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Flexible cupric oxide photocathode with enhanced
stability for renewable hydrogen energy
production from solar water splittingT
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CuO is a promising but unstable photocathode in solar water splitting. Herein, a flexible CuO photocathode
is prepared and its degradation mechanisms and stabilization strategies have been discussed. Briefly, we find
alkali environment and low light intensity are the critical factors in the stabilization of the CuO

photocathode. For practical usage, a composite semiconductor layer, composed of TiO,, La,Oz and
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The lack of suitable photocathode materials for water reduction
seriously limits the development of solar water splitting."*
Cupric oxide (CuO) is an attractive cathode candidate for pho-
toelectrochemical (PEC) water splitting due to its narrow band
gap (1.44-1.68 eV), low cost, and nontoxicity.> Nonetheless, the
enormous potential of the CuO photocathode has not received
enough attention probably because the conduction band was
considered to be more positive than the potential of the water
reduction reaction (0 V versus NHE, Normal Hydrogen Elec-
trode) from the theoretical calculation, and unfavorable for
hydrogen production.* More seriously, copper-based oxides,
including CuO and Cu,O, suffer from fast photo-induced
corrosion, whose stabilities are far from those of the typical
photoanodes, such as WO; and a-Fe,05.>° For decades, scien-
tists dreamt of stabilizing the CuO photocathode in aqueous
electrolytes at comparatively low potentials, especially at 0 Vgug
(RHE = Reversible Hydrogen Electrode), and there are few
successful cases." The direct reason is probably the unsolved
degradation mechanism and the complex side effects of CuO
photocathode in the water splitting reaction. Herein, we report
a facile and highly effective low-cost strategy based on synthe-
sizing flexible CuO photocathode, followed with the analyses of
the influence of electrolyte environment, bias potential and
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light intensity on CuO photocathode stability, at last we
designed a multiple overlayer, which takes into consideration of
advantages of each individual layer. The optimized CuO shows
remarkably enhanced photo-stability with 100% retention of
the photocurrent density after 20 min.

From the SEM images in Fig. 1a, we can see the pre-clean Cu
foil exposed a comparatively smooth morphology. After a fast
fire treatment, a dense and brunette oxide layer grew on the
metal surface. The oxide layer thickness increases as the fire
treatment period extends. The average film thickness is 150 nm
after 10 s of the fire treatment confirmed by the cross section
SEM images, which is much thinner in comparison with the
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Fig. 1 SEM images of (a) the Cu foil and (b) the CuO photocathode,
respectively; (c) cyclic voltammetry of the CuO photocathode in 1 M
NaSO, electrolyte (pH 7); (d) dark current density of the CuO photo-
cathode at 0 Vgye in pH 7 without any photoresponse.
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traditional calcination in a muffle furnace.” The moderate
thickness is convenient for the separation of charge carriers,
preventing fast recombination.® The metal interlayer serves to
transfer electrons, while the oxide layer is responsible for
absorbing photons and generating free electrons. Fig. 1b
implies the fast fire treatment caused thermal expansion and
contraction, produced a rough and wrinkled oxide layer.

It is a common that acidic electrolytes benefit hydrogen
evolution reaction, because of high concentrations of protons.®
In previous studies, most of the colleagues try their best to
improve the performance of CuO photocathode in Na,SO,
electrolyte.'* However, the cyclic voltammetry in Fig. 1c
demonstrates that Cu®”0 spontaneously corrupts to Cul®
below 0.3 Vgue (eqn (1)), which is buttressed by our photo-
electrochemical test in Fig. 1d, predictably, the CuO photo-
cathode deactivated abruptly in dark (the dark current density
reached 93 mA cm 2 at 0 Vrug), and totally no photocurrent can
be observed under illumination (the dark current density
decayed to a stable value of 0.5 mA cm™2). After the reaction, the
brunette absorbing layer disappeared, recovered a shiny
metallic luster.

CuO + 2¢” + 2H" — Cu + H,0, E° = +0.3 Vgug (1)

To avoid the fast self-corrosion of the CuO photocathode
below 0.3 Vyyg, at the same time for the further combination
with the photoanodes, we increased the voltage applied to CuO
photocathode to 0.5 Viyg, and at this time we found a photo-
current spike of 0.8 mA cm > appeared, followed by a contin-
uous decrease to 0.1 mA cm™ > after 1000 s irradiation in Fig. 2a.
The result implies that a slow deactivation process still exists,
similar to the phenomenon in Jang's work.? In the retardatory
deactivation process, the surface cu®Yo is reduced to Cu®, eqn
(1), by the energetic photo-induced electrons. The accumulated
Cu layer isolates the inner CuO from the electrolyte, which
slows down the current decay. The extreme instability of CuO
photocathode forced us to find a new path of using it.

After realizing that CuO is extremely sensitive to protons,
which causes fast photo-induced inactivation, we tried to raise
the pH value and reduce the proton concentration. Adjusting
pH value is often an effective means for changing the course of
a chemical reaction."** After substituting NaOH for Na,SO, in
the electrolyte, we discovered that the CuO photocathode
produced a photocurrent density of 1.2 mA cm™ > at 0.5 Vgyg in
PH 13 without any decay during 1000 s. It is meaningful to find
adjusting pH value has an ability to alter the selectivity of the
CuO photocathode, which seems the easiest way to stabilize the
CuO photocathode. As shown in Fig. 2b, according to the
previous studies, the Fermi level of CuO is near to 0.8 Vyyy,
while the calculated band gap is 1.6 eV.>* As CuO is a p-type
semiconductor, assuming that the energy gap between Fermi
level and valence band is 0.3 eV,*' the conduction band and
valence band are —0.5 Vgryg and 1.1 Vryg, respectively. Conse-
quently, in the neutral condition, photo-excited electrons in the
conduction band move downward and reduce surface CuO to
Cu. As a result, we observed a fast descent of the photocurrent
density. As mentioned above, the accumulated Cu layer isolates
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Fig. 2 (a) The photoelectrochemical stabilities of the CuO photo-
cathodesin 1M Na,SO4 (pH 7) and 1 M NaOH (pH 13) electrolytes at 0.5
VrHe respectively; (b) schematic plot of the band structure and pho-
todeactivation mechanism of the CuO photocathode.

the inner CuO from the electrolyte, which slows down the
current decay. Comparatively, photo-induced electrons selec-
tively reduce water into hydrogen in the basic environment,
while the deactivation reaction is somewhat neglected. The least
of perfection, in the basic solution the good stability was
accompanied by a slow recovery of the dark current.*

CuO + H,O + 2~ — Cu+20H, E°=+03 Vg (2)

After tuning the light intensity from 100 mW cm™> to 20 mW
em 2, it is really interesting to find the relaxation of dark
current disappeared, although the photocurrent density
decreased to 0.3 mA cm™ 2. It is not difficult to associate this
relationship with the shift of Fermi level. We interpret the
mechanism in Fig. 3, under the powerful beam, the Fermi level
transfers to the potential that is higher than the E°(Cu/Cu0), in
this case, the photo-excited electrons partially reduce surface
CuO to Cu (eqn (2)), followed by generating Cu(OH), sponta-
neously (eqn (3)). Cu(OH), is a weak p-type semiconductor,
leading to the relaxation phenomenon. Oppositely, the Fermi
level stays below the E°(Cu/CuO) under low light intensity,
which inspires the photo-electrons to fulfill the water reduction.
Consequently, CuO photocathode shows a satisfactory photo-
stability at 0.5 Vgryg with 100% retention of the photocurrent
density after 20 min.

Cu + 20H™ + 2h* — Cu(OH),, E® = —0.2 Vrue (3)
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Fig. 3 The comparison of the mechanism at pH 13 under high light
intensity (100 mW cm™2) and low light intensity (20 mW cm™).

As known to all, the power of sunlight varies with time in real
life, it is really difficult to limit the maximum value from 100
mW cm ? to 20 mW cm 2 Afterwards, we designed a triple-
component protective layer of TiO,/La,0;/NiO to neutralize
the disadvantage, the thicknesses of TiO,, La,O3; and NiO were
50 nm, 100 nm and 18 nm, respectively. The different film
thicknesses were obtained by controlling the dip-coating
processes (ESIt). The multilayer structure not only controls
the light intensity within an appropriate range but also has
a catalytic influence. The TiO, wrapped the CuO surface and
reduced the surface roughness in Fig. 4a, while the subsequent
La,03/NiO totally covered the substrate, making the surface
smooth under the electron microscope (Fig. 4b). The optimized
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Fig. 4 The surface SEM images of (a) the CuO/TiO, and (b) the CuO/
TiO,/La,O3/NiO; (c) schematic plot of the preparation of the CuO/
TiO,/La,03/NiO photocathode.
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CuO photocathode (Fig. 4c) produced a thoroughly stable
photocurrent density of 0.3 mA cm™? at 0.5 Vg under AM 1.5 G
condition for 20 min, meanwhile, the dark current density
recovers quickly and keeps steady, shown in Fig. 5a.

The high stability of around 100% is found to be the highest
reported value in terms of a plain CuO photocathode (Table 1).
To certify the fundamental chemical stability, X-ray photoelec-
tron spectroscopy (XPS) was applied to detect the surface
properties and oxidation states, shown in Fig. 5b. X-ray induced
Auger electron spectroscopy (XAES) was employed in the Cu
LMM region to get information of the oxidation state of Cu
(Fig. 5b), as the Cu 2p binding energies are almost indistin-
guishable. The Cu LMM peak at 917.7 eV was assigned to Cu®".
The binding energies of Ti 2p;/,, La 3ds, and Ni 2p;, were
458.7, 834.5 and 835.7 eV, respectively, corresponding to Ti*"),
La®" and Ni®"). Furthermore, the XPS spectra before and after
reactions in Fig. S1f indicate the metal oxidation states in
cu®o, Ti®o,, La®",0, and Ni®J0 did not change after
30 min reaction, which met our expectations. Moreover, the
construction of this multi-layer photocathode is depicted in
Fig. 5¢. Many researchers predicted that the conduction band
position of CuO is not negative enough to drive the hydrogen
evolution reaction. In fact, we found CuO possesses a conduc-
tion band edge near to —0.5 Vgyg, which means the photo-
electrocatalytic hydrogen evolution from water by CuO should
be thermodynamically favorable. In the present work, the
photo-induced electrons in p-CuO were driven by the depletion
layer (p-CuO/n-TiO, p-n junction) to n-TiO,, then penetrated
the La,O; layer. Herein, La,O; can be considered as a proton
insulating layer."” After hundreds of attempts, we found that
La,O; is one of the materials that effective for the stabilization
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Fig. 5 (a) Photoelectrochemical response and stability of the TiO,/
La,03/NiO coated CuO photocathode; (b) Cu LMM, Ti 2p, La 3d and Ni
2p X-ray photoelectron spectra (XPS) of the TiO,/La,Oz/NiO coated
CuO photocathode; (c) schematic plot of the band structure and water
reduction mechanism of the TiO,/La,O3/NiO coated CuO photo-
cathode; (d) gas evolution from the CuO/TiO,/La,O3/NiO photo-
cathode and the Pt counter electrode, which is compared with the
evolution of H, (e7/2) and O, (e™/4) expected from the photocurrent.
The measurement was performed at constant potential 0.5V vs. RHE.
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Table 1 The stabilities of the CuO photocathodes for PEC water splitting in the literature
Light intensity
Electrolyte (mW em™?) Bias (Vgrue) Constructure Stability Ref.
0.25 M Na,SO, 109 0 Zn0O/CuO 40% (3 min) 21
1 M NaOH 100 0.25 CuO 40% (20 min) 22
0.5 M Na,SO, 100 0.2 CuO 80% (15 min) 3
0.25 M Na,SO, 100 0.2 ZnO/CuO 90% (6 min) 23
0.5 M Na,SO, 100 0 Au-Pd/CuO 90% (20 min) 24
0.1 M Na,SO, 100 0.2 CuO 70% (15 min) 25
0.1 M Na,SO, 100 0.05 CuO 90% (5 min) 10
1 M NaOH 100 0.5 CuO ~100% (20 min) Present work
of copper oxide, and the stability enhanced with the increasing ACknOWledgementS

thickness, until a thickness of 100 nm can balance the stability
and the activity. Although La,O; has a large theoretical band
gap (3.8-5.8 eV), it contains deep levels and trap-states, which
reduce the band gap (2.9 eV, fluorescence emission at 416 nm)
and the resistivity (~10 kQ cm)."*2° The deep levels and trap-
states form intermediate levels in the large band gap, facili-
tating the charge transportation. Thus, La,O; accepts the photo-
induced electrons from TiO, and allow them to pass through.
Finally, the electrons enter a second depletion layer, as p-NiO
equilibrates with the electrolyte, and complete the water
reduction. By the way, we have to mention that TiO,, La,O; and
NiO perform their respective duties and are indispensable. The
amounts of H, and O, that evolved were determined by gas
chromatography. In Fig. 5d, the theoretical amounts of gases
expected from photocurrent generations are compared with the
actual generation of the gases. The difference between these two
values is represented by the faradaic efficiency. The faradaic
efficiency of the hydrogen evolution was determined to be 94%
when the system was stabilized and showed a steady state. The
rest 6% could be accounted for the inefficient gas collection (gas
dissolution and strong adsorption on the electrode surface) and
some parasitic electrochemical processes.

Conclusions

Cupric oxide is not chemically inert in aqueous solution under
illumination because of its sensitivity to protons, which makes
a painstaking process of fabricating stable CuO photocathodes.
It is found the photo-stability of CuO photocathode is highly
dependent on the pH value, working potential, light intensity
and protective overlayer. After optimization, we applied CuO
photocathode in basic environment coupled with a multifunc-
tional semiconductor overlayer, i.e. TiO,/La,03/NiO, in which p-
CuO/n-TiO, forms a p-n junction, accelerating the charge
separation, while La,O; and NiO act as a proton-isolating layer
and a catalyst layer, respectively. The photocurrent density is 0.3
mA cm ™2 at 0.5 Vgxyr with 100% retention after 20 min, as well
as the dark current density.
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