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ABSTRACT: Water electrolysis has received much attention in recent
years as a means of sustainable H2 production. However, many challenges
remain in obtaining high-purity H2 and making large-scale production cost-
effective. This study provides a strategy for integrating a two-cell water
electrolysis system with solar energy storage. In our proposed system,
CuO-Cu(OH)2/Cu2O was used as a redox mediator between oxygen and
hydrogen evolution components. The system not only overcame the gas-
mixing issue but also showed high gas generation performance. The redox
reaction (charge/discharge) of CuO-Cu(OH)2/Cu2O led to a significant
increase (51%) in the initial rate of H2 production from 111.7 μmol h−1 cm−2 in the dark to 168.9 μmol h−1 cm−2 under solar
irradiation. The effects of light on the redox reaction of CuO-Cu(OH)2/Cu2O during water electrolysis were investigated by in situ
X-ray absorption and photoemission spectroscopy. These results suggest that surface oxygen vacancies are created under irradiation
and play an important role in increased capacitance and gas generation. These findings provide a new path to direct storage of
abundant solar energy and low-cost sustainable hydrogen production.

■ INTRODUCTION

Water electrolysis provides a promising path for sustainable
hydrogen production because it stands out as a mature,
scalable technology for which the only required inputs are
water and energy (in the form of electricity).1 However, both
improving the yield of high-purity H2 and reducing the
production cost remain challenges to the application of water
electrolysis for large-scale hydrogen production.2−5 Therefore,
water electrolysis in separate cells combined with renewable
solar energy provides an alternative path for efficient device
design and reduction of the cost of H2 production.
In conventional water electrolysis, hydrogen and oxygen

gases are simultaneously produced in the same cell. Mixing of
these gases can occur during electrolysis, resulting in the
degradation of electrolyzers as well as raising safety concerns.6,7

Therefore, several methods to prevent the mixing of gaseous
H2 and O2 products are proposed.4−6,8−13 Cronin’s group
suggested a new method to separate gases produced in the
conventional proton exchange membrane (PEM) water
electrolysis process using a soluble molecular redox mediator
(silicotungstic acid) that mediates the electron-coupled proton
exchange between the oxygen and hydrogen evolution
reactions (OER and HER, respectively).9,10 Although PEM
water electrolysis systems offer several advantages,9,10,14,15 their
application remains hampered by the low efficiency and high
cost of the Pt catalysts and membranes.11 To overcome these
problems, the separation of H2 and O2 production using
Ni(OH)2/NiOOH redox mediator electrodes in alkaline

aqueous solution was proposed.4,5,8,13 In this setup, the two
separate cells use the redox reaction of Ni(OH)2/NiOOH to
mediate the ion exchange where there is a copper wire linking
the two mediator electrodes instead of a membrane.4,5

Compared with PEM water electrolysis, alkaline water
electrolysis exhibits inherent low-cost characteristics because
it can use a nonprecious catalyst and a porous separator. The
overall efficiency of water splitting in alkaline media would be
better than that in acidic media.11 Moreover, Rothschild’s team
provided the concept of using solar power to drive the
separation of H2 and O2 production in this two-cell setup.4 In
this work, we would firstly look into another oxide material
(i.e., CuO-Cu(OH)2/Cu2O) that can be used as a redox
mediator, and with Rothschild’s concept of solar power, we
would also like to investigate if the gas production can be
further enhanced via the solar irradiation of the mediator
electrodes.
The CuO, Cu(OH)2, and Cu2O electrodes have been widely

used in rechargeable batteries and pseudocapacitors using
alkaline electrolytes due to their high redox reaction and
specific capacitance.16−19 Therefore, the redox-reversible CuO-
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Cu(OH)2/Cu2O electrodes are suitable to be used as an ion
exchange mediator in our two-cell water electrolysis system.
The electrons transfer from one mediator electrode to another
by the charge and discharge processes of mediator electrodes.
Therefore, the capacitance of mediator electrodes has an
important influence on the electrolysis rate in the two-cell
water splitting system. Many studies report that charging and
discharging of supercapacitive hydroxides and oxides under
illumination can provide a higher areal current and capacitance
due to photogenerated electron−hole pairs in the electrode
materials.20−24 Compared with NiOOH/Ni(OH)2, using
CuO-Cu(OH)2/Cu2O as mediator electrodes could easily
enhance the performance of a two-cell water electrolysis
system by illumination due to its narrow band gap. It therefore
strongly absorbs solar irradiation,25−28 which enables the
generation of electron−hole pairs for enhanced redox and
charge transfer in the water splitting system.
Herein, we present a concept providing a significant

enhancement in the production of pure gases in a two-cell
water electrolysis system by using charge−discharge Cu2O/
CuO-Cu(OH)2 redox mediator electrodes under solar
irradiation. In this work, the hydrogen and oxygen cells are
separated by using CuO-Cu(OH)2/Cu2O mediator electrodes
which substitute membrane separator for ion exchange
between the anode and cathode. The CuO-Cu(OH)2 (mixture
of CuO and Cu(OH)2) converts to Cu2O during O2
production at the anode (4OH− → O2 + 2H2O + 4e−),
while Cu2O simultaneously converts to CuO-Cu(OH)2 during
H2 production at the cathode (4H2O + 4e− → 2H2 + 4OH−).

This system, the CuO-Cu(OH)2 with Cu2O, has both
photosensitive and pseudocapacitive properties. The capaci-
tance of mediator electrodes is improved greatly under light
illumination by the creation of surface oxygen vacancies in the
Cu2O electrode. Therefore, the solar power can be captured
and directly stored. This concept provides a new way of
sustainable hydrogen production while reducing costs for
large-scale utilization.

■ RESULTS
A CuO-Cu(OH)2/Cu2O redox couple was used as a mediator
electrode in a two-cell water electrolysis system, as shown in
the schematic in Figure 1a. The Cu2O is used in the hydrogen
production cell, and CuO-Cu(OH)2 is used in the oxygen
production cell. Electrons are transferred from Cu2O to CuO-
Cu(OH)2, and ions (OH−) are exchanged between the
primary electrodes (cathode and anode) by the charging and
discharging of the Cu2O/CuO-Cu(OH)2 mediator electrodes.
This process is accompanied by a visible color change from red
to dark blue (see Figure S1a in the Supplementary
Information). The charge and discharge cycle of the mediator
pair depends on the reversible transformation of CuO-
Cu(OH)2/Cu2O, which typically falls within the potential
range of −1.5 to 0.7 V.17,19,29−31 The electrochemical reactions
are as follows:

+ + ↔ +− −Cu O 2OH H O 2Cu(OH) 2e2 2 2 (1)

+ ↔ + +− −Cu O 2OH 2CuO H O 2e2 2 (2)

Figure 1. Redox mediator electrodes and experimental setup. (a) Schematic diagram of the electrolysis system. (b) SEM image of the CuO-
Cu(OH)2 as-prepared electrode directly grown onto a copper foil via surface oxidation in alkaline solution. At the reaction time of 30 min, the CuO
micro-flowers are standing on Cu(OH)2 nanowire arrays. (c) SEM image of the CuO-Cu(OH)2 electrode after the activation process that included
300 activation cycles with charge and discharge steps at a constant current of 30 mA (3 mA/cm2). After activation, the Cu(OH)2 nanowire
transformed to CuO flower petals with a nanoscale thickness. (d) CV curves of CuO-Cu(OH)2 electrode before and after the activation process at
10 mV/s with potential range from −2 to 1 V vs Ag/AgCl. (e) The cycling stability and galvanostatic discharge curves (inset) of the CuO-
Cu(OH)2/Cu-foil electrode by charge/discharge measurement at 10 mA/cm2 and −1.4−0.6 V vs Ag/AgCl in 1 M NaOH. (f) H2 and O2
production that evolved during operation at a potential bias of 2.5 V in the two-cell water electrolysis that was set up according to the schematic
diagram in (a).
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To ensure the stability of the process during electrolysis, our
CuO-Cu(OH)2 electrodes were activated using the continuous
charge/discharge process prior to fabricating the electrolytic
cell. After activation, Cu(OH)2 nanowires transform to CuO
nanosheets with a thickness of approximately 50−100 nm as
shown in Figure 1b,c, respectively (see details in Figures S2−
S4). The changing of morphology provides a large electrode−
electrolyte interface for an efficient redox reaction (see cyclic
voltammetry (CV) curves in Figure 1d). The charge transfer
and electrolyte diffusion resistance are smaller (Figure S5),
leading to its specific capacitance in a potential range of −1.3−
0.6 V vs Ag/AgCl that becomes larger than that of the as-
prepared electrode (Figure 1e).
To start the electrolysis process, a constant voltage (2.5 and

3.0 V) was applied across the device for 1 h. Bubbles indicated
the evolution of gaseous H2 and O2 at the cathode and anode,
respectively, while there were no bubbles that formed at the
mediator electrodes (Supplementary Note 6). The volume of
gas evolved as a function of time at V = 2.5 V is shown in
Figure 1f. The initial rates during the first 30 min are 111.7 and
57.2 μmol h−1 cm−2 (average rates of HER and OER are 74.9
and 38.7 μmol h−1 cm−2); the H2-to-O2 ratio is approximately
2:1 in the consecutive cycles, similar to the previous studies.4,6

The production rate of H2 and O2 depends on the electrode’s
SOC (state of charge) (see Supplementary Note 7). Upon
increasing the run time, the mediator electrode will be closer to
the fully discharged state where the gas production will be
stopped. Then, after approximately 1.2 h, the mediator
electrode pair was nearly fully charged/discharged. Subsequent
electrolysis could then be resumed by switching the applied
voltage between the anode and cathode. Correlation of the

quantity of gas produced with the charge passed during
electrolysis showed good average electrolysis efficiency (ηV =
Vrev/Vappl) of 47% (see Supplementary Note 1) and Faradaic
efficiency of approximately 95 ± 2% (H2 production) and 95%
± 4% (O2 production) (Figure S8a), comparable to the
Ni(OH)2/NiOOH mediator pair studied in refs 2, 4. Deviation
of the measured Faradaic efficiency from a theoretically
achievable 100% yield is most likely due to a combination of
gas leakage and dissolution of H2 in the aqueous solution.
The cyclic stability of CuO-Cu(OH)2/Cu2O mediator

electrodes (measurement area 1 cm2) was investigated by
continuous charging and discharging for 1000 cycles at a
current density of 10 mA/cm2 (8.3 A/g) in 1 M NaOH
solution within the potential range of −1.4−0.6 V vs Ag/AgCl.
The specific capacitance curve shows a good retention rate as
shown in Figure 1e where the specific capacitance remains to
be at 1725 F/g after 1000 cycles or around 92% compared to
that of the initially activated electrode (highest specific
capacitance is 1867 F/g). During the charge−discharge
process, the morphology of the mediator electrodes before
and after looks similar to each other (Figure S2g,h), in
agreement with the good retention, while some small
degradation may come from the Cu(I)/Cu(0) reaction.
Regarding the stability of the electrolysis system, the cycle
duration as a function of cycle number is shown in Figure S9.
The cycle duration decreases by only 7.5% after 55 electrolysis
cycles, which is a good sign for the two-cell electrolysis system
compared to the previous study.4

Interestingly, solar irradiation of the mediator electrodes
during the charge and discharge processes led to an increase in
the evolution rate of both H2 and O2 gases. As shown in Figure

Figure 2. Effect of sunlight on CuO-Cu(OH)2/Cu2O redox mediator electrode. (a, b) H2 and O2 production in the two-cell water electrolysis
system operated at a potential application of 2.5 V under dark and sunlight illumination. The sunlight was shone on the redox electrode (as shown
in the inset (b)). (c) Current density of the two-cell water electrolysis system under sunlight conditions. The inset shows the additional current
density depending on light on or off. (d) CV curve of the CuO-Cu(OH)2 electrode at 10 mV/s in a three-electrode system under dark and sunlight
illuminations.
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2a,b, H2 and O2 were evolved at 110.4 and 55.8 μmol h−1

cm−2, representing an increase of approximately 38%, while
initial evolution rates at 30 min increase up to 51%. This
reflects a corresponding increase in the charge transfer (Q =
∫ Idt) between the anode and cathode (see Figure 2c), rising
from 46 mAh in the absence of irradiation to 64 mAh under
solar irradiation. The effect of solar irradiation was also studied
by testing the two-cell water electrolysis under light on−off
conditions. As shown in Figure 2c and inset, additional current
density was observed when the CuO-Cu(OH)2 and Cu2O
redox electrodes were operated under solar irradiation. This
confirms that the presence of sunlight improves the yield of H2
production.
To further elucidate the effect of solar irradiation on our

system, the electrochemical properties of the CuO-Cu(OH)2/
Cu2O mediator pairs were investigated. The resulting cyclic
voltammetry (CV) measurement is shown in Figure 2d. This
further supports evidence that the CuO-Cu(OH)2/Cu2O
redox electrode provides a higher current density and specific
capacitance under light irradiation. Photogenerated charge
carriers drive the oxidation and reduction of Cu2O/CuO-
Cu(OH)2 redox electrodes, leading to an enhancement of the
specific capacitance by 36% compared with that in the absence
of light.20−22,24

The changing oxidation states in the CuO-Cu(OH)2/Cu2O
mediator electrode were tracked using in situ X-ray absorption
spectroscopy (XAS) during charging and discharging in the
presence and absence of solar irradiation. Figure 3a,b shows
the resulting normalized Cu K-edge XANES spectra and the
changes in the edge positions in the CuO-Cu(OH)2/Cu2O
mediator electrode, which was tracked during the electrolysis.

The position of the absorption edge contains information on
the electronic structure of Cu within the electrode. During the
charging process of Cu2O in the hydrogen cell, XANES spectra
showed a clear shift to higher-energy states (see blue dash lines
in Figure 3a). This indicates a change in the Cu oxidation state
from +1.15 to +1.43 during electrolysis at 3 V for 30 min. A
shift of the XANES spectra in the opposite direction (see red
lines in Figure 3a) was observed during the discharging process
of CuO-Cu(OH)2 in the oxygen cell. The oxidation state of Cu
was reduced back to +1.16, which is near the initial oxidation
state (+1.15). These observations indicate the reversibility of
redox in CuO-Cu(OH)2/Cu2O mediator electrodes. The
changes in oxidation state during the charge and discharge
processes are similar to those of other transition metal oxides
in previous reports.32,33 Interestingly, under light irradiation at
3 V on the mediator electrode during the charging process in
the electrolysis system, the XANES Cu K-edge energy
significantly shifts according to oxidation of +1.16 to +1.52
(see blue spectra in Figure 3a,b). During the discharge process
of the mediator electrode, a lower energy edge upon light
irradiation (see red spectra in Figure 3a,b) indicated an
increased amount of Cu1+, with the average oxidation number
changing from +1.52 to +1.12. This change of oxidation state is
consistent with our CV measurements.
The Fourier transform of Cu K-edge EXAFS spectra of

Cu2O during electrolysis under dark and light conditions
provides coordination information from the radial distribution
function (RDF), which is shown in Figure 3c (see more details
in Supplementary Note 10). The first peak at about 1.45 Å
corresponds to the nearest neighbor to Cu and therefore
originates from CuO bonds. The peak at 2.24 Å matches

Figure 3. Electronic structure of CuO-Cu(OH)2/Cu2O redox mediator electrode. (a) In situ Cu K-edge fluorescence XANES spectra of the
mediator electrode during charging and discharging under dark and light illuminations in two-cell water electrolysis at 3 V. The changing of
oxidation state for each condition is shown in the inset. (b, c) Changing absorption edge positions and FT EXAFS structures of redox mediator
electrodes during charging and discharging under dark and light illumination. (d) Evolution of the valence band (VB) spectra of the Cu2O redox
mediator electrode from the pristine fractured surface to the light irradiated surface. Inset shows the evolution of the in-gap state with increasing
exposure time.
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well with CuCu bonds in the Cu foil substrate, which is
consistent with previous reports.34,35

During the charging process (i.e., during electrolysis) under
light irradiation, the radial distribution function obtained from
EXAFS of the Cu2O electrode showed a slight decrease in
CuO bond length compared with the same measurement
performed under dark conditions (see Supplementary Note
10). This effect can be seen in Figure 3c and corresponds to a
significant change in the CuO coordination number
resulting from fewer oxygen atoms as nearest neighbors.
However, this effect was not observed in the case of CuO-
Cu(OH)2 electrode.
By using photoemission spectroscopy (PES), the electronic

structure of the mediator electrode under illumination was also
measured, which helps to elucidate the reaction mechanism at
the electrodes during electrolysis. Figure 3d shows the valence
band spectra of the Cu2O mediator electrode with different
carrier-dopants. It is clear that the valence band maximum is
slightly shifted toward the Fermi level and the ratio of the
Cu3d state (1.5−4 eV) to the O2p state (4−8 eV)36 increases
with increased carrier doping. This suggests a surface electron
accumulation. It also indicates that electrons can be transferred
from Cu2O in the hydrogen cell to CuO-Cu(OH)2 in the
oxygen cell. This is consistent with the increase of current
density in the CV curve and XAS results.

■ DISCUSSIONS
In a two-cell water electrolysis system, the CuO-Cu(OH)2 and
Cu2O present both pseudocapacitive and photosensitive
behaviors with high specific capacitance and excellent cycling
stability. The integration of photosupercapacitive behavior
with a mediator system in a single electrode offers important
advantages. Specifically, the rate of evolution of H2 and O2
gases is significantly increased during sunlight irradiation onto
the mediator electrodes. This is because the sunlight has an
important influence on the pseudocapacitance behavior
(Figure 2d). The solar power can be captured and directly
stored chemically in redox mediator electrodes.
Under light irradiation, the charge in the electrolysis system

was increased by 39% compared to that under dark conditions.
In turn, the initial H2 and O2 evolution rates were significantly
enhanced up to 51%. However, this effect depends strongly on
which electrode is irradiated, as shown in the supplementary
material (Figure S11). Irradiation of either the Cu2O electrode
alone or both electrodes at once produces a similar increase in
gas evolution. On the other hand, when only the CuO-
Cu(OH)2 electrode in the oxygen cell is irradiated, there is a
much weaker increase in the rate of gas evolution. This is
because the conduction band minimum (CBM) of Cu2O is
higher in energy than the CBM of CuO.35,37 Therefore, during
the charge/discharge process, photogenerated electrons can
easily transfer from Cu2O to CuO but not the other way
around.
The redox mechanism of the Cu2O and CuO-Cu(OH)2

mediator electrode pair during the charging/discharging
process under light illumination in two-cell electrolysis involves
a photoassisted charging mechanism of electrodes. During the
charging process in the hydrogen cell, the valence electrons of
Cu2O are excited to the conduction band under light
illumination, resulting in the generation of electron−hole
pairs (eq 3). The holes accumulate at the CuxO/water
interface and oxidize Cu2O into CuO (eq 4).20,38−43

Simultaneously, the photogenerated electrons pass through

the external circuit18,22 to reduce the CuO-Cu(OH)2 electrode
in the oxygen cell. During the discharge process in the oxygen
cell, CuO-Cu(OH)2 can be reduced back to Cu2O by
following a reversible redox reaction process (eq 5).
The redox mechanism under light irradiation is as

follows:20,39,42

↔ +
υ + −Cu O Cu O e2

h
2 (3)

+ ↔ ++ −Cu O 2OH 2CuO H O2 2 (4)

+ ↔ + +
υ− −Cu O 2OH 2CuO H O 2e2

h
2 (5)

More importantly, during light illumination, the photo-
generated holes with oxidation react with mediator electrodes.
This promotes the utilization of the electrode materials and
further enhances the specific capacitance.
In situ Cu K-edge XANES was used to study the local

electronic structure of redox mediator electrodes during
electrolysis at a constant system voltage of 3 V. Upon light
irradiation of the Cu2O mediator electrode in the hydrogen
cell, a larger shift of the Cu K-edge energy (Figure 3b) during
charging indicated a greater positive shift in the oxidation state
of Cu compared with the same experiment performed in the
absence of light. This suggests that the photogenerated
holes44,45 in the Cu2O electrode assisted the oxidation of
Cu2O to CuO-Cu(OH)2. On the other hand, the reduction of
the Cu oxidation state in CuO-Cu(OH)2 during the
discharging process under irradiation suggests the migration
of electrons from the Cu2O electrode to the CuO-Cu(OH)2
electrode. These electrons consequently reduced CuO-Cu-
(OH)2 to Cu2O. The reduction was more pronounced under
light irradiation due to the difference in charge storage
between dark and light conditions. These results confirm the
photoassist charging of the mediator electrodes during water
electrolysis, which is in good agreement with electrochemical
results.
The Fourier transforms of Cu K-edge EXAFS spectra

(shown in Figure 3c) of Cu2O during electrolysis under dark
and light conditions were also studied to support the
observations made from XANES. Interestingly, the only
significant change in these arose from shifts in the CuO
bond peak. A lower coordination number of CuO bonds
under irradiation is indicated, suggesting that oxygen
vacancies46,47 are created in the Cu2O electrode during
electrolysis under light irradiation.
Electronic change local to the surface of the redox mediator

electrodes was also tracked by taking both the valence band
and XPS photoemission spectra of Cu2O and CuO-Cu(OH)2
during irradiation (Figure 3d and Figure S12 and S13,
respectively). As exposure time increased, the O2p state
decreases and its leading edge shifts slightly toward the Fermi
level. It is accompanied by an increase in the intensity of the
sub-gap state peak around 1.3 eV (inset in Figure 3d). Looking
at previous studies, we consider that this sub-gap defect state is
most likely associated with oxygen vacancies at the sur-
face.48−52 The surface oxygen vacancies on Cu2O electrodes
play an important role in the separation of photogenerated
electron−hole pairs and in the improvement of redox behavior
involving photocapacitive performance.51−58 When Cu2O is
irradiated by light greater than its optical bandgap (valence
band maximum (VBM) shift to EF), electron−hole pairs are
generated (eq 3). Then, the photogenerated electrons are
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trapped by surface oxygen vacancies (peak at 1.3 eV).54,55,59

These charges captured momentarily by surface oxygen
vacancies are then readily transmitted to the Cu substrate55,60

(see schematic in Figure S14). Meanwhile, the photogenerated
holes act to oxidize Cu2O to CuO and H2O as in eq 4. Our
spectroscopic observations are consistent with the capacitive
improvement of the mediator electrodes under solar irradiation
as demonstrated in the CV curve. Importantly, oxygen
vacancies enhance the electrical conductivity of transition
metal oxides50,58 as a mediator electrode. The electron−hole
pairs can be efficiently separated (inset in Figure 2c), resulting
in higher gas evolution rates compared to those in the absence
of light.

■ CONCLUSIONS

In conclusion, a two-cell electrolytic water splitting system has
been developed with electrodes acting both as a redox
mediator and as a photosupercapacitor for improved H2 and
O2 gas production. The solar-driven pseudocapacitive behavior
on the CuO-Cu(OH)2/Cu2O mediator electrode pair exhibits
an increase in the specific capacitance compared with that in
the absence of light (36%). This implies direct storage of solar
energy that provided an increase in the initial H2 and O2
production rates of 51%. Our observations indicate that as a
Cu2O electrode is irradiated with solar light in a hydrogen cell,
surface-localized oxygen vacancies are created. These play an
important role in the separation of photogenerated electron−
hole pairs, providing an improvement of redox behavior and
capacitive activity in our two-cell water electrolysis system.
Regarding its application, this work provides a new strategy

of combining a two-cell water electrolysis system with a
photosupercapacitor in one device that is a route to low-cost
and sustainable hydrogen production. Firstly, the two-cell
system requires no expensive proton exchange membranes
(PEM) commonly used in water electrolysis systems.
Furthermore, in our system, the free solar irradiation could
boost the performance of H2 production by 51% and
effectively increase the energy storage capacity of the mediator
electrode. The effective increase in this solar-enhanced capacity
is important for the cost optimization since the effective cost of
energy storage is usually many folds of the solar cell panels
proposed as the clean electricity generator for the H2
production system.

■ EXPERIMENTAL DETAILS

Synthesis and Characterization of the CuO-Cu(OH)2
Electrode. The Cu(OH)2 nanowire/microflower-like CuO
films on Cu foil were synthesized by chemical oxidation. A Cu
foil (9 μm, 99%, MTI USA) was cut into 2.5 × 5 cm2 sheets
and cleaned by ultrasonication (water bath, 240 W) in acetone,
ethanol, and distilled water at room temperature for 10 min
sequentially. Impurities and oxide layers were removed from
the surface by immersing in 1 M HCl solution for 30 min.19

The cleaned Cu foil was then immersed in an aqueous solution
consisting of 24 mL of 10 M NaOH, 12 mL of 1 M
(NH4)2S2O8, and 54 mL of distilled water19 at room
temperature (25 °C). After15−30 min, a dark-blue film
covered the Cu foil surface, indicating the formation of
Cu(OH)2. The Cu(OH)2-coated Cu foil was then taken from
the solution, rinsed with water and then ethanol, and dried in
air.

The morphology and chemical composition of the Cu(OH)2
nanowire/microflower-like CuO were examined by scanning
electron microscopy (SEM, ZEISS Auriga, operated at 5 keV)
and energy-dispersive X-ray spectroscopy (EDS) (see Figures
S2 and S3). The crystal structures of the samples were
analyzed using an X-ray diffractometer (XRD, Bruker D2
Advance diffractometer) with Cu Kα radiation (λ = 0.1506
nm). The XRD patterns as shown in Figure S4 are measured
with a scan rate of 10° min−1 at a step width of 0.02°.

Electrochemical Characterization and Electrode Acti-
vation. The electrochemical measurement and electrode
activation were carried out on a potentiostat/galvanostat.
The Cu(OH)2 nanowire/microflower-like CuO redox elec-
trode was used as the working electrode (WE) in an
electrochemical cell operated in a conventional three-electrode
system with a Pt counter electrode (CE) and an Ag/AgCl
reference electrode (RE) in an aqueous electrolyte solution of
1 M NaOH in deionized water. During the activation process,
the working electrode was charged and discharged until its
discharge capacity stabilized. At the end of the activation
process, one of the redox electrodes (size 2.5 × 4 cm2) was
charged and converted to CuO-Cu(OH)2 by constant current
charging (4 mA/cm2, 1.5 h), whereas the other one (size 2.5 ×
4 cm2) was discharged and converted to Cu2O by constant
current discharging (−4 mA/cm2, 1.5 h). In addition, the
electrochemical measurement of half-cell electrodes (1 × 1
cm2) was performed under dark and light illumination at 80
mW/cm2 (approx. 0.8 Sun with 1.5 air mass) by using a PET
solar simulator (model SS100AAA).

Two-Cell Water Electrolysis System. A two-cell water
electrolysis system (shown in Figure 1a) was constructed with
Ni foam primary electrodes (2.5 × 4 cm2) and CuO-
Cu(OH)2/Cu2O (2.5 × 4 cm2) redox electrodes that had
been activated beforehand as described above. The primary Ni
electrodes (anode and cathode) were dipped in two glass
bottles filled with alkaline aqueous solution (1 M NaOH in
deionized water) and connected to a potentiostat/galvanostat.
Two-electrode experiments were performed by attaching the
counter and reference electrodes together, thereby giving a
floating reference configuration. The redox electrodes were
placed in the respective bottles in proximity to the primary
electrodes (1.5 cm). The CuO-Cu(OH)2 electrode was placed
close to the Ni anode in the oxygen cell. And finally, the Cu2O
electrode was placed close to the Ni cathode in the hydrogen
cell. The duration time of electrolysis cycles was 1 h with an
applied constant voltage of 2−3 V. The threshold limit was set
at 3 V to avoid gas generation at the redox mediator electrodes.

Performance of the Two-Cell Water Electrolysis
System and Photoenhanced Pure Gas Production. To
measure the gas volume and Faradaic efficiency of the total
water electrolysis process at a constant applied voltage of 2 V
in the two-electrode system, the volume of H2 and O2
production was measured using a custom-built device
(shown in Supplementary Figure S8b). The mixing of gases
during water electrolysis was monitored by an in situ gas
chromatography technique. Before all gas analyses, the
electrolyte and seal cells were purged with pure Ar (99%) or
N2 (99%) and pumped down to vacuum in several pump−
purge cycles.
For the photoenhanced gas production measurement, the

redox mediator electrode was exposed to simulate sunlight
from the solar simulator. The light was reflected from a mirror
and projected onto the sample (illumination area 10 cm2) with
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an intensity of 80 mW/cm2. The photoresponse of mediator
electrodes during water electrolysis was performed under on−
off light irradiation.
In Situ X-ray Absorption Spectroscopy (XAS). The Cu

K-edge X-ray absorption experiments were conducted in
fluorescent mode at BL5.2 of the Synchrotron Light Research
Institute (SLRI), Thailand. The electron energy was 1.2 GeV,
the beam current was 80−150 mA, and the maximum photon
flux was about 1.1−1.7 × 1011 photons s−1. The X-ray beam
size was 25 mm (width) × 1 mm (height). To record XANES
and EXAFS spectra in fluorescence mode, a four-channel Si
detector after calibration with a Cu foil was used. The
measurement parameters were adjusted to achieve a reliable
dead time below 10% (1 s). The normalized XAS spectra were
processed and analyzed by using the Athena and Artemis
software. For in situ XANES and EXAFS measurements, all
spectra were collected during water electrolysis in the two-cell
setup. The electrolysis cell was made of acrylic material with
dimensions of 5 × 5 × 7 cm3 and a square hole (3 × 3 cm2)
with Kapton tape as the entrance of the X-ray beam. The
measurement was operated at a constant voltage of 3 V in both
the presence and absence of laser light irradiation (450 nm, 80
mW/cm2) on mediator electrodes.
Photoemission Spectroscopy (PES). To understand the

influence of light during electrolysis, the electronic structures
of the mediator electrodes under laser light irradiation (450
nm, 80 mW/cm2) were investigated by using ultraviolet
photoemission spectroscopy (UPS) at room temperature with
a photon energy of 90 eV (electron mean free path ≈ 5.5 Å)
and a pass energy of 5 eV. The base pressure was better than 1
× 10−8 mbar. The valence band spectra were collected on a
Scienta R4000 analyzer with an energy resolution of 30 meV at
BL3.2a of the Synchrotron Light Research Institute (SLRI),
Thailand. In addition, the elemental compositions of the
electrodes in all conditions were analyzed by X-ray photo-
electron spectroscopy (XPS) using an PHI5000 Versa Probe II
(Ulvac-PHI, Japan) with Al Kα radiation (photon energy
1486.6 eV) at BL5.3 of SLRI.
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