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Manipulating the surface characteristics of metal oxide electrodes allows the properties of the 

interface between the electrodes and the electrolyte to be controlled and can lead to 

improvements in both the efficiency and reliability of the electrodes. In this study, the facets 

exposed on the surfaces of Cu2O photoelectrodes were manipulated by controlling the pH of 

the bath during Cu2O film electrodeposition. The Cu2O film with (100)-type facets, deposited 

at a bath pH of 12, produced a photocurrent 19 times higher than that of the film deposited at 

pH 8.3 and possessing (111) facets. In addition, inverse-opal-structured Cu2O films were 

electrodeposited in alkali solutions using templates of polystyrene beads; these films exhibited 

even higher photocatalytic activities that the planar ones. The templated, three-dimensional 

(3D) Cu2O film deposited at pH 12 produced a photocurrent 2.14 times higher than that 

generated by the planar Cu2O film deposited at the same pH; this was a result of the greater 

surface area and higher light absorption of the 3D film. 

 

Introduction 

In recent years, increasing effort is being devoted to the generation 

of energy using thermoelectric sources, water, wind, solar radiation, 

and hydrogen, given the diminishing reserves of fossil fuels and the 

associated CO2 greenhouse effect. The combustion of hydrogen in 

fuel cells (H2 + 1/2 O2 → H2O + energy) shows particular promise as 

an alternative energy generation technique. Currently, hydrogen is 

mostly produced from natural gas by steam methane reforming, 

which yields a large amount of hydrogen at low cost. However, the 

production of hydrogen from natural gas is not environmentally 

friendly because a large amount of CO2 is produced as well. In 

contrast, the photoelectrochemical (PEC) splitting of water using 

sunlight is an environmentally friendly method for producing 

hydrogen and oxygen without producing any undesired 

reactants/pollutants. 

A PEC cell consists of two semiconductor photoelectrodes in an 

aqueous electrolyte, and its operation is based on the electrochemical 

interaction between the photoelectrodes and the electrolyte.1, 2 

Controlling the facets exposed on the surfaces of the electrodes is 

important for enhancing the performance of the electrodes during 

PEC reactions. This is because the facets on the surface of an 

electrode determine the interfacial area between the electrode and 

the electrolyte, the diffusion length of the minority carriers, and the 

optical absorption depth, among other parameters.3-8 In particular, 

the facet type determines the barrier height at the electrode-

electrolyte interface. 

Because every facet has a unique atomic arrangement, the type of 

facets present could determine the adsorption behaviour of ions or 

molecules on the electrode surface, resulting in a variety of different 

surface reactions in a PEC cell.9 In addition, increasing the facet 

surface area is also important because it can increase the rate of the 

surface reactions as well as enhance overall light absorption. To 

fabricate such faceted surfaces, various nanostructures have been 

suggested, such as nanoplates,10 nanoribbons,11 nanotubes,3, 12 and 

fullerene-like nanoparticles.13, 14 Cuprous oxide (Cu2O) is a 

promising material candidate for the photoelectrodes in PEC cells4, 

15-17 and the p-type absorber layer of solar cells5, 7, 18-20 because of its 

direct band gap size (2.1 eV) and high absorption coefficient. In 

addition, its conduction band lies above the hydrogen evolution 

potential, and it is abundant in nature. For example, a highly active 

and stable photocathode consisting of Cu2O films exhibited 

photocurrents of up to –7.6 mA/cm2 and produced 75 ± 10 µL of 

hydrogen after a total charge of 0.58 C passed through it at 0 V vs. a 

reversible hydrogen electrode or RHE).4 

In addition, Cu2O/ZnO heterojunctions have been employed in solar 

cells to achieve conversion efficiencies of 1.28%.20 Even though 

Cu2O films have theoretical conversion efficiencies of 24% (solar 

energy into electricity) and 18% (solar energy into hydrogen), their 

actual conversion efficiencies are relatively low. One factor that 

negatively influences the performance of Cu2O-based solar cells is 

the mismatch between the minority-carrier diffusion length (which is 

small, 20–100 nm) and the light adsorption depth (which is large,  

~10 µm).5 
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Several methods for improving the activity and stability of Cu2O 

surfaces have been investigated in order to address this problem. For 

instance, the activity of the polar Cu2O {100} surfaces was found to 

be higher than that of the {111} surfaces; this was because the 

number of surface interactions with water molecules was greater in 

the case of the former surface. The {100} surfaces also exhibited 

higher carrier mobility as a result of the type of facets present on 

them.16 On the other hand, Cu2O tends to be unstable in electrolytes 

under irradiation because its reduction potential is lower than the 

potential required for hydrogen generation. The reductive 

decomposition of Cu2O electrodes occurs primarily at the {100} 

surfaces.16, 21 Therefore, manipulation of the electrodeposited Cu2O 

film surfaces via control of the deposition parameters such as the 

bath pH, electrolyte concentration, and the metal salts present has 

been studied extensively.17, 21, 22 However, the manipulation of Cu2O 

film surfaces using templates with pattern features ranging in size 

from the angstrom scale to the micron scale has not yet been 

attempted. 

In this study, we investigated the differences in photocurrent 

generated in Cu2O films with surfaces having different types of 

facets. The films were fabricated using electrochemical deposition 

methods. The type of facets exposed on the Cu2O films was 

controlled by controlling the pH of the electrolyte. As mentioned 

previously, the polarity of the exposed surface affects the 

interactions between the adsorbed electrolyte ions and the Cu2O 

electrode and, in turn, determines the overall photocatalytic activity 

of the electrode. In addition, the effects of three-dimensional (3D) 

Cu2O structures on the generation of photocurrent were studied. A 

3D structure consisting of randomly exposed facets was synthesised 

using a template of polystyrene (PS) beads to increase the surface 

area and the light absorption. PS beads have been used widely as 

templates to fabricate periodic 3D structures that increase the surface 

area and light absorption of electrodes, thereby enhancing the 

photonic effect in dye-sensitised solar cells and GaAs-based 

optoelectronic devices.8, 23 

Results and discussion 

The crystal orientation and morphology of electrodeposited Cu2O 

films are affected by the bath pH.21 Figure 1 shows field-emission 

scanning electron microscopy (FESEM) images of the Cu2O thin 

films deposited at pH 12 and pH 8.3. To confirm the relationship 

between the bath pH and the crystal orientation, the samples were 

characterised using X-ray diffractometry (XRD), as well (Fig. S1 in 

the ESI). The Cu2O film deposited at pH 12 exhibited (111) 

orientations only, and its grains appeared as triangular pyramids with 

exposed (100) facets (Fig. 1(a)). On the other hand, the film 

deposited at pH 8.3 exhibited both (111) and (100) orientations and 

mainly consisted of quadrangular pyramidal grains with exposed 

(111) facets (Fig. 1(b)). 

The surface morphology is affected by the growth rate of the surface 

crystals. Because the number of oxygen atoms per unit area is 

different for the (100) and (111) surfaces, the facet structure is 

determined by the hydroxyl group concentration in the solution 

during depostion.21 Also, the differences in the crystal orientations of  

 

Figure 1. SEM images of Cu2O films deposited on Au/Ti-coated Si 

substrates at bath pH values of (a) 12 and (b) 8.3. The scale bar is 2 

µm. 

the Cu2O films were caused by differences in the exchange current 

densities during deposition, as determined by the different pH 

values.26, 27 Sower et al. investigated the stoichiometric termination 

of the surfaces of Cu2O films deposited at pH values of 9 and 12. 

They found that the (111) Cu2O surface deposited at pH 9 had a Cu+-

terminated layer when the initially deposited atoms were oxygen. On 

the other hand, the Cu2O (100) surface deposited at pH 12 had O2–-

terminated layers. The type of terminating layer present significantly 

affects the stability of the Cu2O films when they are used in PEC 

cells; the (111) surface is more stable than the (100) surface, which 

undergoes H+-assisted reduction. However, the photocurrent 

generated in the Cu2O film deposited at pH 12 was higher than that 

of the film deposited at pH 9 because of the O2– sites produced by 

the H+-assisted reduction of Cu2O at the (100) surface.16 This 

phenomenon was also observed in the present study. 

The variations in photocurrent (I) generated in the different Cu2O 

films on a per-unit-area basis are shown in Fig. 2. The values of I in 

the polar Cu2O film deposited at pH 12 was approximately 6 times 

higher than that of the nonpolar Cu2O film deposited at pH 8.3 at a 

potential (V) of –0.5 V vs. Ag/AgCl (Fig. 3(a)). The “dark” current 

of the polar Cu2O film with the O2–-terminated surface was large; 

this indicates that the reduction of Cu2O can occur under dark 

conditions. This phenomenon was accelerated in the case of the 3D 

films, which had larger surface areas and random surface profiles. 

The photoresponses of the films with respect to time (I-t behaviour) 

were measured at V = –0.4 V (vs. Ag/AgCl) using chopped 

illumination; the “ON” and “OFF” intervals were 20 s, each. The 

rise and fall of I corresponded well with the ON and OFF periods. 
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When the illumination was interrupted, the photocurrent dropped 

rapidly to near zero (the steady-state value). It then reverted to the 

original value when the light source was applied again. The transient 

photocurrent density of the polar 2D Cu2O film (deposited at pH 12) 

was less than –0.39 mA cm–2, whereas that of the nonpolar 2D Cu2O 

film (deposited at pH 8.3) was greater than –0.07 mA cm–2. The flat-

band potential of polar Cu2O films terminated with {100} planes is 

usually higher than that of a similar nonpolar Cu2O films presenting 

{111} planes. This results in an increase in the rate of separation of 

the photogenerated electron-hole pairs on the face of the polar Cu2O 

films. Hence, the photocurrent generated in the film is also higher.9, 

21 

 

Figure. 2 Photocurrent densities of the 2D Cu2O films deposited at 

pH levels of 8.3 and 12. (a) I-V characteristics for potentials in the 

range 0 V to –0.6 V (vs. Ag/AgCl). (b) Time-resolved 

photoresponses in a 0.5 M Na2SO4 solution at –0.4 V (vs. Ag/AgCl). 

The electrical transport properties, which are related to the carrier 

mobility, of the polar and nonpolar Cu2O films were determined by 

Hall effect measurements made in the van der Pauw configuration.17 

The electrical resistivity of the polar Cu2O film was 1.15 × 103 Ω cm 

under dark conditions, whereas that of the nonpolar Cu2O film was 

3.19 × 104 Ω cm. In addition, the carrier concentrations of the polar 

and nonpolar Cu2O films were 2.15 × 1015 and 8.59 × 1014 cm–3, 

respectively, and their carrier mobilities were 2.52 and 0.23 cm2 V–1 

s–1, respectively. It has been reported that the carrier concentration of 

electrodeposited Cu2O films depends on the metal 

deficiency/nonstoichiometry and that the carrier mobility is related 

to the Cu2O grain size.28 Therefore, the large grain size (0.4–1.5 µm) 

of the polar Cu2O film resulted in the film exhibiting high charge 

carrier separation rate and carrier mobility; this, in turn, improved its 

photocurrent density and led to a higher photocurrent. 

Figure 3 shows the PS bead template and the morphology of the 3D 

Cu2O films deposited using the template. It is clear from Fig. 3(a) 

that the PS beads do not form a periodic array. The inverse-opal-

structured Cu2O films electrodeposited at pH 8.3 and 12 were both 

highly porous. However, they had nonpolar structures, indicating 

that their exposed facets consisted of randomly mixed Cu+- or O2–-

terminated layers, as shown in Figs. 3(b) and (c). The orientation and 

growth direction of the Cu2O films were not affected by the PS 

beads. Although Cu2O grew over the PS bead template, we could 

still observe the {100} planes, which were similar to those of the 2D 

films (Fig. 3(d)). Furthermore, the XRD data (Fig. S2 in the ESI) 

indicate that the preferred crystal orientations in the 3D Cu2O films 

deposited at pH 8.3 and 12 were the same as those of the 

corresponding 2D films. 

 

Figure 3. SEM images of (a) the template of PS beads 310 nm in 

diameter; (b), (c) the  morphologies of the 3D Cu2O films deposited 

at pH 8.3 and pH 12, respectively; and (d) the cross-section of the 

3D Cu2O film deposited at pH 12. The film in (d) also exhibited a 

(111) orientation. The scale bars are 1 µm. 

The room-temperature Raman and photoluminescence (PL) spectra 

of the 2D and 3D Cu2O films are shown in Fig. S3 in the ESI; these 

spectra further elucidated the structural and optical properties of the 

films. All the Raman spectra exhibited peaks characteristic of 

crystalline Cu2O.6 In the PL spectra of the 2D and 3D Cu2O films, a 

near-band-edge emission peak was observed at 630 nm; the peak had 

a full width at half maximum (FWHM) of 15 nm and was not 

accompanied by emissions from deep levels. This peak is slightly 

blue-shifted from the band-edge emission of Cu2O, which is 

observed at approximately 640 nm; this was because of an emissive 

transition from an impurity donor band to the valence band.28 The 

optical band gap was determined from the measured transmittance 

data using the conventional experimental/graphical method and 

found to be 1.87 eV, as shown in Fig. S3(d). 

The reflectance spectra of the 2D and 3D Cu2O films are shown in 

Fig. S4 in the ESI. The dramatic decrease in the reflectance from 700 
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to 600 nm was related to the band gap energy of Cu2O. In the 

infrared region, the reflectance of the 3D Cu2O films was lower than 

that of the 2D Cu2O films by 7–17%. Further, in the short-

wavelength region (i.e., for wavelengths of 350 to 600 nm), the 

reflectance of the 3D films was slightly lower than that of the 2D 

films. This suggests that light trapping occurred in the 3D films at all 

the wavelengths investigated in this study; this might be related to 

the random arrangement of the 3D structures. In particular, the 

reflectance of the 3D films in the near-infrared region was 

significantly lower than that of the 2D films. Furthermore, no light 

resonance was observed in the former as a result of scattering by 

their porous structure. 

 

Figure 4. (a) I-V characteristics of the 3D Cu2O films deposited at 

pH 12 over the range –0.6 to 0 V (vs. Ag/AgCl); the films were 

fabricated using templates of PS beads of different diameters. Also 

shown are the time-resolved photoresponses of the planar and 3D 

Cu2O films deposited at (b) pH 12 and (c) pH 8.3, as measured in a 

0.5 M Na2SO4 solution at V = –0.4 V (vs. Ag/AgCl). 

The effect of the size of the PS beads used in the template on the 

photocurrent generated in the 3D films was investigated by 

templating the inverse-opal-structured Cu2O films using beads with 

diameters of either 310 or 1000 nm. Figure 4(a) shows the I-V curves 

for the resulting Cu2O films; the curves were collected under 

chopped illumination. The photocurrent for the Cu2O film fabricated 

using 300 nm PS beads was higher than that for the film obtained 

using 1000 nm beads. This implied that the latter film underwent 

reduction to a greater degree owing to its greater surface area. The 

spike observed during every light ON/OFF cycle was attributable to 

the preadsorbed water molecules on the films as well as to the 

electrolyte used.6 

The photocurrents in the 3D films electrodeposited at pH 12 and 8.3 

were both higher than those of the 2D films grown under the same 

conditions, as shown in Figs. 4(b) and (c). The intensity of the first 

photocurrent peak of the 3D film deposited at pH 12 was about twice 

that of the corresponding 2D film. The photocurrent decreased 

rapidly afterwards, as was also the case with the 2D film (Fig. 4 (b)). 

Similarly, the intensity of the first photocurrent peak of the 3D Cu2O 

film deposited at pH 8.3 was 7 times higher than that of the 

corresponding planar film. The photocurrent then dropped 

significantly in the case of the 3D film (Fig. 4(c)), though such a 

change was not observed in the 2D film. The photocurrent was 

higher for the 3D films, owing to the randomly terminated layers on 

their surfaces and their porous structure. For this reason, the 

photocurrent of the 3D film deposited at pH 8.3 decreased 

significantly at the O2
–-terminated layers. This decrease in the 

photocurrent was also confirmed on the basis of change in the colour 

of the film, which changed from red to black after the PEC analysis; 

a similar change was not observed in the case of the 2D film 

deposited at pH 8.3. 

Even though the two 3D Cu2O films consisted of randomly 

terminated layers, their electrical properties were different, as 

mentioned above. In particular, because of the low resistivity of the 

3D film deposited at pH 12, its photocurrent (–0.25 mA cm–2 after 

400 s) was higher than that of the 3D film deposited at pH 8.3 (–0.08 

mA cm–2 after 400 s). If the exposed (100) facets of Cu2O films have 

O2–-terminated layers, reduction of the Cu2O can result when the 

applied potential is less than the reduction potential of Cu2O in dark 

conditions.16 We found that the dark currents of the two 3D films 

were higher than those of the two 2D films; this was the result of the 

randomly terminated layers and larger surface areas of the 3D films. 

Because the reduction rate of Cu2O at O2–-terminated layers is higher 

under dark conditions, the 3D Cu2O films had unstable surfaces, and 

the degradation of their photocurrents was accelerated.16 However, 

the high photocurrent in the 3D Cu2O films compared with the 2D 

films is not only caused by the reduction of Cu2O, but also by H2 

evolution. The generation of H2 by the 2D and 3D films deposited at 

pH 12 was compared. Because there is no passivation layer present, 

the amount of H2, which was difficult to detect, is commonly 

generated at a bare Cu2O film. However, after measurement in the 

PEC cell for 1 hr, a small amount of H2 was observed for a 3D Cu2O 

sample (Fig S5 in the ESI). This is an indication that the increase in 

photocurrent is to the result of H2 generation. The surface of 3D 
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Cu2O films is more photoactive and better at producing H2 than that 

of 2D films. 

Table 1. PEC responses of the 2D and 3D Cu2O films deposited at 

different bath pH values. 

Bath 

pH 

Film 

structure 

Initial 

photocurrent 

(I0) after 20 sa 

(mA cm–2)  

Final 

photocurrent (If) 

after 400 sa 

(mA cm–2) 

If/I0 

after 

400 sa 

(%) 

Dark 

currenta 

(mA cm–2) 

12 

Planar –1.35 –0.39 28.9 –0.012 

3Db –2.89 –0.25 8.7 –0.056 

8.3 

Planar –0.07 –0.03 42.9 –0.0005 

3Db –0.35 –0.08 22.9 –0.007 

aMeasured at –0.4 V (vs. Ag/AgCl). 
bDeposited using the template of PS beads 310 nm in diameter. 

Table 1 lists the photocatalytic characteristics of the Cu2O films 

deposited at different bath pH values and having different surface 

structures. The maximum values of the photocurrent were 

determined from the I-t curves collected at V = –0.4 V (vs. 

Ag/AgCl). The 3D films exhibited greater degradation in I than did 

the 2D films; this was because of the larger surface area of the 

former. The 3D Cu2O films had randomly arranged planes that were 

exposed, and this resulted in significantly higher dark currents 

compared to the 2D films. The photocurrent degradation ratio of the 

3D Cu2O films was 20% higher than that of the 2D Cu2O films, 

regardless of the bath pH during processing. As mentioned 

previously, this was a result of the fact that the surface area of the 

former films was higher, resulting in a higher effective reaction rate. 

The significant decrease in the photocurrent recorded for the 3D 

Cu2O films (91.3% for the film deposited at pH 12) will limit their 

application as photoelectrodes in PEC water-splitting cells. After the 

PEC cell measurements, the surface morphology of both the 2D and 

3D Cu2O films was transformed to that of the leaf structure (Fig. S6 

in the ESI). A Cu peak was observed in the XRD data collected after 

the PEC cell measurements lasting 1 hr because of Cu2O reduction 

(Fig. S7 in the ESI). The passivation of film surfaces to prevent 

degradation might be a good strategy for making such films suitable 

for use in 3D PEC water-splitting cells. 

Conclusions 

We developed simple methods for manipulating the surface 

characteristics of Cu2O photoelectrodes. This was accomplished by 

electrodepositing the Cu2O films at different bath pH values and by 

depositing Cu2O films on templates of PS beads to create 3D surface 

structures with randomly arranged ion-terminated layers. The 

2D/nontemplated Cu2O film deposited at pH 12 had a (111) 

orientation and exhibited a lower resistivity and higher photocurrent 

than those of the 2D film deposited at pH 8.3, which had a (100) 

orientation. The 3D films possessed several advantages over the 2D 

ones, including larger surface areas and light absorption enhanced by 

light scattering. By combining the two surface manipulation 

techniques, a 3D Cu2O film electrodeposited at pH 12 on a template 

of PS beads 310 nm in diameter exhibiting an initial photocurrent of 

–2.8 mA cm–2 was fabricated. 

Experimental 

Chemicals and materials 

Copper(II) sulphate pentahydrate (CuSO4·5H2O; 99%), sodium 

citrate dihyrate (C6H5Na3O7·2H2O ; 99%), Sodium sulphate, 

anhydrous (Na2SO4; 99%)and potassium hydroxide (KOH; 85%) 

were purchased from Daejung. Sodium lactic acid solution 

(CH3CH(OH)CO2H; 85%) was acquired from Aldrich. PS beads 

with diameters of 310 and 1000 nm were acquired from 

Thermoscientific. 

Fabrication of 2D and 3D Cu2O films 

A schematic diagram of the process used to fabricate the 2D and 3D 

Cu2O films is shown in Fig. 5. A polar Cu2O film with exposed 

{100} surfaces was potentiostatically electrodeposited on an 

electron-beam-deposited Au(200 nm)/Ti(20 nm)/Si substrate using a 

mixture of 0.1 M copper sulphate, 1 M sodium citrate, and 4 M 

KOH as the electrolyte (pH = 12) at –0.3 V (vs. an Ag/AgCl 

reference electrode). A three-electrode system with a platinum plate 

as the counter electrode was employed for deposition. The 

temperature of the bath was maintained at 60 °C using a circulating 

chiller (Labkorea Inc., HLTC08). In addition, a nonpolar Cu2O film 

with exposed {111} surfaces was deposited at –0.4 V (vs. an 

Ag/AgCl reference electrode) using a solution of copper sulphate 

and lactic acid as the electrolyte4 (pH = 8.3). These different bath 

conditions yielded different exposed surfaces. No impurities or other 

phases were observed during the XRD, Raman, or PL analyses. 

Therefore, the different bath condition did not influence any material 

factors save the nature of the exposed facets. 

To deposit the inverse-opal–structured Cu2O films, a PS bead 

template was prepared on an Au/Ti/Si substrate using a solution of 

2 mL ethanol and 50 µL of a commercial solution containing PS 

beads with diameters of either 310 or 1000 nm. The PS beads were 

randomly dispersed over the substrate by coating the substrate with 

the mixed solution and annealing it in an oven for 1–3 min at 80–140 

°C to neck the PS beads.24 The 3D Cu2O films then were synthesised 

on the PS template under the same conditions as for the 2D films. 

The PS beads were removed by immersing the films in chloroform 

for 3 hr. The charge density of the Cu2O films was fixed at 1 C cm–2. 

All the samples were annealed in air at 140 °C for 30 min to improve 

their crystallinity and electrical properties.4 The thicknesses of both 

3D sample and planar one are, on average, 3 µm 
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Figure.5. Schematic showing the surface manipulation methods 

investigated here: control of the bath pH and the use of a 

template of PS beads. 

 

Structural and electrical characterisation 

The morphologies of the Cu2O thin films were characterised using 

field-emission scanning electron microscopy (FESEM) (TESCAN, 

MIRA3). Their crystalline structures and preferred orientations were 

studied using X-ray diffractometry (XRD, Rigaku, D/MAX-

2500/PC). The optical characteristics of the Cu2O films were 

measured using an ultraviolet-visible spectrophotometer 

(PerkinElmer, Lambda 750). In addition, the Raman and 

photoluminescence (PL) spectra of the films  spectra were measured 

at room temperature using a Raman microscope (HORIBA, LabRam 

HR) with a 325 nm He-Cd laser. The electrical resistivities of the 

Cu2O thin films, formed on Au/Ti-coated Si substrates, were hard to 

measure because of the high conductivities of the underlying metal 

layers. Therefore, the deposited films were detached from the 

substrates using an epoxy resin (Varian, TorrSeal). The electrical 

properties of the detached films could then be measured.25 A tailor-

made Hall Effect measurement unit in the van der Pauw 

configuration was employed for this purpose. 

Photoelectrochemical measurements 

The PEC characteristics of the Cu2O photoelectrodes were measured 

using 0.5 M sodium sulfate (pH 6.8) as the electrolyte. O2 was 

purged from the electrolyte by bubbling N2 into it under light 

illumination (125mW cm–2 halogen lamp). A platinum wire and an 

Ag/AgCl electrode were used as the counter and reference 

electrodes, respectively, in the three-electrode system. Linear sweep 

voltammetry was performed under light and in the dark for voltages 

ranging from 0 V to –0.6 V (vs. Ag/AgCl); the scan rate was 2 mV s–

1. 

 The time-dependent photocurrent responses of the photoelectrodes 

were measured under chopped light at –0.4 V (vs. Ag/AgCl); the 

periods for which the light source was switched ON and OFF were 

both 20 s. H2 levels after illumination were analysed using a gas 

chromatograph with thermal conductivity detector (Hewlett Packard, 

HP6890). During the PEC cell measurements over the course of 1 hr, 

the electrolyte was bubbled with N2 gas to remove oxygen in the 

solution. 
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