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This work reports the novelty of using eco-friendly and cost-
effective non-vacuum Electrostatic Spray-Assisted Vapour Deposited
Cu(ln,Ga)SSe (CIGS) thin films as photocathodes, combined with the
earth abundant cobalt sulfide (Co-S) as a catalyst to accelerate
the kinetics of photogenerated electron transfer and hydrogen
generation for photoelectrochemical water splitting. CdS and ZnO
layers were subsequently deposited on top of the selenised CIGS
films to increase the charge separation and lower the charge
recombination for the photocathodes. In order to improve the
lifetime and scalability of the CIGS photocathode and the other
cell components, a photoelectrochemical test was conducted in a
neutral electrolyte of 0.5 M Na,SO,; under simulated sunlight
(AM 1.5Q). Both the photocurrent densities and the onset potentials
of the photocathodes were significantly improved by the electro-
deposition of the low cost and earth-abundant Co-S catalyst, with
a photocurrent density as high as 19.1 mA cm™2 at —0.34 V vs.
reversible hydrogen electrode (RHE), comparable with and even
higher than that of the control photocathode using rare and
precious Pt as a catalyst.

With the efficiency achievement and progress made by academics
and the photovoltaic industry, the cost of solar cells has been
greatly lowered and become competitive with the price of
conventional fuels. However, due to the intermittency and
unpredictable properties of solar energy, it is becoming more
relevant and useful to explore the development of an integrated
device that combines both energy harvesting and energy storage.
Photoelectrochemical (PEC) water splitting is an efficient way
to absorb sunlight and transform the produced energy into
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hydrogen (H,), which can be easily stored as fuel and then
oxidized by burning in air or in a fuel cell to release energy
when required.

For direct PEC water splitting, the minimum theoretical
electrical potential that is required to split water under standard
conditions is 1.23 V (vs. standard hydrogen electrode, SHE).
Owing to several factors such as cell resistance, irreversible
processes etc., the actual voltage required to achieve water
electrolysis is typically in the range of 1.8-2.0 V. Metal oxides
have been widely studied as photoelectrodes in PEC water
splitting due to their suitable band edge position and good
chemical stability. For example, doped TiO,, Fe,O3, ZnO, BiVO,
and WO; are generally considered as promising photoanode
materials, while Cu,O, NiO, and Co;0, are widely studied as
photocathode materials." However, the band gap of most metal
oxides is relatively too large to absorb sufficient sunlight, which
limits the efficient absorption of visible light. As compared
with metal oxides, CIGS has a tunable bandgap in the range
of 1.0-2.4 eV, and its excellent light harvesting characteristics
(i.e. absorption coefficients of 10> em™') allow a high light
harvesting efficiency of close to unity. Solar cells using a CIGS
absorber have achieved efficiency approaching 22.6%.> Based
on the research achievement on energy generation and urgent
needs for energy storage, p-type CIGS semiconductor film has
become a promising photocathode for PEC water splitting.” The
use of vacuum-based fabrication methods, such as multi-stage
co-evaporation/sputtering processes for depositing CIGS absorbers,
is very costly because of expensive instrumentation and the use
of sophisticated vacuum systems. Therefore, significant effort
has been invested in preparing CIGS films using non-vacuum
approaches including spin-coating,* hydrazine,” quantum dots®
and electrodeposition.” In our group, an Electrostatic Spray-
Assisted Vapour deposition (ESAVD) approach using environ-
mentally friendly precursor materials has been developed to
deposit CIGS films.® A thin layer of CdS followed by another thin
layer of ZnO were deposited onto the CIGS layer to form a p-n
junction and to avoid short circuiting, respectively, which
further enhanced the electron transport for H, production.
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Fig. 1 (a) Device structure and (b) energy alignment of charge transfer for
CIGS-based photocathodes toward PEC water splitting.

Fig. 1 shows the device structure and energy level alignment in
the CIGS based photocathodes. The band alignment in the
photocathodes occurs in such a way that the minimum position
of the conduction band decreases gradually from CIGS to CdS to
ZnO, which accelerates the electron transfer from CIGS to ZnO.
The high potential barrier of ZnO prevents the back flowing of
electrons and decreases the charge recombination rate. After
light absorption, the electrons and holes generated in CIGS are
quickly separated at the CIGS/CdS p-n junction; holes would
flow to the counter electrode through Mo and the external
circuit, where oxygen (O,) is produced. While electrons flow
from CIGS through CdS to the surface of ZnO, where H' ions in
the electrolyte are reduced to H,. A hydrogen evolution catalyst
can promote the PEC water splitting efficiency by accelerating
the H, generation process. Platinum (Pt) has been normally
used as a catalyst to improve the hydrogen evolution kinetics of
CIGS/CIS photocathodes.®® However, Pt is very expensive and
is scare in the earth, making it not suitable for large-scale
application. Cobalt sulfide (Co-S) is an earth-abundant, cheap,
and environmentally green material which can be processed at
low temperature. In recent years, Co-S has been studied as a
catalyst for H, and O, evolutions for TiO,, ZnO, and Si by virtue
of its intriguing properties like good chemical/electrochemical
stability and low free energy for hydrogen adsorption." Therefore,
Co-S was selected as the alternative catalyst to replace Pt for the
CIGS photocathode in this work.

Uniform CIGS thin films have been deposited by the non-
vacuum ESAVD method followed by selenization at 550 °C for
30 min. Fig. 2 shows the surface morphology and purity of the
CIGS absorber characterized using SEM, XRD and Raman analysis.
The SEM images in Fig. 2a and b show the CIGS absorber
composed of large grains with grain size circa 1 micrometer in
size. XRD and Raman results of Fig. 2c and d illustrate that
the deposited absorber is well crystallized without any other
undesirable binary or ternary impurities.

In order to make the PEC results easier for analysis and
comparison, two electrochemical potential definitions are adopted
in the following work. The photocurrents measured relative to the
SCE reference electrode were converted to photocurrents vs. a
reversible hydrogen electrode (RHE) using the following equation
Erug = Esceg + 0.059pH + 0.244. On the other hand, the onset
potential (Vonser) is defined as the potential reaching a cathodic
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Fig. 2 Characterization of the CIGS absorber: (a) surface morphology;
(b) cross-sectional SEM image, (c) XRD pattern and (d) Raman spectrum.

photocurrent density of 0.1 mA cm ™2 and is used as another key
parameter to assess the PEC performance of the photocathodes.
CIGS is a p-type semiconductor with strong light absorption
characteristics. If bare CIGS was used as a PEC photocathode, it
would not perform well due to the lack of favorable energetics
alignment with the electrolyte. Thus, this would result in
inefficient separation of photogenerated charge carriers. As
Fig. S1 (ESIt) shows, the photocurrent generation of pure CIGS
was very low, less than 1.0 mA cm™~> even when a large bias was
exerted. Whereas, the deposition of a thin layer of CdS on top of
CIGS could form a solid-state p-n junction and lead to more
efficient charge separation.'” As compared with CdS, ZnO has a
wider bandgap (3.37 eV) which is more favorable for driving the
water reduction reaction while maintaining suitable valence
and conduction band positions. Thus, by depositing another
thin layer of ZnO on top of CdS, it would form a better
alignment between the ZnO/CdS/CIGS interfaces, which would
help to drive the charge transport further and minimize charge
recombination. Fig. 3 shows J-V curves obtained from CIGS/CdS
and CIGS/CdS/ZnO photocathodes in 0.5 M aqueous Na,SO,
solution (pH = 7) under continuous and chopped simulated
sunlight (AM1.5G) illuminations. Both of the photocathodes
demonstrated very low and negligible dark current between
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Fig. 3 J-V curves for CIGS photocathodes with different modification
layers under (a) continuous and (b) chopped AM 1.5G sunlight illumination.
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—0.35 and +1.0 V vs. RHE, suggesting that the observed photo-
currents were mainly from the reduction of H,O to H,. Under
illumination, at —0.35 V vs. RHE, the photocurrent density of
the CIGS/CdS/i-ZnO photocathode was greatly improved to 6.46
mA cm > compared with 2.78 mA cm™> for the CIGS/CdS
photocathode. Furthermore, the photocurrent onset potential
of the CIGS/CdS/i-ZnO photocathode was anodically shifted
from +0.65 V vs. RHE of CIGS/CdS to +0.69 V vs. RHE, implying
efficient charge transfer and lower charge recombination. The
increase in the photocurrent and the anodic shift of the photo-
current onset potential after ZnO layer deposition are directly
associated with the high potential barrier of ZnO as shown
in Fig. 1, which helps to prevent the back flowing of electrons,
thus decreasing the charge recombination and increasing the
photocurrent.

For the commercialization of PEC systems at the terawatt
scale, devices should ideally reach or exceed 10% solar-to-
hydrogen (STH) conversion efficiencies. The PEC water splitting
system works the best at either a very high or very low pH value,
where the concentration of H'/OH™ is the greatest. However,
most of the semiconductor materials with strong light absorption
such as Si, GaN, and CIGS degrade rapidly under extreme pH
values. Under neutral pH, a hydrogen evolution reaction (HER)
catalyst would need to be used to promote the water splitting
kinetics. Conventionally, Pt is used as the catalyst. However, Pt is
very expensive. Thus, earth-abundant Co-S was selected as the
HER catalyst in this work and electrodeposited onto the CIGS
photocathodes. A combination of SEM and XRD was used to
characterize the surface morphology, composition and crystal
structure of the CIGS photocathode with electrodeposited Co-S
catalyst and the results are presented in Fig. 4. The SEM image
(Fig. 4a) reveals a thin layer of Co-S (from energy-dispersive
X-ray spectroscopy in Fig. 4c) covering the top surface of the
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Fig. 4 (a) SEMimage, (b) XRD pattern, (c) SEM-EDX analysis, and (d) UV-vis

absorption spectrum for the CIGS/CdS/i-ZnO/Co-S photocathode. In
(b) and (d), the results of the Mo substrate were also included for
comparison.
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Fig. 5 J-V curves under (a) continuous and (b) chopped illumination for
CIGS/CdS/i-ZnO photocathodes with Pt and Co-S as catalysts.

photocathode. From the XRD pattern (Fig. 4b) of the photo-
cathode, no obvious peaks of Co-S were observed. This demon-
strates that the deposited Co-S layer was amorphous. Fig. 4d
further shows that the CIGS/CdS/i-ZnO/Co-S photocathode has
strong absorption in the visible range, which is beneficial for
harvesting solar energy to promote solar H, production. Note
that pure Co-S exhibited considerably weak visible absorption
(Fig. S2, ESIY), suggesting that most of the photons were
harvested by the underneath CIGS, CdS and ZnO, and Co-S
simply functioned as the HER catalyst.

Fig. 5 shows the J-V curves for CIGS/CdS/ZnO photocathodes
coated with Pt or Co-S as the catalyst under both continuous
and chopped illumination. After the deposition of the HER
catalysts, the onset potential of the photocathodes anodically
shifted from +0.69 to +0.85 V vs. RHE for Pt and to +0.89 V vs.
RHE for Co-S, respectively. As can be seen from Fig. 5a and b,
the photocurrent density (/1) was also greatly increased after
deposition of both catalysts. When Co-S was used as a catalyst,
the J,n of the CIGS photocathode reached 19.1 mA em 2 at
—0.34 V vs. RHE, which is even higher than that of the photo-
cathode with the traditional Pt catalyst (/i of 18.20 mA cm™>).
The STH efficiency was further estimated from the expression
7 = [Jpn X (1.23 — |Vbjas|)}/Piights Where Jpp is the photocurrent
density at the measured potential, P, is the power density of
incident light (100 mW cm™?), and Vi, is the applied potential.'?
At a moderate potential (0 V vs. RHE), the CIGS/CdS/ZnO/CoS
photocathode achieved an STH efficiency of 2.5%. Although this
value was less than those attained from the state-of-the-art photo-
cathodes, the current work still posed great impact considering that
the performance enhancement by Co-S deposition was significant.
The anodic shift of the onset potential of the photocathode and
the increase of photocurrent density after deposition of the
Co-S catalyst are noteworthy, reflecting the accelerated and
efficient transfer of photo-induced carriers from CIGS to react
with H'/H, redox couples in the electrolyte.

In summary, non-vacuum ESAVD has been successfully used
to deposit CIGS as photocathodes. The PEC water splitting perfor-
mance of the ESAVD deposited photocathodes in a neutral solution
has been investigated. The lower cost and earth-abundant Co-S was
applied as a HER catalyst for H, production. The integrated device
produced photocurrent as high as 19.1 mA cm > at —0.34 V vs.
RHE, which is comparable with and even better than the control
photocathode using expensive Pt as a catalyst. This work has
demonstrated the potential of combining the earth-abundant
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catalyst with widely studied chalcogenide absorber for solar
water splitting. In addition, the PEC test in our work was
conducted in neutral electrolyte, which can help to avoid the
degradation of the cell components (absorber, ZnO, gaskets,
connections, and membranes) and provide added advantages
for the future scale-up of the technique. The composition and
bandgap of the chalcogenide absorber could be further optimized
to promote the light absorption and driving force for water
splitting to achieve better PEC efficiency.
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