different for the two 

preparation routes (keeping the same deposition current of 120 mC cm–2): the cube edge length is 

300-400 nm and 1.5-2 µm for Cu2O_C and Cu2O_D, respectively, while the average film thickness 

is around 180 nm and 400 nm, respectively. Consistent with our observations in Figure 1, the 

thickness of the film remains the same during the electro-conversion. Considering the density of 

CuSCN and Cu2O are, respectively, 2.8 and 6.0 g cm–3, it appears that the mass of the film doubles 

during the in-situ electro-conversion. Moreover, despite the fact that the Cu2O_C sample passes 

more current during the electrodeposition (25 mC cm–2 during the CuSCN deposition plus 120 mC 

cm–2 during the electro-conversion), both electrodes appear to contain similar amounts of Cu2O. 

Indeed, comparing the coverage of the Cu2O_D film (46%) and its average thickness of 400 nm 

suggests an amount of Cu2O equivalent to a 180 nm-thick continuous film, which is the same as 

for the Cu2O_C film (see below UV-vis data for further support). Since CuSCN already contains 

Cu(I) it could be reasonable to consider that only one Cu(II) ion from the electrolyte needs to be 

reduced and incorporated into the converting CuSCN film to give Cu2O. This does not appear to 

be the case. Indeed, considering the constant film thickness together with the different densities of 

CuSCN and Cu2O and the observations of the dissolution of the CuSCN upon exposure to pH 12 

without the applied potential suggest a mechanism wherein the dissolution of the CuSCN occurs 

during the electrodeposition of Cu2O. As Cu2O is thermodynamically stable at pH 12 at the applied 

potential, it results in the deposition of Cu2O cubes. We suggest that the CuSCN acts as an 
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intermediate—reducing the required potential to deposit the Cu2O and acting as a morphological 

template, leading to the smaller cube size observed in the Cu2O_C films. However, additional 

investigation is needed to fully elucidate the complex reduction mechanism occurring during the 

electro-conversion process. 

 

Figure 2. (a) Schematic of the possible routes to make Cu2O by direct Cu2O electrodeposition 

(Cu2O-D) and by CuSCN electrodeposition followed by in-situ electro-conversion to Cu2O (Cu2O-

C), (b-g) SEM images of (b-d) Cu2O_D direct deposition (e-g) Cu2O_C converted film. 

 

Nevertheless, given the distinct morphology differences between the Cu2O formed by the 

electro-conversion method, with smaller sized nanocubes and smoother crystal facets (with 

apparently fewer defects compared to the traditional electrodeposition directly on FTO, see 

additional SEM images Figure S11, SI), we speculated that the electro-converted films would offer 

higher transparency and improved photocathode performance compared to the standard deposition 

on bare FTO. To assess this and further characterize the converted CuSCN samples, we performed 

UV-Visible spectroscopy, Raman spectroscopy, and XRD on the films. Figure 3a shows the 
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Raman spectra of Cu2O_D and Cu2O_C where the typical Cu2O resonance peaks between 100-

250 cm–1 are seen in both cases. Similarly, the XRD analysis in Figure 3b shows nearly identical 

diffraction patterns with Cu2O peaks at 2θ = 29.6, 36.5, 42.3, 61.4 and 73.5° corresponding to the 

(110), (111), (200), (220), (311) planes. The smaller crystallinity in the Cu2O_C films is evident 

by increased full width at half maxima (FWHM). However, the optical properties are quite 

different as evident from the photographs of the films (Figure 3a, inset) and the total absorptance 

and direct transmittance spectra (Figure 3c). Both samples have an absorption onset around 600 

nm, typical for Cu2O, and a similar absorptance at 550 nm—further suggesting that both films 

have the same amount of Cu2O deposited, as suggested above. We verified this by calculating the 

theoretical absorptance of the Cu2O_D film taking into account the film coverage, average 

thickness and the Cu2O absorption coefficient35 at 550 nm (See SI, theoretical calculation). We 

estimate an absorptance of 20%, which is on good agreement to the measured value (21%). The 

difference between the Cu2O_D and Cu2O_C films at shorter wavelengths is attributed to the 

increase of the absorption coefficient, the coverage of the Cu2O, and the morphology of the Cu2O 

cubes. Indeed, the absorptance of the Cu2O_D film is lower at wavelengths smaller than 500 nm 

due to the direct passing of photons through the uncoated parts of the FTO surface. The incomplete 

coverage and large crystal size of the Cu2O_D film also leads to more light loss by scattering. The 

direct transmittance is around 50-70% in the range 600-900 nm for Cu2O_C, while it is only 30% 

for Cu2O_D. Thus, the Cu2O_C samples exhibit higher transparency for non-absorbed photons 

despite the full surface coverage. 
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Figure 3. Characterization of thick Cu2O films obtained by direct deposition (Cu2O_D) and by the 

in-situ electro-conversion (Cu2O_C): (a) Raman spectra (inset) photograph of the electrodes (b) 

XRD spectra (c) UV-visible total absorptance and direct transmittance spectra.  

In order to establish the ability of the electro-converted Cu2O to perform as a photocathode for 

H2 production, we fabricated complete photoelectrodes by adding protective and co-catalyst layers 

following the route established by Pan et al.20 (Ga2O3/TiO2 by ALD and RuO2 catalyst by 

photoelectrodeposition36). We compared the HER performance with linear scanning voltammetry 

(LSV) under intermittent (simulated) solar illumination of the Cu2O_D and Cu2O_C 

photoelectrodes described in Figures 2 and 3 (with approximately the same amount of Cu2O). The 

LSV curves are shown in Figure 4a. 
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Figure 4. (a) Linear scanning voltammetry of Cu2O-based photocathodes for H2 production under 

intermittent simulated solar illumination (1 sun) LSV at pH 5 for HER. (b) IPCE spectra of the 

Cu2O photocathodes at 0V vs RHE at pH 5 are shown next to the standard solar spectrum (green) 

and the simulator solar spectrum produced by the light source used during the LSV tests (blue). 

 

In terms of photocurrent density, higher performance was obtained for Cu2O_C (2.5 mA cm–2 at 

0 V vs RHE) compared to Cu2O_D (2 mA cm–2 at 0 V vs RHE) under simulated 1 sun illumination. 

The qualitatively higher fill-factor of the LSV curve in the Cu2O_C photocathode suggests that the 

semiconductor layer benefits from an improved electrical contact to the FTO substrate compared 

to the Cu2O_D photocathode. While using CuSCN as an underlayer is known to improve the 

contact with the substrate, it is notable that a similar improvement is seen with the electro-

converted film, despite no detectable CuSCN remaining in the film.  

 

Incident photon-to-current efficiency (IPCE) measurements, taken with monochromatic light at 

0 V vs RHE further highlight the performance difference between converted and direct depositions 

(Figure 4b). While the IPCE for both cases is similar in the wavelength range from 500-600 nm, 

due to the similar light absorption in this region, Cu2O_D exhibits lower IPCE for wavelengths < 

500 nm due to the incomplete film coverage. Specifically, the IPCE at 450 nm is 32% and 60% 

for Cu2O_D and Cu2O_C, respectively. The IPCE of the Cu2O_C photocathode reaches 80% at 

350 nm, which, together with the measured absorptance at that wavelength, suggests an internal 

quantum efficiency of close to 100% under these conditions. Integration of the IPCE data with the 

standard solar spectrum (Figure 4b, green trace) gives an estimated photocurrent density of 4.0 

mA cm–2 at 0 V vs RHE with the Cu2O_C photocathode compared to 2.4 mA cm–2 for the Cu2O_D 
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photocathode (See Figure S12, SI) confirming the improved performed of the Cu2O_C. The 

discrepancy between the photocurrent measured under simulated solar conditions in Figure 4a and 

the predicted solar photocurrent from the IPCE measurements is attributed to the deficiency of UV 

photons in the solar simulator employed for the LSV measurements (see blue trace in Figure 4b). 

This difference together with the fact that the Cu2O_C photocathode shows a linear response of 

photocurrent to light intensity (See Figure S13, SI) indicates that the integrated IPCE results give 

a more accurate estimation of the true solar photocurrent. Overall, given the considerable 

difference in photocathode performance in the 350-500 nm range, and the drastically improved 

transmittance of the Cu2O_C layer in the 550-800 nm range (as shown in Figure 3c) compared to 

the availability of solar photons in this wavelength range, we conclude that the Cu2O_C films are 

well-suited for the coating of high surface transparent scaffolds or as top cells in tandem devices 

for overall water splitting. The exploitation of these prospects is under development in our lab.   

 

To conclude, we have demonstrated a novel method to control Cu2O thin film morphology for 

semi-transparent photocathode applications. By first electro-depositing a nanostructured CuSCN 

layer and then electro-depositing Cu2O under specific conditions, the CuSCN acts as a sacrificial 

template and catalyst to lower the required potential for Cu2O deposition. This electro-conversion 

process allows homogeneous Cu2O coverage on transparent FTO substrates while similar 

deposition directly on the FTO gives inhomogeneous film with poor transparency due to light 

scattering. Control experiments revealed that key parameters are essential for the in-situ electro-

conversion: pH ≥ 12 electrolyte containing Cu-lactate complexes and the application of a 

sufficiently negative current/potential. By comparing films with similar amounts of Cu2O, we 

found that the photocathode performance (for H2 evolution) of electro-converted Cu2O (Cu2O_C) 
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was superior to Cu2O films directly deposited on the FTO (Cu2O_D), due to improved substrate 

interaction and higher quantum efficiencies at low wavelengths. Thus, the Cu2O deposition by 

electro-conversion is a promising alternative to coat homogenous and thin Cu2O layer without 

scattering losses and without compromising the transparency of the electrode. 

 

 

Experimental methods  

Chemicals. Copper(II)sulfate pentahydrate CuSO4,5H2O (99% Acros organics), 

Ethylenediamintetraacetic acid C10H16N2O8 (99% Acros organics), Potassium thiocyanate KSCN 

(99% Acros organics), Potassium sulphate K2SO4 (99% Carl ROTH), DL-lactic acid (90% abcr), 

Potassiumhydroxide KOH (pure Reactolab), Sodium sulfate NaSO4 (99% Sigma aldrich), 

Potassium phosphate, monobasic, KH2PO4 (99% Acros organics), Sodium hydroxide NaOH (pure 

Reactolab) and Potassium perruthenate KRuO4 (98% strem chemicals) were used as received. 

 

CuSCN deposition. FTO glass (2.5 cm × 1 cm) were cleaned with detergent (20 min), water (20 

min), IPA (20min). CuSCN is deposited following a procedure developed elsewhere.24 Briefly, 

CuSCN electrodeposition is performed in an aqueous solution containing 12mM of CuSO4, EDTA 

and KSCN added in this specific order to order to avoid the precipitation of Cu(SCN)2. A standard 

three-electrode configuration was used for electrochemical deposition with Pt counter electrode 

and Ag/AgCl/sat. KCl reference electrode. Chronoamperometry at –0.3 V vs Ag/AgCl is applied 

for a defined duration/charge passed. In the potential drop experiment (Figure 1) thin and thick 

film correspond to an electrodeposition time of 2 and 10 min. For the rest of the study, in order to 
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keep the amount of CuSCN deposited constant for each condition, thin CuSCN and thick CuSCN 

correspond to a charge passed of 50 mC and 100 mC respectively. 

Cu2O photocathode formation. Cu2O films were deposited on bare FTO (Cu2O_D) or on CuSCN 

(Cu2O_C) with method developed elsewhere16. Cu2O was electrodeposited in a copper-lactate rich 

electrolyte at pH 12. The electrolyte contains 4 g of CuSO4,5H2O, 33.8 g of Lactic acid, and 10.9 

g of K2SO4 in 250 mL of DI water. The pH was adjusted to 12 by adding 2 M KOH. The final 

volume of the electrolyte is 500 mL. A large piece of platinum was used as a counter electrode. 

The electrodeposition is performed by chronopotentiometry at a current density of –0.1mA cm–2. 

The temperature was maintained at 30°C using a water bath. Deposition time was varied depending 

on the film thickness expected. For in-situ electro-conversion on CuSCN, the chronopotentiometry 

was started just after sample immersion in the electrolyte to avoid CuSCN dissolution. 20 nm of 

Ga2O3 and 20 nm of TiO2 layers were deposited on the Cu2O film using a Savannah 100 

(Cambridge Nanotech) thermal ALD system. The chamber was stabilized at 150°C and flushed 

with 10 sccm nitrogen gas (99.9995%, Carbagas). Gallium oxide was deposited using 

bis(μdimethylamino)tetrakis(dimethylamino)digallium (98%, Stream Chemicals) and TiO2 was 

deposited using tetrakis(dimethylamino)titanium (99.999%, Sigma). RuOx catalyst was 

photoelectrodeposited by chronopotentiometric method at 28 μA cm–2 under illumination in 

presence of 1.3 mM KRuO4 aqueous solution for 5min. Pt wire was used as counter electrode. 

Material characterization. UV-Visible spectrometry was performed with a UV-3600 

(Shimadzu) spectrometer equipped with an integrating sphere. Bragg-Brentano XRD 

measurements were carried out using a Bruker D8 Vario diffractometer equipped with a Johansson 

Kα1 (λ = 1.5406 Å).  SEM images were recorded with a Zeiss Merlin microscope. Raman spectra 

were obtained with a LabRam spectrometer (Jobin Yvon Horiba). The excitation line was provided 
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by an argon laser (532.19nm). XPS measurements were carried out on an Axis Supra (Kratos 

Analytical) instrument, where a monochromated Kα X-ray line of an aluminum anode was used. 

The pass energy was set to 20 eV with a step size of 0.1 eV. The samples were grounded to the 

sample holder by connecting the FTO underlayer to the sample stage.  

Photoelectrochemical characterization. PEC experiments were performed by using a three-

electrode setup, with carbon rod as counter electrode and Ag/AgCl/KCl sat as reference electrode. 

Pec performances were measured in a pH 5 buffer solution containing 0.5M Na2SO4, 0.1 M sodium 

phosphate. The surface area of the film is contact with the electrolyte was in the range 0.1-0.2 cm2. 

The electrochemical behavior was monitored with a SP-200 potentiostat (biologic), while the light 

was provided by a xenon arc lamp (450W) calibrated with the AM 1.5G spectra to provide one 

sun of illumination (1000 mW cm–2). A mechanical shutter was used to chop the light. All 

experiments were carried out at ambient temperature and electrode potentials were converted to 

the RHE scale using ERHE = EAg/AgCl + 0.059 pH + 0.197. Incident photon to current efficiencies 

(IPCE) were obtained using an Optical Building Blocks Corporation tunable PowerArc illuminator 

for illumination where the photon flux was calibrated with a Thorlabs Model S120VC Photodiode 

Power Sensor. The photocurrent was recorded in the same three-electrode potentiostatic 

configuration described above at 0 V vs RHE. The working electrodes were illuminated from the 

substrate side in all cases. 
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Additional SEM images, XRD plots, XPS spectra, sample photographs, integrated photocurrent 

data, and photocurrent linearity as described as Figures S1-S13 in the main text as well and 

extended experimental data on the theoretical absorptance calculation (PDF)   
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