
Journal Pre-proof

Cupric Oxide Nanowire Photocathodes Stabilized
by Modification with Aluminum

Ainhoa Cots, Pedro Bonete, Roberto Gómez

PII: S0925-8388(21)00335-2

DOI: https://doi.org/10.1016/j.jallcom.2021.158928

Reference: JALCOM158928

To appear in: Journal of Alloys and Compounds

Received date: 13 August 2020
Revised date: 23 December 2020
Accepted date: 25 January 2021

Please cite this article as: Ainhoa Cots, Pedro Bonete and Roberto Gómez,
Cupric Oxide Nanowire Photocathodes Stabilized by Modification with
A l u m i n u m , Journal of Alloys and Compounds, (2020)
doi:https://doi.org/10.1016/j.jallcom.2021.158928

This is a PDF file of an article that has undergone enhancements after acceptance,
such as the addition of a cover page and metadata, and formatting for readability,
but it is not yet the definitive version of record. This version will undergo
additional copyediting, typesetting and review before it is published in its final
form, but we are providing this version to give early visibility of the article.
Please note that, during the production process, errors may be discovered which
could affect the content, and all legal disclaimers that apply to the journal pertain.

© 2020 Published by Elsevier.

https://doi.org/10.1016/j.jallcom.2021.158928
https://doi.org/10.1016/j.jallcom.2021.158928


 

1 

 

Cupric Oxide Nanowire Photocathodes Stabilized by 

Modification with Aluminum 

Ainhoa Cots
1
, Pedro Bonete, Roberto Gómez* 

Departament de Química Física i Institut Universitari d’Electroquímica, Universitat 

d’Alacant, Apartat 99, E-03080 Alacant, Spain 

*Corresponding Author: E-mail: roberto.gomez@ua.es 

KEYWORDS cupric oxide, photocathode, protection, water splitting, aluminum 

ABSTRACT 

The use of sunlight for photoelectrochemically splitting water into hydrogen and 

oxygen has aroused great interest in the last decades. Photocathode materials based on 

cupric oxide (CuO) are promising for large-scale, widespread photoelectrochemical 

water splitting due to the high Earth-abundance of copper, suitable band gap, and 

favorable band alignment for hydrogen generation. The main challenge for the 

development of practical CuO photocathodes is to enhance stability against 

photocorrosion, together with increasing the efficiency of solar hydrogen evolution. In 

this work, stable CuO nanowire photocathodes are synthetized in a straightforward and 

scalable way by electrodeposition followed by chemical oxidation and thermal 

treatment. Subsequently, the electrodes are modified with aluminum following two 

different strategies: (i) adsorption of aluminum from an Al acetylacetonate solution or 

(ii) drop-casting of a solution containing Al nitrate. In both cases, a thermal treatment is 

applied after Al addition. The stability of CuO nanowires (measured as the percent of 

the initial photocurrent retained after 20 min of continuous illumination at -0.4 V vs. 

Ag/AgCl) is enhanced from 2 % up to 80 %. The amount of aluminum needed to 

modify cupric oxide is very low in both strategies, indicating that Al operates at the 

surface level. Admittedly, these modifications improve stability at the expense of 

photocurrent. To palliate this, the addition of co-catalysts should be addressed in the 

future. 

1. INTRODUCTION 

The increasing global energy demand, together with the depletion of oil reserves make 

the concerns grow about the negative impact of fossil fuels and the necessity of looking 

for environmentally friendly alternative sources [1-3]. In this context, electrolysis using 

solar energy to produce hydrogen from water has been extensively studied for more 

than four decades as a sustainable way to obtain carbon-free fuel [4]. Two limiting 

configuration systems for solar-driven water electrolysis have been studied: (i) 

photoelectrochemical (PEC) water splitting, which consists of a single, fully integrated 

unit that absorbs sunlight and produces hydrogen and oxygen, and (ii) photovoltaic 

electrolysis (PV-E), which consists of independent photovoltaic modules that drive 

separate electrolyzer units [2,5,6].  
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PEC water splitting devices would provide a promising way to produce hydrogen fuel in 

a green and sustainable way [7,8]. Despite the tremendous efforts that have been done 

within the last decades, there is still no PEC water splitting device fulfilling the 

minimum requisites of low cost, long-term stability, and a solar-to-hydrogen (STH) 

conversion efficiency, required for practical applications [9,10]. Besides these 

requirements, the photoelectrodes that compose the final device also have to meet some 

characteristics as composition based on Earth-abundant elements and efficiency. 

However, efficient photoelectrodes are generally composed of expensive 

semiconductors with noble metal catalysts, whereas inexpensive photoelectrodes 

usually exhibit low efficiencies [11].
 
In this context, metal oxide semiconductors play 

an important role due to their abundancy in the Earth’s crust, their low cost, and 

generally facile preparation methods [12,13]. Two main strategies are being followed to 

overcome this issue (i) to seek new materials and (ii) to improve the existing 

inexpensive photoelectrodes. 

Only about 2 eV are necessary to overcome the kinetic and thermodynamic barriers for 

water splitting. Nonetheless, no single semiconductor material capable of leading to a 

high STH conversion efficiency has been found yet [14,15]. The employment of tandem 

cells comprising a photocathode where solar hydrogen evolution takes place and a 

photoanode with complementary light absorption, where water oxidation occurs, could 

be an alternative to overcome this handicap [5,16]. The selection of semiconductors 

plays an important role since having a narrow band-gap and complementary light 

absorption in the case of a tandem configuration are critical factors for obtaining highly 

efficient water splitting devices [9,17-19].  

Most of the research on PEC water splitting has focused on investigating oxide 

photoanodes such as n-type α-Fe2O3, BiVO4 or TiO2 [20-25]. However, the study of 

oxide photocathode materials is not as well established. Among the large number of 

semiconductor materials suggested as p-type candidates for PEC water splitting 

(CaFe2O4, CuFeO2, LaFeO3, Cu3-xVO4, CuNb3O8...)[26-30], binary copper oxides (CuO 

and Cu2O) are attractive because of their low cost and facile preparation methods, which 

favors up-scaling [7,31-32]. Both materials present a narrow bandgap, concretely in 

CuO it is reported between 1.3-1.7 eV while the Cu2O bandgap is approximately of 2.1 

eV [16,33-35]. Although cupric oxide has not been as widely studied as cuprous oxide, 

its use as photocathode for solar hydrogen production has been reported in several 

works [34,36-40]. However, its use as a photocathode is limited due to its 

photocorrosion and extensive efforts must be done to protect cupric oxide before its 

application in a practical device.  

A well-known protection strategy to stabilize cupric oxide is based on sophisticated 

techniques such as atomic layer deposition (ALD). Recently, Tilley et al. reported a 

CuO electrode stabilized by coating it with ALD TiO2 [34]. However, in the search for 

low-cost and scalable photoelectrodes for tandem devices, cost-effective and scalable 

methodologies should be employed. Thus, simple strategies based on low cost 

methodologies such as impregnation are of increasing interest for protecting CuO 

electrodes against photocorrosion [37].  

Here, we present a cupric oxide photocathode protected with aluminum, which retards 

its photocorrosion. After the fabrication of cupric nanowires by a simple Cu 

electrodeposition methodology followed by chemical oxidation and thermal treatment, 
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aluminum was incorporated easily and economically through adsorption of aluminum 

acetylacetonate or through simple impregnation by employing as a precursor aluminum 

nitrate. In both cases, the stability achieved, calculated as the ratio between the 

photocurrent after continuous illumination for 1000 s at -0.4 V vs. Ag/AgCl and the 

initial photocurrent, was close to 80%. We also present an analogous study employing 

gallium precursors. 

2. EXPERIMENTAL SECTION 

2.1. Synthesis of copper (II) oxide nanowires.  

The procedure used to synthesize copper (II) oxide nanowires consists of three 

consecutive steps: (i) copper metal electrodeposition following the method presented by 

Kang et al. [41], (ii) chemical oxidation as proposed by Lin et al.[42], and finally (iii) a 

thermal treatment. All solutions employed were prepared using deionized water 

(resistivity ≥ 15 MΩ·cm). The electrodeposition of copper was carried out at -0.3 V vs. 

Ag/AgCl/KClsat for 1 h from an aqueous solution containing 0.1 mol L
-1

 

Cu(NO3)2·3H2O (Labkem, Analytical Grade ACS), and 3 mol L
-1

 lactic acid (Labkem, 

Analytical Grade). After electrodeposition, the resulting Cu films were chemically 

oxidized by immersion in a solution containing 2.5 mol L
-1

 NaOH (Panreac, 98%) and 

0.125 mol L
-1

 (NH4)2S2O8 (Labkem, Analytical Grade ACS). After 5 min the films, now 

made of Cu(OH)2, were removed from the solution, rinsed with water and ethanol and 

then dried at room temperature. Finally, the resulting samples were thermally treated at 

450 ºC for 1 h in a conventional oven in air, obtaining as a result CuO nanowires. 

2.2. Stabilization by adsorption of aluminum.  

The stabilization of copper (II) oxide was achieved by employing a straightforward 

adsorption method. The Al-precursor employed was aluminum acetylacetonate 

(Al(C5H7O2)3, Aldrich, 99%) dissolved in i-propanol (C3H8O, Sigma-Aldrich, 99.5 %). 

The methodology consists of immersion into the precursor solution for 5 min followed by 

immersion in i-propanol for 15 min to facilitate the removal of Al excess. The 

concentrations employed ranged from 0.01 to 0.5 mol L
-1

. After adsorption, different 

strategies were followed: (i) thermal treatment at different temperatures and times and (ii) 

no thermal treatment. The employed nomenclature is shown in Table 1. 

The same methodology was employed to incorporate gallium. Additional details can be 

found in the Supporting Data (SD). 

2.3. Stabilization by employing aluminum nitrate as precursor. 

In this case, the methodology employed consists of a simple impregnation method 

(drop-casting) previously employed in our laboratories [37]. The precursor used was 

aluminum nitrate nonahydrate (Al(NO3)3·9H2O, Merck, Analytical Grade). Table 2 

shows the different concentrations tested together with the nomenclature employed. 

Immediately after applying the drop-casting procedure, the electrodes were dried at 90 

ºC for 10 min and then thermally treated in air at 550 ºC for 7.5 h.  

An analogous methodology was employed using a gallium precursor. See details in the 

SD. 
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2.4. Sample characterization.  

The morphology of the different samples was studied by means of FE-SEM 

micrographs obtained with a Field Emission Scanning Electron Microscope (Zeis 

Merlin VP Compact), equipped with an energy dispersive X-ray spectrometer (EDS, 

Bruker Quantax 400). TEM micrographs were obtained with a Transmission Electron 

Microscope JEOL (model JEM-1400 Plus). The crystal structure of cupric oxide was 

identified by X-ray diffraction (Bruker D8-Advance, using Cu Kα radiation) with the 

rotatory anode operating at 40 kV and 40 mA in the 2θ range from 30º to 80º using 0.5º 

min
-1

 as step scan. Finally, X-ray Photoelectron Spectroscopy (XPS) was employed for 

compositional analysis and for characterization of copper and aluminum oxidation 

states (K-Alpha Thermo-Scientific).  

2.5. Photoelectrochemical characterization.  

To carry out the photoelectrochemical measurements, a standard three-electrode cell 

was employed. Cupric oxide (either pristine or modified with aluminum) was used as a 

working electrode with a geometric area of about 1 cm
2
, an Ag/AgCl/KClsat electrode 

was employed as a reference electrode (to which all the potentials are referred) and a 

platinum wire was used as a counter electrode. The electrolyte solution used was a N2-

purged 1 mol L
-1

 NaOH (Panreac, 98%). A scanning potentiostat 

(Potentiostat/Galvanostat AUTOLAB PGSTAT30) was employed to record 

voltammograms both in the dark and under illumination at scan rates of 50 mV s
-1

 and 

10 mV s
-1

, respectively. Stability tests were made by means of chronoamperometry at a 

fixed potential of -0.4 V under illumination. The measurements were done in the 

following order: linear voltammetry recorded under illumination, cyclic voltammetry in 

the dark and finally, chronoamperometry under illumination. The lamp employed to 

carry out the measurements was a 1000 W ozone-free xenon arc lamp (ORIEL Newport 

66921 Lamp Power 450-1000 W). The radiation passed through a water filter and a 

radiation cut off filter (Newport FSR-KG3 λ ≥ 350 nm). Light intensity was measured 

with a thermopile (Thorlabs PM100D) with an incident power density of around 200 

mW cm
-2

. 

3. RESULTS AND DISCUSSION 

3.1.Stabilization by aluminum adsorption. 

3.1.1. Sample characterization.  

Figure 1 shows the FE-SEM top view images at the same magnification for pristine 

cupric oxide, cupric oxide after 7.5 h at 550 ºC (Al:ad:0) and cupric oxide after 

immersion in 0.01 mol L
-1

 Al(acac)3 and subsequent rinse with i-propanol, with and 

without thermal treatment (Al:ad:3 and Al:ad:3(nTT), respectively). As expected, the 

morphology obtained corresponds to nanowires in all the cases, showing an average 

diameter of about 65 nm for pristine cupric oxide. No significant differences in the 

average diameter were observed after thermal treatment (Al:ad:0). However, even 

though the average diameter was virtually the same, the shapes of the diameter 

histograms are slightly different, showing a wider distribution in the case of Al:ad:0 

sample (see the histograms as insets in Figure 1a-d).  

X-ray diffraction (XRD) patterns for cupric oxide films are shown in Figure S1. The 

peaks observed were identified using the JCPDS catalogue as a reference for standard 
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values. As previously reported for this synthesis [37], the diffractograms obtained for 

pristine cupric oxide, Al:ad:0 and Al:ad:3 samples confirm the existence of cupric oxide 

with monoclinic structure. The unlabeled peaks correspond to SnO2 (cassiterite phase) 

from the conducting glass substrate. 

It is worth noting that after Al incorporation, an average diameter of about 90 nm was 

obtained, slightly increased after thermal treatment to around 120 nm. This effect is 

mainly produced by the thermal treatment, but it is intensified in the presence of 

aluminum. Additionally, the XPS spectra for the Cu 2p region was also acquired (Figure 

S2a-c), being completely attributed to CuO in all cases based on the presence of four 

correctly located 2p peaks. More details about the interpretation of the XPS spectra for 

the different samples can be found in the SD. Unfortunately, the Al 2p XPS signal 

cannot be discerned due to interferences with copper, concretely the peak attributed to 

Al 2p at 74.4 eV was obscured by the 3p3/2 peak of Cu, appearing at 75 eV. In contrast, 

gallium peaks appear at binding energies free of interferences from copper, which 

allowed us to verify and quantify the presence of gallium in the modified samples (see 

Figure S3). In the case of adsorption of gallium employing the same concentration as 

for aluminum (Al:ad:3 and Ga:ad:3), a surface atomic percentage of 3 was observed. 

Analogously, a similar amount of surface aluminum is expected. 

3.1.2. Photoelectrochemical characterization 

Figure 2 shows the photoelectrochemical characterization of pristine cupric oxide. 

Specifically, Figure 2a shows a linear voltammogram under chopped illumination (200 

mW cm
-2

, λ > 350 nm). As previously reported by us, the as-synthesized cupric oxide 

nanowire electrode presents a photo-onset at about 0.1 V [37]. The photocurrent density 

increases rapidly upon scanning toward negative potentials, reaching a value of -1.5 mA 

cm
-2

 at -0.4 V. 

Figure 2b shows CVs obtained in the dark both prior (green) and after recording the 

response under illumination (black). In both cases, the voltammograms are 

characterized by the absence of significant capacitive currents. However, remarkable 

oxidation currents appear at potentials above -0.2 V for the CV obtained after recording 

the LSV under illumination, which are likely due to the re-oxidation of the products 

associated in part to the photocurrent, i.e., oxidation of Cu(I) to Cu(II). The stability of 

cupric oxide was determined by means of a chronoamperogram at -0.4 V under 

illumination. As observed in Figure 2c, it is worth noting that after 300 s under 

continuous illumination the photocurrent decreases dramatically, attaining values close 

to zero. This fact is linked to a severe photocorrosion of the material, indicating that the 

photocurrents observed in Figure 2a are mainly due to CuO photoreduction and not to 

hydrogen generation. It is important to mention that after the stability measurement, the 

aspect of the photoelectrode is remarkably different, changing from the black coloration 

of CuO to the yellow green of Cu2O. 

Cupric oxide electrodes modified with different amounts of adsorbed Al were also 

photoelectrochemically characterized. The results obtained after Al adsorption are 

shown in Figure 3 together with those corresponding to the thermally treated cupric 

oxide (Al:ad:0). In all the cases, photocurrent diminishes in comparison with pristine 

cupric oxide. The thermal treatment plays a role in this modification, as the 

photocurrent diminishes without adsorbing Al but to a larger extent than in the presence 
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of Al. However, the CVs in the dark plotted in Figure 3b reveal that the thermal 

treatment alone is not enough to correctly stabilize CuO, showing in the case of Al:ad:0 

large anodic currents associated with the re-oxidation of the species partially reduced 

under illumination, as for pristine cupric oxide. The lack of stability for Al:ad:0 is also 

observed in the curve shown in Figure 3a. We speculate that a partial change in the CuO 

termination could underlie this behavior (see below). Focusing on Figure 3a, upon 

aluminum adsorption, the photocurrents obtained in all cases are lower than those 

obtained for pristine cupric oxide; however, there are no anodic currents observed in the 

dark, which suggests that the photocurrents observed under illumination correspond to 

the generation of solar hydrogen. Moreover, in Figure 3c, an almost constant current is 

observed for over 15 min, which indicates a significant stabilization of the material 

upon Al adsorption.  

Importantly, to consider the possible effect of i-propanol, two experiments were carried 

out: immersion of cupric oxide in i-propanol and immersion in i-propanol followed by a 

thermal treatment. The results are not shown because the sample immersed in i-

propanol exhibits the same behavior as pristine cupric oxide and the sample immersed 

in i-propanol and thermally treated exhibits a response similar to that obtained with 

Al:ad:0. According to these results, the immersion in i-propanol does not produce 

significant changes in the photoresponse of cupric oxide. 

Figure 4 summarizes the stability achieved for the samples studied in terms of the ratio 

between the final photocurrent obtained at t = 1000 s and the initial photocurrent (left 

axis, red columns). The initial photocurrent (black squares) for all the samples studied is 

also given (right axis). As mentioned above, pristine cupric oxide presents a rather large 

photocurrent, however, most of it is due to CuO photocorrosion, and for this reason, it 

presents the worst stability. After having applied a thermal treatment at 550 ºC for 7.5 h 

(Al:ad:0), the photocurrent drastically decreases accompanied by a minor improvement 

of stability. It is not until Al is adsorbed that a significant improvement in stability is 

observed. Focusing on the adsorption of aluminum, no clear trend depending on the 

concentration is observed, which points to the adsorption of a monolayer even at the 

lowest concentration. Additionally, it seems that Al adsorption occurs preferentially on 

the active sites of cupric oxide, which would explain that the photocurrents obtained are 

extremely affected by the presence of the adsorbate. The slight difference observed 

between Al:ad:1 and Al:ad:4 could be related to a limited reproducibility.  

Two additional studies were done to optimize the thermal treatment conditions. First, 

the effect of the duration of the thermal treatment was studied. For that purpose, a 

temperature of 550 ºC was chosen and time was varied between 0 and 10 hours. Figure 

5a shows the dependence of the stability with the temperature. It is clear that employing 

shorter times does not lead to any improvement in stability, however, for times higher 

than 2 h, a significant improvement in the stability is observed together with a loss of 

photocurrent, reaching a maximum of stability at 7.5 h from which the stability and 

photocurrent keep almost identical. Second, after having optimized the duration of the 

thermal treatment, different temperatures were tested in order to see if any tendency 

could be discerned. Temperatures in the range of 450 – 600 ºC were tested. 

Temperatures over 600 ºC could not be reached due to the glass transition temperature 

of the substrate. As shown in Figure 5b, a minimum temperature of 550 ºC is required to 

correctly incorporate adsorbed Al into cupric oxide. These experiments were carried out 
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by employing Al:ad:1 samples and the correspondent photoelectrochemical 

characterization are shown in Figure S4 and Figure S5. 

Analogously, the same methodology was employed in the case of Ga. The experimental 

details and photoelectrochemical characterization are given in the SD. The 

corresponding results are in agreement with those obtained using aluminum and the 

same conclusions can be drawn. (See Figure S6 and Figure S7). 

3.2.Stabilization by employing aluminum nitrate as a precursor. 

Prior to presenting the stabilization through the impregnation methodology, blank 

experiments were performed. Concretely, the photoresponses and stabilities of the 

samples: (i) pristine cupric oxide, (ii) cupric oxide thermally treated (Al:ad:0), (iii) 

cupric oxide pre-wetted with water (CuO + H2OwoTT) and (iv) cupric oxide pre-wetted 

with water and thermally treated (Al:dc:0) were compared (see Figure S8). 

Unexpectedly, pre-wetting with water leads to a decrease in both photocurrent and the 

currents obtained in the dark related to re-oxidation processes, which implies that the 

material is less photocorroded, showing an almost constant photocurrent during the 

stability test. It could be argued that the increment of stability is related to a surface 

reordering of the sample. Tentatively, these results can be explained by a change from a 

metal termination to an oxygen one, although further work is needed for supporting this 

notion. The termination change could also lead to a blockage of the electronic transfer 

sites of the majority carrier, and thus, to a decrease of the photocurrent. 

3.2.1. Sample characterization.  

Figure 6 shows FE-SEM top views of cupric oxide films upon the application of one 

drop of water (a) before (CuO + H2O woTT) and (b) after thermal treatment for 7.5 h at 

550 ºC (Al:dc:0), together with (c) cupric oxide modified with aluminum prior to a 

thermal treatment for 7.5 h at 550 ºC (Al:dc:4). The insets show the pristine cupric 

oxide FE-SEM top-view. As expected, and analogously to the results obtained by 

adsorption, the morphology of the obtained films is not altered, showing nanowires for 

all the samples studied. In this case, after the addition of water without thermal 

treatment, the average on the diameter was kept constant at about 65 nm. However, the 

samples thermally treated (Al:dc:0 and Al:dc:4) showed an increment in the average 

diameter from about 65 nm for pristine cupric oxide to 75 nm for Al:dc:0 and to 120 nm 

for Al:dc:4. A thermal treatment after contact with water/aqueous solution is needed to 

observe an increment in the diameter of the NW. From a comparison of panels a and b 

in Figure 6, it is worth noting that after the thermal treatment with water, the structure 

changes from open to more compact (with aggregates). This NW coalescence is 

partially hindered in the presence of aluminum as shown in Figure 6c.  

As in the case of modification by adsorption, XRD patterns for Al:dc:0 and Al:dc:4 

cupric oxide films are presented in Figure S1. As expected, the diffractograms do not 

reveal significant changes upon sample modification, showing the monoclinic structure 

of CuO.  

As in the previous case, the XPS spectra for the Cu 2p region could again be completely 

attributed to CuO. Details, including the spectra, are given at the SD (Figure S9 and 

Figure S10).  
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3.2.2. Photoelectrochemical characterization. 

Photoelectrochemical characterization after addition of different amounts of aluminum 

by drop-casting is shown in Figure 7. Analogously, subsequent responses in the dark 

were measured and stability test were carried out. Figure 7a shows the linear 

voltammograms obtained under chopped illumination (200 mW cm
-2

, λ > 350 nm). In 

all the cases studied, as for the adsorption procedure, a dramatic decrease in the 

photocurrent is observed, not only after the incorporation of aluminum, but also with the 

sample that only was treated with water. Focusing on the CVs in the dark plotted in 

Figure 7b, no anodic peaks associated with the re-oxidation of the species previously 

reduced under illumination were observed, indicating that protection of the CuO NWs 

was achieved. In agreement, the stability test made at -0.4 V vs Ag/AgCl showed an 

almost horizontal behavior. 

In Figure 8, a summary of the results obtained by employing the drop-casting 

methodology is shown. On the right axis, the initial photocurrent of the samples is 

plotted (black, squares), while on the left red axis the stability is shown in terms of ratio 

between the final and initial photocurrent obtained in the stability test (red, columns).  

It seems that aluminum plays a role by promoting electron transfer, thus diminishing the 

water-induced blockage observed in Figure S8 and increasing the photocurrent 

compared to the sample only pre-wetted with water. It is worth noting that the mere 

addition of pure water followed by a thermal treatment (Al:dc:0) leads to a drastic 

change in the photoelectrode, increasing stability from 2 % of pristine CuO to 60 %. 

After the addition of aluminum, the stability in all the cases studied is around 80 %, 

even with the lowest concentration, which allows us to affirm that this modification is 

effective at the monolayer level. However, as the amount of aluminum added increases, 

the photocurrent decreases. This could be related to the fact that with higher loadings of 

aluminum, some islands of Al2O3-like species are formed, as shown in Figure S12, 

blocking electron transfer and thus, decreasing photocurrent.  

The Al protective action could be understood as follows. Pristine CuO would have 

active sites for trapping and transfer of photogenerated conduction band electrons. 

These surface states presumably are Cu(II) species. In the absence of Al, electrons can 

be transferred to either interphasial water or remain trapped at Cu(II), leading to their 

transformation into Cu(I). Al species would be preferentially deposited on these active 

surface states, blocking the permanent trapping of electrons that would either recombine 

or be transferred to water. These ideas are sketched in Figure 9. 

The same methodology was employed to incorporate gallium on cupric oxide from a 

gallium nitrate solution (see SD). However, in the case of adding gallium by drop-

casting, the effect is not affected by the amount of gallium, showing a similar 

photoresponses and photostabilities in all cases. (See Figure S13 and Figure S2).  

In spite of the fact that the stability against photocorrosion significantly increases by the 

incorporation of aluminum, the photocurrent decreases. This is probably linked to the 

fact that, prior to the modification, CuO photocorrosion proceeds with a high Faradaic 

efficiency, while upon the modification virtually all the photocurrent leads to hydrogen 

evolution.  
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In the case of gallium, similar conclusions as those obtained with aluminum adsorption 

can be drawn. However, adding gallium by drop-casting does not lead to a clear trend as 

a function of the gallium loading. This can be linked to the fact that the role of water 

may obscure the possible intrinsic effect of gallium. The explanation given in this report 

is applicable to our previous results with the modification of cupric oxide with Mg by 

drop-casting [37]. It is important to highlight that, contrary to the case of aluminum or 

iron (previously reported by us), where the cations play an important role while the 

effect of water is secondary, in the case of gallium or magnesium, the improvements 

observed in stability are mainly due to the effect of pre-wetting followed by thermal 

treatment. 

4. CONCLUSIONS 

Cupric oxide photocathodes constituted by nanowires have been shown to exhibit a high 

initial activity, but accompanied by severe photocorrosion. Two strategies based on the 

addition of aluminum have been implemented to stabilize these electrodes. On the one 

hand, an easy and cost-effective methodology based on adsorption from solution 

followed by thermal treatment, was adopted. On the other, simple impregnation by drop 

casting was also used followed by a thermal treatment. In both cases, a significant 

stabilization is achieved, although photoactivity is significantly diminished. 

Interestingly, the mere addition of pure water followed by a thermal treatment already 

leads to stabilization, which could be related to a change of the oxide surface from 

metal-terminated to oxygen-terminated, partially blocking electron transfer and, thus, 

photocurrent, but with a drastic increase in stability. The addition of aluminum triggers 

a photocurrents increase photocurrent while maintaining the stability conferred by water 

in its absence. Interestingly, the amount of aluminum necessary to observe the 

promotion of electron transfer to solution is minimum, which indicated that Al 

modification occurs at a surface level. Analogous strategies were followed to 

incorporate gallium, leading to similar results.  

From a practical point of view, the methods reported here for both electrode preparation 

and protection, are cost-effective and easily scalable. Regarding modification, the 

adsorption method, based on immersion in a precursor solution, is simpler and more 

easily scalable than the impregnation method. In any case, further work should be done 

to improve the final photocurrents achieved. In this respect, the addition of co-catalysts 

to enhance electron transfer and thus to increase the photocurrents is underway in our 

laboratory. 

SUPPLEMENTARY DATA 

Electronic Supplementary Data (ESD). Additional experimental details, XRD, XPS 

and (photo)electrochemical characterization together with a parallel study employing 

gallium instead of aluminum are included in the Supplementary Data (SD).  
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FIGURE CAPTIONS 

 

Figure 1. (a-d) FE-SEM top-view images obtained for: (a) pristine cupric oxide, (b) 

cupric oxide thermally treated (Al:ad:0), (c) cupric oxide modified by aluminum 

adsorption (Al:ad:3), (d) cupric oxide modified with aluminum by adsorption without 

thermal treatment. The insets show the corresponding diameter histograms.  
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Figure 2. (Photo)electrochemical characterization in N2-purged aqueous 1 mol L
-1

 

NaOH electrolyte for pristine cupric oxide. (a) Linear voltammograms obtained under 

chopped illumination (200 mW cm
-2

, λ > 350 nm), (b) cyclic voltammogram obtained in 

the dark before (green) and after the LSV (black), and (c) chronoamperometric curve 

obtained under illumination (200 mW cm
-2

, λ > 350 nm) at a constant potential of -0.4 

V vs. Ag/AgCl. 
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Figure 3. (Photo)electrochemical characterization in N2-purged aqueous 1 mol L
-1

 

NaOH electrolyte for different samples of cupric oxide modified with aluminum by 

adsorption. (a) Linear voltammograms obtained under chopped illumination (200 mW 

cm
-2

, λ > 350 nm), (b) cyclic voltammogram obtained in the dark and (c) 

chronoamperometric curve obtained under illumination (200 mW cm
-2

, λ > 350 nm) at a 

constant potential of -0.4 V vs. Ag/AgCl. The dashed line corresponds to pristine cupric 

oxide. 
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Figure 4. Left axis, stability (ratio between final photocurrent and initial photocurrents 

in the stability test, red bars) and right axis, initial photocurrent (black squares) for the 

different samples: CuO, Al:ad:0, Al:ad:1, Al:ad:2, Al:ad:3 and Al:ad:4. 
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Figure 5. Left axis, stability (ratio between final photocurrent and initial photocurrents 

in the stability test, red bars) and right axis, initial photocurrent (black squares) of 

Al:ad:1 electrodes.(a) Effect of the duration of the thermal treatment and (b) effect of 

the temperature of the thermal treatment using as a working electrode Al:ad:1. 
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Figure 6. (a-c) FE-SEM top-view images obtained for: (a) cupric oxide pre-wetted with 

water (CuO + H2OwoTT), (b) thermally-treated cupric oxide wet with water (Al:dc:0), 

and (c) cupric oxide modified by aluminum by drop-casting (Al:dc:4). The insets 

correspond to a FE-SEM top-view image of pristine cupric oxide. 
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Figure 7. (Photo)electrochemical characterization in N2-purged aqueous 1 mol L
-1

 

NaOH electrolyte for different samples of cupric oxide modified with aluminum by 

drop-casting. (a) Linear voltammograms obtained under chopped illumination (200 mW 

cm
-2

, λ > 350 nm), (b) cyclic voltammogram obtained in the dark and (c) 

chronoamperometric curves obtained under illumination (200 mW cm
-2

, λ > 350 nm) at 

a constant potential of -0.4 V vs. Ag/AgCl. 
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Figure 8. Left axis, stability (ratio between final and initial photocurrents in the stability 

test, red bars) and right axis, initial current (black squares) for the samples modified 

with aluminum by drop-casting. 
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Figure 9. Sketch for the mechanism of charge transfer before and after modification 

with aluminum. 

 

TABLES 

Table.1. Molar concentration of the aluminum precursor and nomenclature employed. 

The geometric area of copper (II) oxide electrode is 1 cm
2
. 

Nomenclature employed [Al(acac)3] / mmol L
-1

 

 Al:ad:0* 0 

Al:ad:1 0.01 

Al:ad:2 0.05 

Al:ad:3 0.10 

Al:ad:4  0.50** 

* This sample was only thermally treated. 

** Turbidity in the precursor solution was observed. 
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Table 2. Molar concentration of the aluminum precursor and nomenclature employed. 

The volume of a droplet is of 25 µL. The geometric area of copper (II) oxide electrode 

is 1 cm
2
. 

Nomenclature employed [Al(NO3)3] / µmol L
-1

 

Al:dc:0* 0 

Al:dc:1 1.9 

Al:dc:2 9.4 

Al:dc:3 18.8 

Al:dc:4 94 

Al:dc:5 188 

Al:dc:6 282 

Al:dc:7 376 

* In this case, the electrode was prewetted with a drop of 25 µL of H2O prior to the thermal treatment. 
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HIGHLIGHTS 

 Modification with Al or Ga of the CuO nanowire surface enhaces its 

photostability  

 Protection is achieved by either adsorption or incorporation of Al or Ga 

 Modification methods are cost-effective and scalable 

 Up to 80% of the initial photocurrent is retained after 20 min of illumination 
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