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� Double electrode cell was pro-

posed for unassisted H2 generation

by water splitting.

� Photocorrosion of the CuO was

addressed by coating with a ZnO/

TiO2 protective layer.

� p-CuO/ZnO/TiO2 and n-TiO2/CdS/

CdSe photoelectrodes forms suit-

able band alignment.

� Built in potential in p-CuO/ZnO/

TiO2 electrode contributes to the

charge separation.
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a b s t r a c t

We report the results of a p-CuO nanoflake photocathode combined with an n-type TiO2

nanorod-based photoanode in a solar-water-splitting photocell, operating without external

bias under visible light illumination. Both p-CuO nanoflakes and n-TiO2 nanorods were

successfully fabricated by a low-cost solution-based method on transparent conductive

substrates. Photocorrosion of the CuO electrode was suppressed by coating with a 200-nm

ZnO/TiO2 protective film, which demonstrated a stability of over 70%. The visible-light

response of single crystalline n-TiO2 nanorods was enhanced by sensitization with CdS/

CdSe nanoparticles. Finally, the two n- and p-type photoelectrodes were short-circuited in

the photocell, and their current-voltage (IeV) characteristics evaluated under visible-light

illumination. The results of the IeV measurements reveal that the performance of the

photocell strongly depends on the electrochemical properties of each electrode. The

photocell comprising highly stable p-CuO and visible-light-active n-TiO2-based
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photoelectrodes operating without external bias demonstrated a short-circuit current and

photoconversion efficiency of ~1 mA and 0.57%, respectively, under visible-light

illumination.

© 2019 Hydrogen Energy Publications LLC. Published by Elsevier Ltd. All rights reserved.
Introduction

Solar hydrogen generation by water splitting is considered a

promising technology for providing a source of clean energy.

There have been many extensive studies on the development

of suitable photocatalyst materials for solar water-splitting in

a photoelectrochemical cell (PEC) [1,2]. Generally, conven-

tional PEC cells consist of an n-type or p-type semiconductor

photoelectrode and a platinum (Pt) counter electrode. Photo-

excited electron-hole pairs in the photoelectrode are

involved in water oxidation and reduction process; namely,

holes oxidize the water to oxygen on the semiconductor sur-

face, and electrons reduce the water to hydrogen on the

counter electrode. Almost all PEC cells require application of

an external bias to obtain an effective charge separation and

overcome the resistance between the electrodes. The appli-

cation of an external bias is not desirable from an economical

or environmental point of view. Therefore, it would be very

beneficial to develop a PEC system that does not require an

external bias to trigger a water-splitting reaction. There are

several approaches to achieve water splitting in the PEC

without external bias, such as using a tandem cell [3e8], a Z-

scheme [9e11], and a PEC cell with combined p- and n-type

semiconductor photoelectrodes [12e15]. In the tandem cell,

the required bias is usually provided by a solar cell. F. F. Abdi

achieved a solar to hydrogen efficiency of 4.9% with a tandem

cell comprising a BiVO4 metal-oxide semiconductor photo-

anode and an amorphous Si solar cell [6].Water splitting in the

Z-scheme (or dual photoexcitation) relies on the combined

operation of two n-type semiconductors. Basically, in the Z-

scheme, one semiconductor with a band position suitable for

water oxidation and another for water reduction are placed in

a cell containing a suitable redox medium [16]. This method

allows the utilization of a wide range of visible-light-

responsive photocatalyst materials, ultimately increasing

the efficiency of the system. Many studies have been con-

ducted on the Z-scheme using mainly powdered photo-

catalysts. Recently, H. S. Park has reportedwater splittingwith

modified PteW/MoeBiVO4 and Zn0.2Cd0.8Se semiconductor

photoelectrodes with I�/IO3
� and S2�/Sn

2� redox couples [11].

Another promising approach for unbiased water splitting

in a PEC cell is the use of a short-circuited n-type photoanode

and p-type photocathode. One of advantages of the PEC cell

over the tandem cell and Z-scheme is the simplicity of design

in the photocatalytic system. Also a built-in potential between

n-type photoanode and p-type photocathode in the PEC cell

contributes to charge separation of excited electrons and

holes in each electrode. Akikusa et al. has demonstrated the

possibility of combined operation of p-SiC and n-TiO2 photo-

electrodes under ultraviolet (UV)-light illumination [14]. The

photoconversion efficiency of the system was 0.06%, owing to

the large band gap energies of the photoelectrodes. Recently
Ito et al. have also reported the successful synthesis of a

visible-light-active p-CaFe2O4 photocathode and its combined

operation with n-TiO2 in an unbiased PEC cell [12]. The poor

performance of the photocell comprising p-CaFe2O4 and n-

TiO2 photoelectrodes was attributed to partial decomposition

of the CaFe2O4 electrode in the electrolyte during the opera-

tion period. Therefore, the development of stable visible-light-

active photoelectrodes with low fabrication cost will further

enhance the efficiency of the unbiased PEC cells. There has

been extensive research on efficient n-type semiconductor

photoelectrodes that are suitable for solar water-splitting.

However, the development of stable and visible-light-active

p-type photoelectrodes still remains a challenge.

In this work, we demonstrate the possibility of construct-

ing a self-sustaining photocell composed of p-type CuO

nanoflake and n-type TiO2-nanorod photoelectrodes that

were prepared by low-cost solution-based methods on trans-

parent fluorine-doped tin oxide (FTO) glass substrates. The n-

type TiO2 electrode was sensitized with CdS/CdSe to enhance

its visible-light response. The photocorrosion of the CuO

[17,18] photocathode was significantly suppressed by coating

with a ZnO/TiO2 protecting layer. The effect of the protecting

layer thickness on the efficiency of the photocell was dis-

cussed. It was found that the efficiency of the photocell greatly

depended on the photocatalytic properties of the individual

employed photoelectrodes. It is significant that the results of

this work would contribute to the further development of the

solar-hydrogen generation systems operating under visible-

light illumination without external bias.
Experimental details

TiO2 nanorod based photoelectrode

Vertically aligned single-crystalline TiO2 nanorods on FTO

glass substrate were fabricated by a hydrothermal method. In

a typical experiment, FTO glass substrates were ultrasonically

cleaned with trichloroethylene, acetone, and methanol, and

finally dried under N2 stream. Then, FTO glass substrateswere

placed into an autoclave containing 30mlHCl, 30ml deionized

(DI) water, and 1 ml of titanium butoxide solution. The hy-

drothermal reaction was conducted at 150 �C for 5 h. After the

reaction, the samples were thoroughly washed in DI water,

dried, and subsequently annealed at 450 �C for 1 h. The TiO2-

nanorod photoelectrode was sensitized with CdS and CdSe

nanoparticles by using the successive ionic layer absorption

and reaction (SILAR) method [19e22]. For CdS sensitization,

the TiO2-nanorod electrode was first immersed in aqueous

0.1 M Cd(NO3)2 then in 0.1 M Na2S solutions and kept in each

solution for 3 min. After each immersion, samples were

thoroughly rinsed with DI water and dried under an N2
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stream. CdSe nanoparticles were sensitized according to the

method described in Ref. [19], where SeO2 was used as a Se

source. The process was repeated several cycles to obtain a

desirable nanoparticle density on the TiO2 surface.

CuO-nanoflake-based photoelectrode

CuO nanostructures on FTO glass substrates were hydro-

thermally grown in two steps. First, a CuO seed layer was

deposited by spin-coating on pre-cleaned FTO 10 times, with

the use of an ethanolic solution of 0.01 M Cu(CH3COO)2$H2O.

After each coating, sampleswere dried on a hot plate at 250 �C.
Subsequently, the CuO seed layer was crystalized by anneal-

ing at 250 �C for 2 h. Next, the FTO glass with CuO seed layer

was placed into a glass beaker containing an aqueous solution

of 25 mM (Cu(NO3)2$3H2O) and 25 mM hexamethylenetetra-

mine (HMTA, C6H12N4). The hydrothermal reaction was also

conducted in two steps. In the first step, reaction was con-

ducted at 90 �C in a conventional oven for 3 h and then

annealed at 550 �C. The hydrothermal reaction was then

performed for another 2 h, followed by annealing at 550 �C.
This, two-step hydrothermal process was done in order to

obtain a dense and high-quality CuO film.

ZnO/TiO2 protecting thin film

ZnO layer was prepared by spin coating the solution of 0.5 M

of zinc acetate (Zn(O2CCH3)2) in ethanol onto CuO electrode at

3000 RPM for 30 s which was subsequently heat-treated at

300 �C. A coating solution for TiO2 film was prepared by

mixing 100 ml of ethanol with 6.8 ml Ti-butoxide, 5 ml Acetic

acid, 0.36 ml H2O and 1 drop of tritonx-100. The prepared

solution was spin coated at 3000 rpm for 30 s and annealed at

550 �C.

Characterizations

Morphology and microstructural characterizations of the

nanostructured samples were performed by using field-

emission scanning electron microscopy (FE-SEM) (JSM-6500F)

and transmission electron microscopy (TEM) (JEM 2100).

Electrochemical measurements were performed by a poten-

tiostat (AMT VERSASTAT3) using a three-electrode configu-

ration system consisting of a Pt-wire counter electrode and a

saturated Ag/AgCl reference electrode in 0.1MKOH electrolyte

for CuO and 0.1 M Na2S for TiO2-based electrodes. A working

electrode with an area of 1 cm2 was illuminated using a 1 kW

xenon lamp fromwhich infrared wavelengths were filtered by

water, and wavelengths below 420 nm were cut off by an op-

tical filter for measurements under visible light. The

measured light irradiance by a thermopile detector was

100 mW/cm2.
Results and discussion

Fig. 1(a) and (b) show FE-SEM images of TiO2 nanorods and

CuO nanoflake electrodes, respectively. A cross-section image

of the TiO2 nanorods shows that nanorods are grown nearly

perpendicular to the FTO surface.
From the surface view of the TiO2 nanorods, as shown in

the inset of Fig. 1(a), we can see that individual nanorods have

a rectangular shape. Fig. 1(b) shows the cross-sectional view of

the CuO nanoflakes on the FTO substrate. The thickness of the

CuO layer is ~2.2 mm, which can be controlled by varying the

hydrothermal reaction time. Bright-field TEM analysis of the

TiO2 nanorods shown in Fig. 1(c) revealed that nanorods have

smooth walls with a constant width of ~50 nm. The selected

area diffraction pattern (SAD) and high-resolution TEM

(HRTEM) image of a nanorod confirmed that it is a single

crystalline, as shown in the inset of Fig. 1(c). Lattice fringes

with an inter-planar spacing of d(110) ¼ 3.2 �A correspond with

the rutile phase of the TiO2.

Formation of nanoparticles on the surface of TiO2 nano-

structures was confirmed by HR-TEM analysis, as shown in

the lower inset of Fig. 1(c). It is clearly seen that CdS and CdSe

nanoparticles are present on the surface of the TiO2. The lat-

tice parameters of the nanoparticles were measured in the

lattice fringes to be 0.356 and 0.255 nm, corresponding to the

(100) and (102) of CdS and CdSe, respectively. Energy-

dispersive X-ray spectroscopy (EDS) shown in Fig. S1 further

confirm the existence of the CdS nanoparticles on the TiO2

NRs. Fig. 1(d) shows the TEM results of the CuO nanoflakes.

Fig. 2 shows the X-ray diffraction (XRD) analysis of the CuO

nanoflake and TiO2-nanorod electrodes. As-prepared CuO

nanoflakes exhibit a polycrystalline nature with correspond-

ing CuO diffraction peaks of (11), (111), and (020). The XRD

result of the TiO2 nanorods confirms the result obtained from

TEM analysisdnanorods are single-crystalline with a domi-

nant rutile phase.

Furthermore, before testing the combined operation of

both electrodes, their photocatalytic properties were exam-

ined separately, as shown in Fig. 3. As an n-type electrode

(photoanode), we have employed three types of TiO2-nano-

rod-based electrodes, bare TiO2 nanorods, CdS/CdSe-

sensitized TiO2 nanorods, and CdS/CdSe-sensitized TiO2

nanorods with subsequent heat treatment (TiO2CdS/CdSe-

HT). As mentioned in the experimental section, both CdS and

CdSe nanoparticles were subsequently deposited by SILAR

method. First CdS nanoparticles layer was deposited for 15

SILAR cycles which formed CdS nanoparticles with an average

size of 11 nm and density of 0.35 nanoparticles per 100 nm2.

Then TiO2/CdS electrode was used to deposit CdSe for 5 SILAR

cycles, thus forming final TiO2/CdS/CdSe structure. Effect of

the SILAR cycle number on the photocurrent response of the

TiO2 electrodes can be seen in Fig. S2. It can be seen that

photocurrent response of the TiO2 electrode is increasing with

increase of SILAR number.

The electrodes are designated as A-1 (TiO2-nanorod), A-2

(TiO2CdS/CdSe), andA-3 (TiO2CdS/CdSe-HT), respectively. The

detailed study of bare and sensitized TiO2 nanorods as well as

the effect of post-heat treatment have been described in our

previous studies [21]. It was demonstrated that the post-heat

treatment of TiO2/CdS/CdSe electrodes have improved its

photocatalytic properties, owing to the increased crystallinity

of the CdS/CdSe nanoparticles and their interface with TiO2

nanorods.

Fig. 3(a) shows that the three photoanodes exhibit an

anodic photocurrent, which confirms their n-type nature. As

expected, the A-3 photoanode demonstrates the highest
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Fig. 1 e Morphological and structural analysis results of the TiO2 nanorods and CuO nanoflakes. Cross-sectional SEM

images of the (a) TiO2 nanorods and (b) CuO photoelectrodes. Insets of each image shows surface views of TiO2 and CuO.

Bright-field TEM and HRTEM image of the (c) TiO2/CdS/CdSe and (d) CuO nanostructures.

Fig. 2 e XRD patterns of the CuO nanoflakes and TiO2-

nanorod-based photoelectrodes.
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photocurrent under white-light illumination. The visible-light

performance of the electrodes are shown in Fig. S3 as the

incident photon to current conversion efficiency (IPCE). Re-

sults indicate that CdS/CdSe sensitization of the TiO2 nanorod

has greatly improved its efficiency under visible light.

Photocurrentevoltage measurements of the CuO electrode

(designated as C1) shows a typical cathodic photocurrent

response at negative voltages, confirming its p-type conduc-

tivity, as shown in Fig. 3(b). Maximum photocurrent densities

of about 1.2mA/cm2 and 0.9mA/cm2 at 0.5 V (vs Ag/AgCl) were

obtained under white- and visible-light illuminations,

respectively.

It can be seen that photocurrent densities under both types

of illumination are almost similar, due to the fact that CuOhas

a low bandgap (~1.7eV) [23] and absorbs a large portion of the

visible-light spectrum (see UVeVis absorbance spectra of the

CuO in Fig. 5(a)). However, the photocorrosion of visible-light-

active p-type photoelectrodes still remains an issue [24,25].

During the short period of light illumination (a couple of mi-

nutes during photocurrent measurements), photocorrosion of

the CuO under light illumination is negligible, and its stability
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Fig. 3 e (a) Photocurrent density of the TiO2-nanorod-based photoanodes. (b) Photocurrent density of the bare CuO electrode

under white and visible light illuminations. (c) Stability (transient current density) results of the bare CuO photocathode at

¡0.5 V vs Ag/AgCl under illumination. (d) Enlarged view of the boxed area from (c).
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cannot be judged accordingly. Therefore, photocurrentetime

measurements were performed at �0.5 V vs Ag/AgCl for an

extended period of time (stability measurement), as shown in

Fig. 3(c). The result shows that the photocurrent of bare CuO

electrode starts to decline after several minutes and contin-

uously decreases until the end of the measurement. During

the measurement, the illuminating light was periodically

chopped. Fig. 3(d) shows an enlarged view of the current

density from the boxed area of Fig. 3(c), where the chopping

region is clearly demonstrated.

Careful observation of the photocurrent profile, shown in

Fig. 3(c), indicates that photocurrent slightly increases at the

beginning of themeasurement and continuously declines. It is

estimated that initial increase in photocurrent is due to charge

releasing from trap in CuO as well as decrease of solution

resistance by both diffusion and migration of reactive redox

chemical species in electrolyte toward CuO electrode surface

until establishing chemical equilibrium (same concentrations
of electrode surface and bulk electrolyte). Subsequent

decrease of the photocurrent density is associated with a

photocorrosion of the CuO (photo-induced electrons are

consumed to decompose CuO).

The morphology of the bare CuO nanostructured electrode

after the stability measurement (Fig. 3(c)) was analyzed with

FE-SEM and shown in Fig. S4. Figure S4 shows the cross-

section and surface views of the CuO nanostructured elec-

trode before and after stabilitymeasurement tests. It is clearly

seen that the surface of the electrode after the measurement

(Fig. S4(c and d)) has been completely destroyed, losing its

nanostructured morphology after the stability measurement.

It is well known that oxides of Cu, such as CuO and Cu2O,

have photocorrosion issues, in which CuO decomposes under

light illumination in aqueous media. The photocorrosion of

CuO or Cu2O occurs because the decomposition potential of

CuO lies near or within the bandgap of CuO. Therefore, under

light illumination, photo-excited electrons readily reduce CuO
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Fig. 4 e Morphology and microstructural characterization results of the ZnO/TiO2 thin film coated CuO electrode. (a) Cross-

sectional FE-SEM images of the FTO/CuO/ZnO/TiO2 electrode. (b) Cross-sectional bright-field TEM image of the FTO/CuO/

ZnO/TiO2 electrode. Inset of the of the (b) shows HRTEM results of each TiO2, ZnO and CuO layers obtained from the white

boxed regions.

Fig. 5 e UVeVis absorbance spectra of the (a) bare CuO and CuO/ZnO/TiO2 electrodes. (b) Absorbance spectra of the bare TiO2

and TiO2/CdS-HT/CdSe-HT electrodes.
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rather than hydrogen protons according to following equation

[25]:

CuO þ H2Oþ 2e� 4 Cuþ2OH� (1)

Therefore, photocorrosion of CuO has been extensively

studied and a number of reasonable strategies have been

developed. Several studies have reported that coating CuO

with a layer of suitable protecting material greatly improves

its stability [24,26e28]. Paracchino et al. reported that the

coating of Cu2O electrode with Al:ZnO/TiO2/Pt layers by

atomic layer deposition (ALD) greatly improves both the sta-

bility and photocatalytic properties of the electrode [19].

Similarly, in this work, CuO electrode was subsequently

coated with ZnO and TiO2 layers, forming a ZnO/TiO2 double

layer; however, we employed a conventional, low-cost, spin-
coating method instead of atomic layer deposition. Here, ZnO

layer plays a dual role: (i) it forms favorable intermediate path

for photo-induced electrons as schematically shown in Fig S5

(a) and (ii) it provides smooth foundation before TiO2 deposi-

tion, filling up the uneven morphology of the CuO surface (Fig

S5 (b)). Thus, much smoother TiO2 layer could be deposited.

Fig. 4(a) shows cross-sectional FE-SEM images of the CuO

electrode after it was spin-coated with ZnO/TiO2 film. From

the cross-section image of the electrode, we can clearly see

the coated layer on top of the CuO nanostructured film, with a

thickness of 80 nm. Furthermore, the coating quality and

crystalline state of the coated layers have been examined by

TEM analysis. Cross-sectional TEM specimen have been pre-

pared by the focused ion beam method from the FTO/CuO/

ZnO/TiO2 sample. The cross-sectional TEM image revealed

that ZnO/TiO2 is well distributed on the CuO surface. Bright-
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field TEM images (Fig. 4(b)) confirm the expected structure of

the electrode, FTO/CuO/ZnO/TiO2, with a ZnO/TiO2 layer

thickness of approximately 80 nm, which agrees well with the

FE-SEM results.

By close examination of the interface of CuO/ZnO/TiO2, it

was found that the ZnO layer consists of randomly deposited

nanoparticles, rather than continuous film. To confirm the

exact composition of each layer, an HRTEM analysis has been

carried out from each corresponding layer (white box area), as

shown in the inset of Fig. 4(b).

To explore the optimum thickness of the protecting layer,

electrodes with different ZnO/TiO2 layer thicknesses have

been tested. The thickness of the TiO2 layer was controlled by

changing the spin-coating number, while maintaining the

ZnO layer thickness constant. Figure S6 shows the cross-

sectional FE-SEM results of the CuO electrodes coated with

different TiO2 layer thicknesses. The TiO2 spin-coating num-

ber varied from 3 to 9 at 3000 rpm, and the corresponding

thickness of the TiO2 layer was changed from 100 to 400 nm,

respectively. However, by increasing the thickness of the TiO2

layer above 250 nm, the quality and adhesion of the film

became poor (coated film starts to lift off), as can be seen from
Fig. 6 e Photoelectrochemical characterizations of the C-1, C-2, C

photocathodes (C-1, C-2, C-3, and C-4) in 0.1 M KOH electrolyte. (

the thickness of the ZnO/TiO2 protecting layer. (c) Dependence o

thickness.
Fig. S6 (d). We believe that the initially highly rough surface of

CuO and the interfacial stress at the CuO:ZnO/TiO2 layer can

cause the lift-off problem at larger thicknesses.

Optical properties of both electrodes were analyzed by

UVevis spectroscopy and shown in Fig. 5. The CuO electrode

absorbs a wide range of visible light, up to the wavelength of

850 nm,which corresponds to the bandgap of 1.5 eV, as shown

in Fig. 5(a). The absorbance edge decreased to 770 nm after the

coating with the ZnO/TiO2 layer; however, the absorbance in

the UV region was enhanced most probably because of the

wide bandgap of the ZnO/TiO2 layer. On the other hand, bare

TiO2 nanorods, as expected, show an absorption edge up to

400 nm, and after sensitization with CdS/CdSe, its absorption

edge is red shifted to the visible-light region of the spectrum,

up to 700 nm (Fig. 5(b)). It can be concluded that both elec-

trodes are active under visible light. Fig. 6 shows the photo-

current measurement results of the CuO sample after coating

with a ZnO/TiO2 protective layer, in which the thickness of the

TiO2 film varied as 100 nm, 150 nm, and 200 nm. The elec-

trodes were designated as C-1 (CuO), C-2 (CuO/ZnO/TiO2

(100 nm)), C-3 (CuO/ZnO/TiO2 (150 nm)), and C-4 (CuO/ZnO/

TiO2 (200 nm)). The results shown in Fig. 6(a) reveal that the
-3, and C-4 photocathodes. (a) Photocurrent response of the

b) Dependence of the stability and remnant photocurrent on

f the photocathodes performance on the protecting layer's
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photocurrent values of the electrodes at �0.5 V vs Ag/AgCl

decrease with an increase in the TiO2 layer thickness. The

highest photocurrent value corresponds to the bare CuO

electrode.

The reduction in the photocurrent value of the electrodes

with ZnO/TiO2 protecting layers could be attributed to the fact

that an additional layer may limit the absorption range of

CuO, as well as cause additional charge transfer resistance at

the electrode/electrolyte interface [29]. The stability of the

electrodes, however, was increased by increasing the thick-

ness of the TiO2 layers, as can be seen from the stability

measurement results shown in Fig. 6(b). Fig. 6 (b) shows the

photocurrent profiles of four photoelectrodes (C-1, C-2, C-3, C-

4) measured in chronoamperometry mode for stability test,

where photocurrent was measured at fixed potential (�0.5 V

vs. Ag/AgCl) for extended period of time. It is basically iden-

tical measurement as shown in Fig. 3(c). In Fig. 3(c) the light

source was continuously chopped throughout the measure-

ment. In case of Fig. 6 (b), the light source was chopped oc-

casionally, at the beginning of the measurement, at the

middle and at the end of the measurement. Stability of the
Fig. 7 e Schematic illustration (a) and band diagram (b) of the p

photoelectrodes. (c) IeV curves of the photocell with fixed C-1 p

curves of the photocell with fixed A-3 photoanode and C-1, C-2
electrodes was quantified as the percentage of the remnant

photocurrent density at the beginning of the measurement,

compared with that at the end of the measurement. The

remnant photocurrent was determined from the chopped

photocurrent, by subtracting the photocurrent at “light on”

from the photocurrent at “light off”. Fig. 6(c) shows the

dependence of the stability and remnant photocurrent den-

sity of the electrodes on the protective film thickness. The

stability of the C-1, C-2, C-3, and C-4 electrodes were 16.2%,

31.3%, 38.6%, and 70.8%, respectively. This demonstrates that

coating the electrodes with TiO2 film strongly enhances the

stability of the photoelectrodes. Furthermore, both n-type and

p-type photoelectrodes were short-circuited in the H-type

photocell to evaluate their combined operation. Two com-

partments of the H-type cell were separated by a Nafion

membrane as shown in Fig. 7(a). The electrolyte in the n-type

and p-type sides of the cell were 0.1 M Na2S and 0.1 KOH,

respectively, and their pH values were adjusted to be equal to

eliminate chemical bias caused by the pH difference. Fig. 7(b)

shows the band diagrams of both electrodes in the short-

circuited state. Theoretically, when a semiconductor is in
hotocell consisting of n-TiO2 and p-CuO-based

hotocathode and A-1, A-2, and A-3 photoanodes. (d) IeV

, C-3, and C-4 photocathodes.
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contact with an aqueous electrolyte, its bands bend upward or

downward for n-type and p-type semiconductors, respec-

tively. Hence, photogenerated electrons in a p-type CuO

electrode reduces the water to hydrogen, and holes in the n-

type TiO2 oxidize the water to oxygen, when both electrodes

are illuminated by light with a photon energy greater than

their bandgap. The currentevoltage (IeV) characterization of

the photocell is an important measurement that reveals if the

studied photoelectrodes can operate effectively together.

Moreover, performance of the photocell at various photo-

cathode/photoanode configurations was tested to investigate

the effect of each electrode and their suitable configuration.

Fig. 7(c) shows IeV curves of the photocell with fixed C-1

photocathode and different photoanodes (A-1, A-2, A-3, A-4)

under dark and light illumination without external bias. The

open circuit voltage (OCV) of the cell is 0.803 V, and the short-

circuit current (JSC, V ¼ 0 V) values are 0.19 mA, 0.55 mA, and

1.56 mA for A-1, A-2, and A-3 electrodes, respectively. The

highest and lowest observed value of Jsc corresponds to the

TiO2CdS/CdSe-HT and bare TiO2 electrodes, which demon-

strated behavior similar to the photocurrent measurement

shown in Fig. 3(a). The currentevoltage results indicate that

the Jsc value of the photocell strictly depends on the PEC

properties of the electrodes.

Fig. 7(d) shows the IeV curves of the photocell with fixed A-

3 photoanode and different photocathodes (C-1, C-2, C-3, C-4).

The obtained results show that the Jsc value of the photocell

with bare CuO photocathode exhibits the highest Jsc value,

which linearly decreases according to the thickness of the

protecting layer of the employed photocathode. This behavior

is similar to the photocurrent density results given in Fig. 6(a).

Finally, from the IeV curve results shown in Fig. 7(d) we

have calculated the photoconversion efficiency of our self-

driven photocell by using the following equation given in

Ref. [14]:

h¼
��
Jsc � E0

rev

�
2I0

�
� 100 (2)

where Jsc is the short circuit current, E0
rev is the standard

reversible potential (1.23 V/NHE) for the water-splitting reac-

tion, and I0 is the intensity of the illuminating light.

Photocell performance with all electrode configurations is

summarized in Table 1. Clearly, the photocell with A-3 and C-1
Table 1 e Performance parameters of the photocell with differ
electrodes has the highest efficiency of 0.96%, while the

photocell with the most stable C-4 electrode (C-4:A-3) has an

efficiency of 0.57%. The obtained efficiency of 0.57% of the

photocell with C-4:A-3 electrode configuration is almost an

order of magnitude higher than the similar self-sustaining

photocell reported in ref [12,13], in which a photocell with n-

TiO2 and p-SiC photoelectrodes exhibited a photoconversion

efficiency of 0.06%. The improved performance of our photo-

cell was attributed to the fact that both photoelectrodes used

in our work were highly active in the visible-light region of the

solar spectrum. In contrast, both n-TiO2 (3.2 eV) and p-SiC

(3 eV) have large bandgaps; thus, they are less active in the

visible-light region of the spectrum.

Finally, from the IeV curve measurement results shown in

Fig. 7(c) and (d), we can conclude that the Jsc value of the

photocell strictly depends on the photocatalytic properties of

the individual employed photoelectrodes. Operation condi-

tions of a photocell without external voltage could be evalu-

ated by intersecting the photocurrent densityepotential (JeV)

curves of the photoanode and photocathode with metal

counter electrode. The maximum operation current density

for the photocell lies at the intersection point of the two JeV

curves. The absence of the intersection point of the two JeV

curves means insufficient driving force for the photo-

electrolysis of water [24e26].

Fig. S7 shows JeV curves for the A-3 photoanode from

Fig. 3(a) and C-4 photocathode from Fig. 6(a). The intersection

point of the two curves was measured as approximately

~1.5 mA/cm2. Thus the photocell consisting of the A-3 pho-

toanode and C-4 photocathode can be operated without

external bias for photocatalytic water splitting.

Furthermore, in general, OCV of the photocell can be

expressed as a difference between the fermi levels of n-type

photoanode and p-type photocathode. The difference be-

tween the two onset potentials of photoanode and photo-

cathode is almost the same as the OCV value of the photocell

[13]. The onset potential is corresponding to the required

voltage for triggering photocatalytic response current. In our

case, the onset potentials of the TiO2-based A-3 photoanode

with the highest photocurrent density and CuO-based C-4

photocathode with the most stability are �1.15 V and e

0.045 V, respectively. Thus the onset potential difference was

1.1 V, which was close to the OCV 0.8 V measured for the
ent n-and p-type photoelectrode configurations.
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photocell with C-4/A-3 configuration (see Fig. 7(d)). This im-

plies that the chosen photoelectrode combination can be

successfully operated in a tandem structure for photocatalytic

water splitting. Further enhancement of the solar-to-

hydrogen conversion efficiency of the system could be ach-

ieved by reducing the over potential of the electrodes by

employing a suitable co-catalysts for oxygen evolution and

hydrogen evolution reactions [30].
Summary

We have successfully prepared a CuO nanostructured film on

a transparent electrode as a p-type photocathode to employ in

a self-sustaining photocell. The photocorrosion of the CuO

electrode was suppressed by coating with a 200-nm-thick

ZnO/TiO2 protective layer and demonstrated over 70% stabil-

ity under light illumination. The CuO/ZnO/TiO2 electrode was

employed in the photocell together with an n-type TiO2-based

electrode. It was found that the photoconversion efficiency of

the photocell strongly depends on the photocatalytic proper-

ties of the individual photoelectrodes. The photocell with the

highly stable photocathode CuO/ZnO/TiO2 and effective n-

type TiO2/CdS/CdSe-HT photoanode have demonstrated a

photoconversion efficiency of 0.57%, which is much higher

than that from previous studies. We conclude that the

photocell consisting of visible-light-active p-type CuO and n-

type TiO2/CdS/CdSe-HT photoelectrodes can operate without

external bias under visible-light illumination.
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