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Hydrogen, produced through a zero-pollution, sustainable, low-cost, and
high-efficiency process, is regarded as the “ultimate energy” of the 21st
century. Solar water-splitting techniques have immense potential to make
the idea a reality. Two promising approaches, photovoltaic-electrolysis (PV-
EC) and photoelectrochemistry (PEC), have demonstrated solar-to-hydrogen
conversion efficiency over 10%, which is the minimum required for com-
petitively priced, large-scale systems. Extensive studies of PV-EC and PEC
devices reported within the past five decades show increasing design
complexity. To accurately describe the gap between laboratory research

and practical application, the basic principles and concepts of PV-EC

and PEC are elaborated and clarified. The history of these developments

is systematically summarized, and a comprehensive techno-economic
analysis of PV-EC and PEC solar hydrogen production of 10000 kg H, day™’
is performed. The analysis shows that no solar hydrogen system is cur-
rently competitive with production methods based on fossil fuels, but the
development of high-efficiency water-splitting electrolyzers with cost-com-
petitive components (especially for cation/anion exchange membranes) can

accelerate progress.

1. Introduction

Facing global energy and environmental pollution crises,
developing green, sustainable, and low-cost energy has
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become essential for all humanity.”
Hydrogen is an alternative for the next
generation of clean energy, especially
in fuel developments with paths from
high to low carbon content and low to
high energy density. Hydrogen is free
of carbon and when used releases no
greenhouse gases or harmful substances.
Hydrogen also has a gravimetric heating
value (141.9 MJ kg™!) which is much
higher than that of traditional fuels,
such as petrol (47.5 M] kg) and natural
gas (55.5 MJ kg™').2) However, hydrogen
production is not environmentally
friendly; where over 90% originates from
fossil fuels, emitting a large amount
of CO, and pollutants.’] Hence, “green
hydrogen” processes with zero-pollution,
sustainability, and high efficiency are a
focus of the 21st century.

In combination with solar energy,
“green hydrogen” production is an oppor-
tunity A few technologies converting
sunlight into hydrogen have been devel-
oped over the past century. However, low solar-to-hydrogen
(STH) efficiencies restrict large-scale development. Recently,
photovoltaic-electrolysis (PV-EC) and photoelectrochemical
(PEC) systems have realized an STH efficiency of over 10% at
laboratory scale,’! which indicates scale-up potential.l’) Mean-
while, PEC technology has been demonstrated with numerous
devices in the past half-century; such as “artificial leaf,”"! “inte-
grated PEC,”P% and “integrated PV-EC.”® To develop green
hydrogen further, we clarify the differences between PV-EC
and PEC concepts, review the developments of both processes,
summarize past studies, and estimate their potential for
scale-up.

In this review, we elaborate on the fundamental princi-
ples of PEC and PV-EC systematically and clarify their clas-
sifications. Then, we discuss the representative research on
PV-EC and PEC chronologically, presenting the development
trend. One of the essential aspects of this review is a techno-
economic analysis. Except for PV-EC, a large-scale PEC
hydrogen production system (10000 kg H, day™!) with a
semiconductor-liquid junction (SLJ) is designed and ana-
lyzed. Conclusions and potential future developments for
PV-EC and PEC are summarized. Note that this review is
restricted to hydrogen production. The reader can refer to
the literature related to the distribution, storage, and utili-
zation of hydrogen,’! which are essential to constructing a
“hydrogen society in the future.”

© 2023 Wiley-VCH GmbH
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2. Fundamentals of PEC and PV-EC Solar
Hydrogen Systems

2.1. Principle and Mechanism

There are three fundamental requirements for any solar water-
splitting system:1% First, sunlight must be efficiently absorbed
to produce excited electron states in the light-absorbing mate-
rial. Second, the photoexcited electrons and holes must be
separated in space to prevent their recombination. Third, the
photoexcited charges must be energetically and kinetically
able to perform overall water-splitting reaction, an energeti-
cally uphill reaction requiring a standard free-energy change
AG® = +237 k] mol™ or a potential of 1.23 eV per electron.

Figure 1 presents a typical SLJ formation process in a PEC
water-splitting device with an n-type photoanode and one
standard metallic electrode.'? In the dark, when an n-type
semiconductor photoanode is in contact with the electrolyte,
the electrons will flow between the semiconductor and the
electrolyte due to the build-in voltage (V) the differences
between the Fermi energy (Ef) of the semiconductor and the
electrochemical potential of a redox couple E° (e.g., O,/H,0)
in an acid electrolyte (Figure 1a). Charge transfer results in
band bending near the SLJ and provides an interfacial electric
field to separate the photogenerated charge carriers at equilib-
rium (Figure 1b). Under light illumination, electrons (e”) will
be excited by high-energy photons (hv > E,) from the valence
band (VB) to the conduction band (CB), where holes (h*) are
left in the VB of the n-type semiconductor. The photovoltage
(Vpn) arises simultaneously from splitting electron and hole
quasi-Fermi levels (Figure 1c). Then, the interfacial electric field
will drive the minority charge carriers (h*) to reach the surface
of the semiconductor for the oxygen evolution reaction (OER),
while the majority charge carriers (electrons) will be con-
sumed by the hydrogen evolution reaction (HER) at a counter
electrode.

A PEC cell requires two electrodes (an anode for the oxida-
tion reaction and a cathode for the reduction reaction). At least
one of the electrodes is a semiconductor (n-type for photoanode
and p-type for photocathode) designed to absorb the sunlight
and split water directly at the surface (Figure 2a). Considering
the high thermodynamic potential and multielectron kinetic
process, not all PEC cells can drive the water-splitting reaction

a Before equilibrium b After equilibrium ¢ Under illumination
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Figure 1. The SLJ photoelectrode device concept illustrated for an n-type
semiconductor photoanode. a) Before equilibrium between the semi-
conductor and the electrolyte. b) After equilibrium without illumination.
¢) Quasi-equilibrium under illumination. Reproduced with permission.l"l
Copyright 2017, Elsevier.
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only under sunlight illumination. Therefore, some kinds of
PEC cells require an additional electric power supply to pro-
vide the energy difference when illuminating, called assisted/
biased PEC cells. Others that can drive the reaction directly by
solar energy are called unassisted PEC cells. This review will
be conducted based on unassisted PEC cells in the following
section. A PEC cell with one single-junction semiconductor
photoelectrode and one standard metallic electrode can be envi-
sioned. The bandgap energy (E,) of the semiconductor should
be 1.6-2.4 eV, and the conduction band-edge energy (Ey,) and
valence band-edge energy (E,) should straddle the electro-
chemical potentials E° (H*/H,) and E° (O,/H,0). Therefore,
identifying a single semiconductor that can both develop suffi-
cient photovoltage and harvest a large portion of the solar spec-
trum is an ongoing and complex challenge. On the other hand,
two semiconductors with different E, can be constructed for
both electrodes in a tandem PEC cell configuration resulting
from the fact that semiconductors can transmit photons with
energy less than their E,." A typical schematic called photo-
anode—photocathode (or PEC-PEC) tandem cell is presented in
Figure 2b.*l A photoanode with large E, absorbs high-energy
incoming photons and transmits the remainder to the photo-
cathode below. As such, photogenerated electrons in the CB of
the photoanode will be combined with holes in the VB of the
photocathodes through the wires. The minority charge carriers
(electrons in the photocathode and holes in the photoanode)
are still used for HER and OER at the respective SLJs. The
photoanode—photocathode tandem configuration allows absorp-
tion of a broader spectrum as more low-energy photons will
be used compared to the one semiconductor PEC configura-
tion with the same area. At the same time, the photovoltage of
the tandem cells is the sum of Vj;, of the two photoelectrodes,
which provide enough photovoltage for water splitting.

Except for SLJs, buried junctions where the driving force
comes from the built-in potential from the interface of solid-
state materials rather than the semiconductor-liquid have been
demonstrated to be powerful methods to construct an effective
PEC cell.*»% Figure 2c depicts two buried p-n junctions con-
nected in series for a PEC construction called buried-junction
PEC cell. In contrast to the photoanode—photocathode tandem
cell, the majority carriers, rather than the minority carriers,
are injected from the solid-state photoelectrode into the elec-
trolyte to conduct water reduction/oxidation. Another feasible
strategy for PEC water splitting through the combination of
SLJ and buried junction is named photoelectrode-photovoltaic
(PEC-PV) cell®l As shown in Figure 2d, the majority car-
riers generated (electrons) in the buried p—n junction reduce
protons in the electrolyte, and minority holes produced in the
n-type photoelectrode oxidize water at its surface. Typically, two
(photo)electrodes are electrically connected by an external wire
called “wired” PEC cells (Figure 2). There is another “wireless”
cell design where both the photoanode and photocathode men-
tioned above are directly adjoined back-to-back, known as “arti-
ficial leaf.”"1517]

Compared to the PEC devices, where a light absorber is
immersed in the electrolyte, the PV-EC devices employ a sepa-
rate function of light absorption and electrolysis. Specifically,
two well-established technologies, PV and EC, are combined.
Solar energy is transformed into electrical power by PV devices

© 2023 Wiley-VCH GmbH
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Figure 2. Energy diagrams for four types of PEC devices. a) A single band gap photoanode with a metal cathode. b) A photoanode—photocathode PEC
configuration with n-type and p-type photoelectrodes electrically connected in series. c) A buried-junction PEC configuration with two p—n PV cells
integrated and wired with a metal cathode. d) A photoelectrode-photovoltaic PEC configuration that photoanode is in series with an integrated p—n PV
cell to provide additional bias and connect to a metal cathode. Reproduced with permission.[®l Copyright 2010, American Chemical Society.

and then transports to the electrolyzers through the wires for
water splitting (Figure 3a). The PV and EC can be treated as two
independent parts, which gives more freedom to be modular-
ized and optimized. However, a high photovoltage (=1.6-1.7 V)
is required even with state-of-the-art electrocatalysts. In addition

0,

- O -

Interconnection in series

Multi-junction

Figure 3. Schematic of two types of PV-EC devices/systems: a) Traditional
PV-EC. b) Integrated PV-EC.
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to using a multijunction solar cell similar to the tandem config-
uration in a PEC cell,®! the interconnection of single-junction
solar cells in series is the most common method for PV-EC
construction (Figure 3a).'% Alternatively, the PV-EC device can
be arranged as an integrated configuration instead of a separate
one. More details about the integrated PV-EC (Figure 3b) will
be discussed in Section 3. To further distinguish the different
classifications of PV-EC devices and PEC cells, all configuration
types are summarized in Figure S1 in the Supporting Informa-
tion. The position of the light absorber, rather than the physical
principles,?% determines the specific categories. Therefore,
although some literature discusses “integrated PEC cells,” in
which a photo-absorber/solar cell is totally outside the electro-
lyzer by coating the conducting layer,”*?! we prefer to classify
them into “integrated PV-EC” in the following sections.

2.2. STH Conversion Efficiency
Under the premise of essential operation, the performance of a
solar hydrogen production device/system should be quantified

by which kinds of devices/systems can be compared reliably.
The STH efficiency (1s7n) is a standard parameter defined as

© 2023 Wiley-VCH GmbH
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the amount of hydrogen energy produced against the incident
solar energy

H, energy produced

N (%) = -
Solar energy input
_ Rate of H, production (mol s™) X AGy, (k] mol ™)
Pyn (MW cm ™) x S (cm?)

1)

where AGy, is the Gibbs free energy of hydrogen molecules
(at 25 °C AG = 237 k] mol™); Py, is the standard solar irra-
diation generated with the Air Mass 1.5 global (AM 1.5 G) filter
(100 mW cm™), i.e., one sun illumination.

For simplicity, the operating photocurrent density (J,p) is
measured instead of the rate of H, production in many cases

Jop (MA cm™) x 1.23 (V) X 1

%)=
Nstu (%) Pon(mW cm )

(2)

where 7y is the Faradaic efficiency of H, or O, production and
Jop is based on the area of the light absorber (semiconductor or
solar cells) rather than that of (photo)electrodes.

A theoretical calculation of STH efficiency can provide a
baseline of the performance of the solar hydrogen production
system. The maximum theoretical efficiency limit for a single
semiconductor PEC cell is 11.2% for an E, of 2.26 eV, which
falls short of the 31% thermodynamic limit, highlighting the
significant losses associated with reaction overpotentials.l?2l
Surprisingly, while the conditions and losses specified in a
model can lead to a varied maximum predicted STH efficiency,
an attractive STH efficiency (at least) over 20% and even up to
30% can be expected with a tandem cell. Recently, detailed bal-
ance calculations of practical STH efficiency with more com-
prehensive estimation showed that the maximum value for a
dual-stacked absorber system is =27%, with bottom and top
photoabsorber band gaps of 1.05 and 17 eV, respectively.?’]
However, the optimum E, range for these maximum efficien-
cies is narrow and still presents a significant challenge for
materials development. These values provide a robust reference
for an actual device within these ranges of band gaps. In prac-
tical measurements, the intersection of two photoelectrodes
J-V curves measured in a three-electrode configuration indi-
cates the J,, in the unassisted PEC water splitting and is usually
used for predicting STH efficiency (Figure 4a).

In a direct connecting PV-EC configuration, the current den-
sity and voltage of PV and EC must be identical: Jpy = Jgc and
Vpy = Vgc. The operational state of the PV-EC devices can be
determined as the intersection of the individual J-V curves of
PV and EC. As shown in Figure 4b, the hydrogen energy pro-
duced by PV-EC and the losses due to overpotential can be
estimated and represented by the blue and orange areas. The
discrepancy between the operating (red) and maximum power
point (MPP, black) shows the coupling losses (yellow area).
The application of a DC-DC converter is an effective method
to eliminate coupling loss. Ideally, the converter will allow the
operating point of PV-EC to always follow the MPP of the PV
cell (Figure 4c). The precise follow increases the current density
of PV-EC directly, resulting in more energy stored in hydrogen
and higher STH efficiency (dashed line area in Figure 4c).
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Although the DC-DC converter can alleviate the coupling
losses, the efficiency of the DC-DC converter cannot reach
100% and requires extra cost. Therefore, the efficiency and cost
must be traded off carefully in practical applications.

In addition to Equation (1) and Equation (2), the STH effi-
ciency of PV-EC can also be commonly evaluated by

Nstu = Npv X Nec X Nc (3)

where 17py and 1gc are the efficiencies of the PV device and the
electrolysis process, respectively, and 7)¢ is the coupling arrange-
ment usually caused by losses of mismatching in the direct con-
figuration or auxiliary components, such as DC-DC converters.
Assuming 7c is equal to 1, an STH efficiency of 28.7% can be
achieved using an efficient bipolar alkaline electrolyzer (73%
efficiency) and double-junction (2j) PV cells with =41% power
conversion efficiency (PCE). Furthermore, a ngyy of 31.8% was
obtained using the same efficient electrolyzer and triple-junc-
tion (3j) 11I-V material-based PV cells with a PCE of =43.5%.12¢]

3. Development of PV-EC Technology for Solar
Hydrogen Generation

The PV modules and electrolyzers are connected in series
through wires, referred to as “traditional PV-EC” (Figure 3a).
The other integrated configuration is called “integrated PV-EC,”
which dramatically shortens the distance between the PV mod-
ules and the electrolyzers by coating the conducting layers and
electrocatalyst layers contacting the electrolyte (Figure 3b). The
integrated configuration allows limiting electrical and thermal
losses (DC-DC converter, ohmic (cables and conductors), ther-
malization, and low energy photon absorption losses) inherent
to traditional PV-EC.”¥ In addition, removing light absorbers
from the electrolyte avoids the possibility of photoabsorber
being corroded by the electrolyte. Stability against corrosion of
the photoabsorbers in the aqueous media is of little concern.
Moreover, the incident light enters the solar cell directly and
is not attenuated by the surrounding electrolyte medium or by
evolving gas bubbles.””] In the following section, we will review
the development history of these two distinct types of PV-EC
technologies.

3.1. Traditional PV-EC

The first PV-EC demonstration was conducted at the Jet Pro-
pulsion Laboratory in 1977281 A solar array of 175 W at 35 V
from the Mariner 4 spacecraft was connected to a commercial
electrolytic hydrogen generator. Two main components, PV
modules and electrolyzers, are both superior pre-existing infra-
structures, so it is not difficult to realize a large-scale system for
PV-EC devices. Solar hydrogen projects in PV-EC were estab-
lished in many places at the end of the 1990s (California, Ger-
many, and Saudi Arabia).?”) However, this renewable method
of hydrogen production suffered from low efficiency (2-6%),
which increased project costs. With the use of both techniques,
the performance of PV-EC devices has made progress in the
past decades. This section will illustrate these respective PV-EC
studies based on different PV materials.
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Figure 4. a) Schematic of bandgaps and J-V curves for an idealized two-absorber tandem PEC cell, photoanode (blue, top absorber), and photo-
cathode (orange, bottom absorber). Reproduced with permission.["! Copyright 2017, Elsevier. The generalized current density-voltage (/-V) diagram
of b) a directly coupled PV-EC device. Reproduced with permission.?!l Copyright 2013, National Academy of Sciences. c) The existence of a converter
(PV-Conv-EC) graphically identifies the power flows relative to total incident solar irradiation. Reproduced with permission.l?! Copyright 2017, American

Chemical Society.

3.1.1. Silicon (Si)-Based Systems

In the early stage, a large amount of auxiliary equipment was
needed to ensure stable operation in a realistic outdoor environ-
ment. PV modules are connected to a charge controller, storage
batteries, and DC-DC converter to match an electrolyzer oper-
ating at the MPP. However, the additional resistance imposed
by the converters and batteries in these systems reduced the
efficiency dramatically. In 2008, the simplification of the PV-EC
was proposed by Gibson and Kelly.?”) The PV module was con-
nected directly to the proton exchange membrane (PEM)-EC
system. By designing the solar module to give maximum power
at a voltage matching the fixed voltage required to operate the
electrolyzer, they realized an STH efficiency of 12.4% based on
the Si-based PV modules. A series of related works were dem-
onstrated by the same group.’” They constructed PV-EC for
high-pressure (6500 psi, 44.8 MPa) hydrogen production using
this direct coupling method, which achieved an STH efficiency
as high as 9.3% and could supply =0.5 kg of hydrogen per
day.3% The impact of a cloudy condition on the direct coupling
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PV-EC was discussed,’®! and a model was proposed for pre-
dicting the efficiency of Si-based PV modules and a PEM-
electrolyzer system according to the parameters (such as the
voltage, current, power, pressure, and temperature).3

Since 2010, significant efforts have been made to replace
noble-metal electrocatalysts with less expensive elements. With
models based on steady-state equivalent circuits, Nocerab and
co-workers believed that through a suitable design, the STH
efficiency of PV-EC devices could reach 16% using commer-
cial Si solar cells and earth-abundant components.?!l Figure 5a
represents the modeling results with crystalline silicon (c-Si)
solar cells and nonprecious electrocatalysts of NiMoZn (as
the cathode) and Ni-Bi (as the anode).?!) The ngry was esti-
mated as 10% for the 4-cell in-series module of the c-Si solar
cells. In 2016, with the high performance of Si heterojunction
solar cells, an STH efficiency of 14.2% was obtained by com-
bining three interconnected solar cells with microstructure Ni
electrocatalysts.? Recently, Chen et al. achieved the highest
Nsth (16.9%) of Si-based PV-EC using a crystalline Si solar panel
connected to catalysts (Co and Fe-codoped WO, 7, for OER and
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Figure 5. a) Four single-junction c-Si solar cells-NiB;/NiMoZn in 0.5 m KB;/0.5 M K,SO,, pH 9.2. Reproduced with permission.B'l Copyright 2014,
National Academy of Sciences. b) Si panel-Co&Fe-WO/Pt electrodes in a two-electrode configuration under 0.87-fold suns. Reproduced with permis-
sion.32 Copyright 2019, John Wiley and Sons. c) One InGaP/GaAs/GalnNAsSb 3j solar cell-two series-connected PEM electrolyzers under 42 suns.
Reproduced with permission.Bd Copyright 2016, Springer Nature. d) Two series-connected PSCs- NiFe DLH/Ni foam in 1 m NaOH. Reproduced with
permission.%3 Copyright 2014, American Association for the Advancement of Science. e) A perovskite/Si tandem cell-NiFe LDH/Ptin 1 M KOH. Repro-
duced with permission.['8d Copyright 2019, Elsevier. f) Perovskite-Si tandem cell integrated with NiFe/NF||NiMo/NF electrodes in 1 M KOH. Reproduced

with permission.l Copyright 2021, John Wiley and Sons.

Pt on Ni foam for HER) immersed in 1 m KOH (Figure 5b).132
Replacing OER and HER catalysts with Co,,FeysMoO and
CoMoO, respectively, a PV-EC was demonstrated with a ngry of
15.1% and no performance degradation over 160 h by the same
group.’

3.1.2. 111-V-Based Systems

IT11-V-based solar cells have been used to obtain higher STH
efficiency, which offers much higher PCE than traditional Si-
based systems. The record efficiency attained by a III-V-based
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multijunction solar cell is 471%, whereas Si-based cells plateau
at =30%.534 Moreover, 11I-V materials allow the tailoring of
bandgap and lattice parameters to access ideal energies while
maximizing the crystalline quality. III-V materials can also be
used under concentrated solar irradiation, increasing the cur-
rent density of solar cells dramatically.

Research groups in Japan have systematically investigated
[1I-V-based PV-EC from lab scale to sub-kilowatt scale.l3%l
In 2013, Fujii et al. demonstrated an STH efficiency of 13%
under concentrated light from a solar simulator (8.2 suns)
wiring the GalnP/InGaAs/Ge 3-tandem cell directly with a
PEM electrolyzer.?% A wired combination of two series-con-
nected GalnP/GalnAs/Ge cells and three series-connected
electrolyzers was adopted to reduce the operating voltage mis-
matching, showing a higher STH efficiency of 15.3% under a
10-sun-equivalent solar simulator.’”) In 2015, Sugiyama and his
co-workers conducted a field test combining a concentrator I11-
V-based PV module and a PEM electrolyzer, leading to an STH
efficiency of 171%.°" With a higher-efficiency InGaP/GaAs/Ge
three-junction cell (=31%) and optimized number of elements
in series (three PV and five EC cells), the system performance
improved to 24.4% under 23 suns.?% This high STH efficiency
occurs when the voltage between solar cells and electrolyzers
matches. However, maintaining this condition is difficult, espe-
cially under fluctuating solar irradiance. Thus, in 2018, Ota et
al. introduced a digitally controlled DC-DC converter into an
expanded concentrator PV-EC, achieving a stable one-day STH
efficiency of =17% on a sunny day.*d¢l Performance (=15%)
was maintained even on a cloudy day.

Besides, Bonke and co-workers combined a GalnP/GaAs/Ge
multijunction PV cell with Ni foam electrodes in 1 m NaOH.58l
An STH efficiency of 22.4% under 10 suns was obtained by
adjusting the voltage match between the solar cells and electro-
lyzers. This high efficiency can be maintained over 24 h in such
conditions. Follow-on work had the highest STH efficiency
(over 30%) using one InGaP/GaAs/GalnNAsSD 3j solar cell and
two PEM electrolyzers in series under simulated, concentrated
solar light (Figure 5¢).9 This system operated continuously for
48 h without interruption. Hsu and co-workers constructed a
seawater-splitting device based on a single commercial I1I-V 3j
photovoltaic cell.?% The earth-abundant MHCM-z-BCC catalyst
used in this device solved the evolution of undesirable chlorine
on the anode. The catalyst assisted the seawater-splitting device
in achieving high durability and specific selectivity toward OER
in seawater with near 100% Faradaic efficiency with an STH
efficiency of 179%.5% Khan et al. constructed a concentrator
PV-EC setup with an STH efficiency of 28% at 41 suns (without
Fresnel lenses), which was the highest reported efficiency using
an alkaline system to date.[*’!

3.1.3. Perovskite-Based Systems

Luo and co-workers in 2014 first reported a PV-EC device with
perovskite solar cells (PSCs),% which is the first demonstra-
tion of PV-EC based on the PSCs. As shown in Figure 5d, two
PSCs (CH3NH;Pbl;) were placed side by side and connected
with wires to immersed catalyst electrodes, where low-cost
bifunctional earth-abundant NiFe-LDH was loaded on Ni foam.
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This device gives an operating current of 10.0 mA cm~2 in alka-
line electrolyte, corresponding to an STH efficiency of 12.3%.
As solar cell prices were generally high at that time, the emer-
gence of PSCs gave hope for constructing low-cost PV-EC and
stimulated the rapid development of perovskite-based systems.
However, the inherent instability of PSCs was a significant
drawback of perovskite-based PV-EC, resulting in photocurrent
degradation over hours. Improving stability and STH efficiency
of perovskite-based PV-EC have become the development focus.
The stability scale of perovskite-based PV-EC is significantly
improved from hours to days due to the advanced encapsula-
tion technology and novel interface engineering for PSCs.[*!
For example, A long-term stability system with all-inorganic
PSC (CsPby¢Sng1IBr;)-NiysCogsP nanowire array electrocata-
lysts can operate under continuous illumination for 24 h, while
the STH efficiency is 3.12%.*2 To further improve STH effi-
ciency, a bipolar membrane-assisted PV-EC was demonstrated
using PSCs where CoP-Ti foam and NiFe LDH-Ni foam elec-
trodes were immersed in 0.5 m H,SO, and 1 m KOH for the
HER and OER, respectively.¥] High STH efficiency of 12.7%
was achieved, establishing a new benchmark for the perovskite
water-splitting device. As band-tunable property, perovskite is
an ideal material for constructing a tandem solar cell with Si,
showing both high PCE and low cost. A monolithic perovskite/
Si tandem solar cell was introduced for the first time in PV-EC
devices by Luo et al.’® Figure 5e shows that this novel hybrid
tandem cell with an open circuit potential (V,.) of 1.76 V can
drive water splitting. With Pt-based catalysts as the cathode
and NiFe LDH as the anode in 1 M KOH, this device has an
STH efficiency of 18.7% and can maintain 18.0% after 2 h.
Replacing the Pt cathode with a NiMo-based catalyst, Wang et
al. proposed a wire-connected perovskite-Si tandem cell-based
PV-EC, achieving a record =20% STH efficiency and lasting for
15 h (Figure 5f).% In the same year, another setup refreshed
the record efficiency using a self-reconstructed NiCoFe-based
hydroxide nanosheet OER catalyst and the reported state-of-the-
art HER catalyst NiMo,/MnO;_yx connected to the monolithic
perovskite/Si tandem solar cell.! An unprecedented STH
efficiency of 21.32% was achieved and represented the highest
value obtained by low-cost materials.

3.1.4. Other Traditional PV-EC Systems

Thin-film copper indium gallium selenide (CIGS) was another
PV material used in PV-EC devices early in the 2000s. The
device combined two illuminated CIGS cells with a RuO,/Pt
catalyst and achieved an STH efficiency of 4.29%.1 The first
demonstration of a 10% STH efficiency based on the CIGS was
reported in 2013.1¢l Three series of interconnected CIGS cells
were fabricated by laser ablation, effectively connecting thin-
film solar cells. Two different configurations were constructed
by encapsulating glass and polymers or placing the absorber
outside the electrolyte. Both have excellent STH efficiency of
=10%, calculated by the current at the operating point and the
amount of hydrogen produced, respectively. In addition, organic
photovoltaics (OPVs) can contribute to large-scale photovoltaic
energy conversion due to inexpensive, high volume, and
solution-based manufacturing. The first OPV-EC device was

© 2023 Wiley-VCH GmbH

85UB01 T SUOLUIWIOD @A 191D 9|qeoljdde ay) Aq peuenob aJe Ssppile VO ‘88N JO S9Nl 1oy AkeidTauljuQ 4|1/ UO (SUONIPUOD-pUE-SWIBIALI0O" A3 1M ATeiq 1jpuljU0//:SAny) SUONIPUOD pue SWie | 8u)88s *[£202/80/62] Uo Ariqiaulluo A8|Im ‘AisieAlun uepnd Aq 6T0£02Z02 WUSe/Z00T OT/I0p/uioo" 8| im Arelq i jeuluo//sdny Wwolj papeojumod ‘g ‘€202 ‘0v89rTIT



ADVANCED
SCIENCE NEWS

ADVANCED
ENERGY
MATERIALS

www.advancedsciencenews.com

demonstrated by Esiner et al. using a solution-processed 3j
polymer solar cell with a V,. of 2.33 V.l A basic example of
STH efficiency was illustrated by connecting two Pt electrodes
in 1 M KOH electrolyte with estimated STH efficiency of only
3.1%. Although OPVs were generally less efficient than conven-
tional inorganic PVs, remarkable improvements in their PCE
have been observed in recent years,*! and the STH efficiencies
of OPV-EC devices have also increased from 3.1% to 10%.*]

A direct connection is the most common method for tradi-
tional PV-EC research, avoiding the losses produced by DC-DC
converters. The efficiency and stability of devices depend on the
performance of PV cells and electrolyzers. A proper series—par-
allel structure between the solar cells and electrolyzers should
be carefully adjusted, ensuring the operating point is near the
MPP of the solar cells (Figure 4b). However, high-performance
devices (ITI-V solar cells or PEM electrolyzers) are often expen-
sive, which is an unfavorable factor for large-scale hydrogen
production.®¥ The optical losses of concentrated devices
are the major problem suppressing further development in
[I11-V-based PV-EC devices. Therefore, developing inexpensive
and efficient PV cells and electrocatalysts is a high priority in
the PV-EC field. The perovskite/Si tandem solar cell is a high
potential candidate for high-performance PV-EC (STH effi-
ciency > 20%), which needs to solve instability for large-scale
applications.

3.2. Integrated PV-EC

The integrated PV-EC configuration appeared early in 1984.50
Murphy and Bockris constructed a “one-unit water-splitting
device” through two n/p-GaAs junctions arranged in series and
coated on the dark sides with electrocatalyst layers (Pt foil and
Ti/RuO,). The electrolyte was separated with semiconductors
(GaAs) by the electrocatalyst layers. Sunlight illuminated the
front of the semiconductor directly. While the stability was not
reported, such a device gives =8% conversion efficiency of STH
in 5 M H,SO, under one sun illumination. Multiple junction
PV devices typically operate at high voltages, which is beneficial
for constructing integrated PV-EC systems. For example, Roche-
leau et al. developed a reactor for the direct photoelectrolysis
of water to hydrogen using 3j amorphous silicon (a-Si) solar
cells.Y Electrocatalyst layers are NiFe,0, and CoMo, which can
stabilize in 1 M KOH for more than 7200 h. An STH efficiency
of 7.8% has been achieved in outdoor tests at the one-sun condi-
tion for direct photoelectrolysis of water. Subsequently, Turner
and his co-workers obtained comparable results (1sty = 7.8%)
on a 3j a-Si (Pt) device in 1 M KOH.?

3.2.1. 111-V-Based Systems

Due to their high photovoltaic performance, integrated PV-EC
systems are usually based on III-V multiple-junction solar
cells. According to the pioneering work on a Pt/p-GalnP,/
GaAs multijunction PEC cell,['® Khaselev et al. developed an
integrated PV-EC device that is the same tandem cell but adds
an n-GalnP, on top of p-GalnP, improving the STH efficiency
to 16%.5% Licht et al. demonstrated that the 7y could reach
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18.3% based on bipolar configured Aly;5GaggsAs (E; = 1.6 eV)
and Si (E; = 1.1 eV) semiconductors.!'®! Inspired by the lab-
scale experiment (an illuminated area of 0.22 cm?) of Licht
et al., researchers at Fraunhofer Institute for Sol. Energy Sys-
tems (ISE) proposed a scale-up (8%90.6 cm?) of the integrated
hydrogen production system (HyCon module). They aim to
achieve a conversion efficiency of >20% (based on the higher
heating value of hydrogen) in an outdoor environment.l3l The
configuration is shown in Figure 6a. A HyCon module con-
sists of several Fresnel lenses focusing sunlight on each sepa-
rate HyCon cell, where a III-V multijunction solar cell and a
PEM-EC cell (Pt cathode/Ir anode) are contained. The solar cell
is mounted on a copper heat sink and is directly integrated into
the electrolyzer. The front side of the solar cell is connected to
the cathode side of the EC cell via a cable. There were two gen-
erations of HyCon modules over a decade of development. The
first generation module, where six parallel-connected tandem
solar cells are located under an array of six Fresnel lenses, was
constructed in 2006.1°3 Each solar cell has an area of 3.14 mm?,
and the whole module receives sunlight from 96 cm?, resulting
in a concentration factor of 500. By adjusting the I-V curve of
solar and EC cells and optimizing the structure of the flow-
field pattern, the results of an outdoor measurement showed
an STH efficiency of 16.8% (equal to 14.0% based on a lower
heating value of hydrogen).*¥ In 2016, the second-generation
device was developed with area expansion. The number of
HyCon cells, the area of the solar cell, and the Fresnel lens are
increased to 8, 0.36 cm?, and 90.8 cm?, respectively.>> Although
scaling up the module, similar performance has also been
obtained. This kind of system shows stable operation during 2
months of real-life conditions. High STH efficiency of 19.8%
(equal to 16.5% Dbased on a lower heating value of hydrogen)
for current densities of 0.8 A cm™ with a Faraday efficiency of
98.5% at 252 suns was achieved.*®l High current densities in
electrochemical components, resulting in large overpotentials
for the water-splitting reaction, are unfavorable in integrated
PV-EC. However, from an economic perspective, high current
densities are especially beneficial for expensive electrocatalysts
in PEM electrolyzers due to significantly improved utilization
efficiency.’”) Recently, another integrated configuration based
on a III-V-based photoabsorber and IrRuO,/Pt-based electro-
catalysts was developed by Haussener and co-workers.’? As
shown in Figure 6b, the device employed conduction and forced
convection to cool the photoabsorber, heat the catalytic sites,
and enhance the electrolysis kinetics. Intelligent, active thermal
management and mass-transport optimization allow the inte-
grated device to increase the current densities (=0.88 A cm™) at
a calculated STH efficiency near 15% at 474 suns (using a high-
power solar simulator rather than an optical concentrator).>¥
A similar integrated I11-V-based PV-EC device with an alkaline
EC cell was proposed recently in Figure 6¢.*"! Unlike the pre-
vious work, this device uses Ni foil directly as both OER elec-
trocatalyst and to protect the layer, eliminating the expensive
current collector components, such as copper heat sinkl>® or
Ti flow plate.l”® Except for the high STH efficiency (13% at 207
suns), this integrated device can maintain a stoichiometric H,/
O, ratio for >100 h tests. Stability is expected over 9 years based
on the dynamic, secondary ion mass spectrometry experiment
of the Ni surface.>"!
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Figure 6. Demonstration of 11—V material-based integrated PV-EC devices/systems. a) Integrated concentrated PV-EC system consisting of 6 HyCon
modules, including a concentrator PV cell and a PEM electrolyzer. Reproduced with permission.[’] Copyright 2014, John Wiley and Sons. b) A 3j InGaP/
InGaAs/Ge solar cell integrated with a PEM electrolyzer (IrRuO,/Pt) under 474 suns. Reproduced with permission.’3 Copyright 2019, Springer Nature.
c) A 3j GalnP/GalnAs/Ge PV cell-Ni/AEM/Pt in 5 m KOH under 207 suns. Reproduced with permission.l*®l Copyright 2020, John Wiley and Sons.

3.2.2. Si-Based Systems

Thin-film Si photovoltaic technology in integrated PV-EC has
been investigated in the past 10 years. Most studies come
from Forschungszentrum Jillich GmbH. In 2014, Ziegler et al.
reported an integrated water-splitting device based on amor-
phous Si tandem solar cells with a V,. = 1.8 V. An STH effi-
ciency of 5.5% was achieved with a Pt layer and a commercial
RuO, counter electrode.’® Later, Urbain et al. published an
improved version of the device using an optimized ZnO:Al/
Ag/Pt layer stack as the back contact, which protected the
photovoltaic cell from the electrolyte and functioned as a cata-
lytic layer for HER.?”) As a result, an STH efficiency of 6.8%
combined with enhanced stability in diluted sulfuric acid (0.1 m
H,SO,) was achieved. However, there were still challenges. For
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example, the photovoltage was too low to operate the device at
the MPP or in the photocurrent saturation plateau. The diluted
electrolyte also led to additional ohmic loss. In 2016, Becker
and his co-workers proposed a simple but valuable series cir-
cuit model to predict elaborately the PEC performance of an
integrated device.®) Guided by these theoretical results, Urbain
et al. developed high-performance 3j solar cells consisting of
amorphous (a-Si:H) and microcrystalline Si (mp-Si:H) for solar
water splitting.®!] With the assistance of an Ag/Pt layer and
RuO, as a counter electrode, the device showed excellent per-
formance for an STH efficiency of 9.5%, which was the highest
reported value for Si-based integrated water-splitting devices.
Stability in strongly basic electrolytes was also a challenge. Pit-
ting corrosion and delamination of the stacked layers led to an
operation time of only a few minutes in 1 v KOH. However,
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Figure 7. Large area (=64 cm?) demonstration of Si-based integrated PV-EC systems. a) The wireless device structure of a scalable, fully integrated
photovoltaic water-splitting device and stability test. Reproduced with permission.[52 Copyright 2016, Springer Nature. b) Wireless PV-EC device based
on a-Si:H/a-Si:H/uc-Si:H 3j PV cell-bifunctional NiFeMo catalyst in 1 m KOH. Reproduced with permission.[®3l Copyright 2020, John Wiley and Sons.

good stability for 4 h could be realized in a dilute basic electro-
lyte, although the ohmic resistance of the electrolyte and slower
electrochemical kinetics limited the STH efficiency to 8.5%.[!
For the technology to make a sizeable impact on the energy
transition, Forschungszentrum Jillich GmbH has developed
scale-up devices. Figure 7a presents their first reported scalable
and wireless photovoltaic water-splitting device with an area of
64 cm? in 2016.1°% Two spatially neighboring series-connected
a-Si:H/mp-Si:H tandem cells were used as a base unit where
the anodes and cathodes (nickel foam) were placed side-by-side
on the backside of the PV element. The scale-up device was
achieved by continuously repeating a base unit created by laser
processing and showed a gty of 3.9% under a bias-free opera-
tion of 40 h in 1 m KOH.®? [n 2017, a stand-alone integrated
PV-EC device with an active area of 64 cm? was developed by the
design of the front contact of multijunction thin-film Si solar
cells.l’ During 80 min regular operation, the operating cur-
rents of 110 and 250 mA were established for the Ni/Ni and the
Pt/IrO, catalysts, which correspond to STH efficiencies of 2.1%
and 4.8% in an acid electrolyte and a base electrolyte, respec-
tively. Replacing the Pt/IrO, with NiMo/NiFeOy, the device
showed an STH efficiency of 5.1% and stability over 4 days.l®!
Combining the 3j Si solar cell with the bifunctional NiFeMo
catalyst, an upscale integrated PV-EC device was realized on a
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3D-printed frame (Figure 7b).1%] The scaled-up device yields an
STH efliciency of 4.67% but shows unsatisfactory stability of
only 30 min.

Although integrated PV-EC is an attractive configuration in
the solar water-splitting field, many challenges remain, espe-
cially in Si-based devices. In this configuration, the high STH
efficiency (>5%) of Si-based systems has not been constructed
for scale-up applications. Moreover, a stable structure of Si-based
integrated PV-EC devices needs to be designed for extended
operation, which is essential for practical application. Recently,
Pehlivan et al. proposed an (Ag, Cu) (In, Ga)Se,-based inte-
grated PV-EC from the lab scale (1.6 cm?) to the 100 cm?.%1 A
maximum of 9.1% and 8.5% averaged STH efficiency for 100 h
operation was obtained by combining four-cell interconnected
PV modules with NiMoV-NiO electrolyzer. This device further
demonstrated the advantage in thermal management and the
significant room for improvement of the integrated PV-EC.

4. Development of PEC Technology for Unassisted
Solar Hydrogen Generation

The first publication of PEC hydrogen production devices can
be traced back to 1972.1%6] Fujishima and Honda demonstrated
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the water electrolysis of hydrogen through an n-type TiO,
semiconductor under light illumination. The spontaneous SL]J
minimized the complexity of the device, promising the gen-
eration of clean fuels at a competitive cost. However, with a
set of complex constraints, most semiconductors are suitable
only for OER or HER, and an external bias is required for the
overall water-splitting reaction. In practice, unassisted/unbi-
ased PEC technology is desired, where the energy source is
nothing but sunlight.’”) Therefore, photoanode-photocathode
tandem cells, photoelectrode-PV cells, and buried-junction
PEC cells are commonly constructed for unassisted water-split-
ting purposes.

4.1. Photoanode—Photocathode Configuration

In 1975, the first unassisted photoanode—photocathode PEC
cell was demonstrated with a p-GaP/n-TiO, tandem combina-
tion.[%1 Despite that it showed only a 0.25% STH efficiency with
the unstable cell, this result inspired the idea of water decom-
position without bias. Due to the excellent stability and large
E,, many studies used TiO, or SrTiO; as the photoanodes to
construct PEC cells with p-GaP, CuTiO,,%% CaFe,0," or Si-
based photocathodes.” The large E, of photoanodes limits
light absorption in the UV region, which accounts for only
=~4% of the solar spectrum, resulting in low STH efficiencies
(<1%). Owing to their tunable optoelectronic properties, high
light absorption coefficient, and exceptional charge-transport
properties, III-V materials and their alloys are suitable for
PEC cells.3¥ Bockris and co-workers reported that a p-InN
photocathode wired side-by-side with an n-GaAs photoanode
achieved an STH efficiency of 8.2% and a lifetime of 10 h./2
This demonstrated the best-performing photoanode—photo-
cathode PEC cell presently. Despite high efficiencies, gallium
or indium phosphides are not ideal for inexpensive large-scale
production due to the scarcity of components with a single-
crystalline requirement. To pursue economic PEC cells, interest
in stable oxide materials was renewed in the 2000s.73! Visible-
light-responsive materials, such as Cu,O (E; = 1.90-2.17 eV),
BiVO, (E; = =2.4 eV), and Fe,0; (E; = =2.1 eV), etc., have fre-
quently been utilized due to their higher theoretical STH effi-
ciencies and competitive cost.'*74

Cu,0 is considered a promising and mature candidate for
photocathodes for photoanode-photocathode tandem cell
construction due to a theoretical maximum photocurrent of
14.5 mA cm™ and an STH efficiency of =18%.°! However, the
application of Cu,0 has been inhibited by poor photostability
in aqueous electrolytes. The modern era of Cu,O photocath-
odes began in 2011 by Parcchino et al.”®l A p-Cu,0 electrode
was protected by the atomic layer deposition of Al-doped ZnO
(AZO) and TiO, nanolayers and coated with electrodeposited
platinum. This photoanode produced photocurrents as high
as 76 mA cm™2 at 0 V versus reversible hydrogen electrode
(RHE) under one-sun illumination in 1 M Na,SO,. Stability
was improved from seconds to days with protecting layers.
The unassisted water-splitting cell with BiVO,/p-Cu,0 tandem
configuration was examined in 2014.77] The intersection point
of the J-V curve gives an operating photocurrent density
of 0.71 mA cm™2, representing 0.87% STH efficiency. An STH
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efficiency of less than 0.5% with a two-electrode configuration
was demonstrated after 100 s of operation. In 2018, using Ga,0;
as an overlayer instead of AZO and constructing a nanowire
structure, a Cu,O photoanode with a Ga,0j3 electrode showed a
0.5 V anodic shift (+1 V) in onset potential.”® With NiMo as the
HER catalyst and state-of-the-art BiVO, as the photoanode, ~3%
STH efficiency with =12 h stability was demonstrated in the
electrolyte of 0.2 M KBi (Figure 8a). Further efficiency and sta-
bility improvements of Cu,O-based photoanode-photocathode
tandem system were achieved in 2021.7%) A thin layer of cova-
lent triazine frameworks containing a bithiophene moiety was
introduced onto the surfaces of a Cu,O photocathode and a
Mo-doped BiVO, photoanode via electropolymerization. The
constructed unbiased PEC cell can achieve an STH efficiency
of 3.70%. Even after continuous operation for 120 h, the STH
efficiency remained at 3.24% (Figure 8b).

A similar E, means a similar light absorption region, so
Fe,0; is unsuitable as a photoanode for the Cu,O photo-
cathode. Jang et al. reported that the onset potential of Fe,O;
was realized around 0.45 V versus RHE using a facile regrowth
strategy.®!l Finally, the efficiency of 0.91% and 10 h stability was
achieved based on an earth-abundant hematite photoanode and
amorphous Si photocathode. Due to the tunable light absorp-
tion range of the polymer-based semiconductors, the tandem
cells of inorganic oxide- and organic polymer-based semicon-
ductors provide a feasible solution for generating complemen-
tary light absorption. However, severe charge recombination
and inefficient charge transfer hindered the STH efficiency
of inorganic—organic hybrid PEC cells (<1.0%).%2 Recently,
Ye and his co-workers utilized the charge-transfer mediators,
the partially oxidized graphene (pGO) and SnO, for BiVO,
photoanode, and CuO,, and TiO, for organic polymer semicon-
ductor (PIP), to facilitate charge separation and transfer in the
photoelectrodes.®! Figure 8c shows an unassisted PEC water-
splitting system by coupling a Co,0,/pGO/BiVO,/SnO, photo-
anode and a Pt/TiO,/PIP/CuO, photocathode exhibited the
highest STH efficiency of 4.3% for dual-photoelectrode PEC
devices to date.

4.2. PEC-PV Configuration

PV cells can provide a bias for semiconductors suitable only
for OER or HER to construct unassisted overall water-split-
ting devices. The approach compromises device performance
and complexity. A PEC-PV tandem device can be connected
by wiring or preparing in a monolithic geometry. In the late
1990s, the monolithic configuration was proposed by Khaselev
and Turner by combining p-GalnP with a GaAs p-n bottom
cell via a low resistivity tunnel junction.'® The monolithic cell
achieved an STH efficiency of 12.4% under 11 suns, a record
for 20 years. Figure 9a shows a core—shell WO;/BiVO, nanorod
photoanode assembled with a 2j GaAs/InGaAsP PV cell under
reflected light from the photoanode, which gives an STH effi-
ciency of 8.1% with no degradation for over 1 h.®¥ Figure 9b
presents a monolithic configuration with a GalnP,/GaAs/Ge
3j-based PEC cell covered by GaN nanostructures. The perfor-
mance of gty (12.6%) with 57 h stability was achieved in a two-
electrode measurement at zero bias.P®!

© 2023 Wiley-VCH GmbH
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Figure 8. a) RuO,/TiO,/Ga,0;/Cu,0 photocathode and Mo:BiVO, photoanode measured in 0.2 M potassium borate. Reproduced with permission./8!
Copyright 2018, Springer Nature. b) MoS,/CTF-BTh/Cu,O photocathode and NiFeO,/CTF-BTh/Mo:BiVO, photoanode measured in a 0.5 m borate
buffer solution. Reproduced with permission.”l Copyright 2021, John Wiley and Sons. c) PEC tandem cell with Co,0,/pGO/BiVO,/SnO, photoanode
(front) wired to the Pt/TiO,/PIP/CuO, photocathode (behind). Reproduced with permission.®l Copyright 2021, American Chemical Society.

Compared to [II-V materials, some PEC-PV tandem cells use
low-cost and earth-abundant materials, such as Si, dye-sensi-
tized solar cells (DSSCs), PSCs, etc. Abdi and co-workers dem-
onstrated a solar water-splitting device combining a gradient
W-doped BiVO, photoanode and a 2j a-Si solar cell. The stable
photocurrent of 4 mA cm™ corresponds to an STH efficiency of
4.9% under one-sun illumination (Figure 9¢).84 A novel strategy
to enhance the efficiency of metal oxides by hetero-type dual
photoelectrodes (Figure 9d) was proposed by Kim et al., where
BiVO, and ¢+Fe,0; dual photoanodes were arranged in front
of two ¢-Si solar cells in parallel.®] The configuration extends
light harvesting and increases the photocurrent in the photo-
anode. The unbiased water-splitting efficiency reached 77%
and remained stable for over 8 h. Low-cost processes of solar
cells that yield high photovoltaic output across the visible spec-
trum are required for large-scale hydrogen production. DSSCs
and PSCs are potential candidates. A typical PEC-PV cell with a
DSSC was demonstrated in 2012.88 DSSCs with V,. > 1.0 V at
one sun was designed by Yum et al., which allowed water split-
ting with one DSSC. Devices were assembled with nanostruc-
tured WO; and Fe,O3 photoanodes, and J,, was measured to
give Ngry values of 3.10% and 1.17%, respectively.®® The STH
efficiencies of the photoelectrode-DSSC device were refreshed
repeatedly by Shi and his co-workers.®) High efficiency of
71% was demonstrated with a wireless configuration by intro-
ducing a Bragg reflector between (W, Mo)-doped BiVO,/WO;
and DSSC.[! The Bragg reflector was transparent to the long-
wavelength part of the incident solar spectrum (4 > 500 nm) for
the rear DSSC and reflected the short-wavelength photons (4 <
500 nm) for total absorption of the front photoanode. The con-
struction can significantly improve the operating photocurrent
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and remain for over 10 h. PSCs are combined with various photo-
electrodes, such as Ti0,,) BiVO,,% or Fe,05,°! with a similar
configuration mentioned above. Gurudayal et al. combined a
Sn-doped Fe,03 photoanode in a tandem design with a PSC
(CH;3NH;Pbl;), showing an unassisted water-splitting process
with an STH efficiency of 3.4%.°Y Figure 9e represents a high-
performance PEC cell, which delivered a photocurrent density
of 5.01 mA cm™2, corresponding to an STH efficiency of 6.2%,
by combining a nanocone Mo:BiVO,/Fe(Ni)OOH photoanode
with a single PSC.I% A stability test was performed over 10 h
with only a 5.8% decrease. Wireless and dual photoelectrodes
configurations were also applied in perovskite-based PEC-PV
tandem cells. A tandem artificial-leaf-type cell produced stoichi-
ometric hydrogen and oxygen with an average STH efficiency
of 3.0% under one-sun illumination.” Two parallel BiVO,/
FeOOH/NiOOH dual photoanodes and a single sealed PSC can
generate a photocurrent density of 5.27 mA cm™ (=6.5% STH
efficiency), with 3.8% decay after 10 h of consecutive light illu-
mination.”® Introducing oxygen vacancies, Kim et al. reduced
both the photogenerated electron-hole recombination and E, of
barium stannate (BaSnO; (BSO)).”!l The E, decrease from 3.08
to 2.17 eV enhanced the absorption of visible light, exhibiting an
increasing photocurrent density of 732 mA cm™ at a potential of
1.23 V (vs RHE) with FeOOH/NiOOH catalyst. Combining with
a PSC, an STH efficiency of 7.92% with 100 h stability was deliv-
ered. A polycrystalline Si (p-Si) photocathode operating in alka-
line conditions was protected with a TiO, passivation layer and
edge-exposed MoS, cocatalyst (Figure 9f).®”) The highest STH
efficiency (6.6%) among the p-Si photocathodes was constructed
by integrating an earth-abundant Fegy(NiCo)3(Cryy anode and a
perovskite/Si tandem photovoltaic cell.

© 2023 Wiley-VCH GmbH
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Figure 9. State-of-the-art free-bias photoelectrode—photovoltaic PEC cell for overall water splitting. a) A BiVO,/WOs-2j n-GaAs/InGaAsP tandem cell.
Reproduced with permission.® Copyright 2021, Springer Nature. b) A p-GaN-3j GalnP,/GaAs/Ge tandem cell. Reproduced with permission.>®l Copy-
right 2019, American Chemical Society. c) A tandem configuration of gradient-doped BiVO, with an earth-abundant CoP water-oxidation catalyst and
a double-junction a-Si solar cell. Reproduced with permission. Copyright 2013, Springer Nature. d) A tandem cell equipped with a hetero-type dual
photoanode (HDP) (BiVO,||a-Fe,03) and a 2p c-Si solar cell. Reproduced with permission.® Copyright 2016, Springer Nature. ) A tandem configura-
tion of nanocone-based Mo:BiVO,/PSC with a beam splitter application. Reproduced with permission.8 Copyright 2016, American Association for the
Advancement of Science. f) Noble metal-free tandem cell of the MoS, NPs/TiO, NRs/p-Si photocathode, perovskite/Si solar cell, and Fego(NiCo)30Crio
anode. Reproduced with permission.l¥”l Copyright 2021, John Wiley and Sons.

4.3. Buried-Junction Configuration efficiency of =5% of STH at a steady state was achieved under

simulated AM 1 (100 mW cm™) solar radiation.l”” Replacing
Unlike SLJs, buried-junction PEC tandem cells are more attrac-  the novel metal catalysts (Pt and RuO,) with earth-abundant
tive as the requirement for band edge positions of photoelec- ~ NiMoZn and Co-Bi, both wired and wireless devices were dem-
trodes which should be suitable for the potential of O,/H,0  onstrated by Reece and co-workers, as shown in Figure 10a."]
and H*/H, is unnecessary. Lin et al. reported the first buried- The two devices maintained stable operation under one-
junction PEC cell with a wireless configuration by depositing  sun illumination in KBi to observe ngry of 4.7% and 2.5%,
Pt and RuO, on both sides of a 3j a-Si solar cell. A conversion  respectively. Although the 3j a-Si solar cells broke through the
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Figure 10. Typical unassisted buried-junction PEC cells for overall water splitting. a) A Co-Bi/3j a-Si/NiMoZn cell with wired and wireless configura-
tion. Reproduced with permission.”l Copyright 2011, American Association for the Advancement of Science. b) The tandem PEC with a GalnP n-p top
cell and a GalnAs n-i-p bottom cell. Reproduced with permission.””] Copyright 2015, Springer Nature. ¢) An IMM device architecture for maximizing
light harvesting with GalnP (E, = 1.8 eV) and GalnAs (E, = 1.2 eV) junctions. Reproduced with permission.!l Copyright 2017, Springer Nature.
d) Buried-junction PEC configuration with Rh/TiO,/AlInPO,/AlinP-GalnP/GalnAs/GaAs/RuO,. Reproduced with permission.l®! Copyright 2018, Amer-
ican Chemical Society. e) Wireless device structure with the tandem cell of InGaP/GaAs and the O, and H, volumes measured for the device. Repro-
duced with permission.l't Copyright 2019, Springer Nature. f) Wireless solar water splitting using a 111-V 3j solar cell (GalnP/GaAs/Ge) shows the
highest hydrogen production value. Reproduced with permission.¥ Copyright 2020, Elsevier.

constraints imposed by the minimum voltage requirements
of water splitting, the low operating photocurrent cannot help
PEC cells achieve high photocurrent densities. Thus, the STH
efficiencies for most buried-junction PEC cells based on the 3j
a-Si solar cells were always below 5%.17:%]

III-V materials are a desirable candidate for buried junc-
tions. However, III-V semiconductors corrode under HER
and OER operating conditions*!% and require protection in
such applications. An amorphous TiO, layer was chosen to
protect the tandem buried-junction GaAs/InGaP for PEC cell
construction in conjunction with Ni-based electrocatalysts.
The devices exhibited an STH efficiency of 10.5% when wired
to a Ni-Mo-coated counter electrode in 1 M KOH.’? In 2015,
May et al. adopted a buried p-n junction tandem configu-
ration with a GalnP n-p top cell and a GalnAs n-i-p bottom
cell (Figure 10b). Coupling the tandem cell with Rh via in situ
surface functionalization achieved a higher STH efficiency
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of =14%, which extended the STH efficiency record for PEC
cells after 20 years.l””] Figure 10c shows a buried-junction PEC
tandem cell via 1.8/1.2 eV GalnP/GalnAs. An inverted-growth
technique was utilized to avoid dislocations in the top higher-
power junction, ensuring a higher overall efficiency (16.2%).2*!
A p-n top-junction structure enhanced the photovoltage by
0.55 V over the traditional uniformly p-doped photocathodes
(PEC-PV configuration). Subsequently, an improvement in
2018 achieved efficiency near the theoretical limits (85%) for
the photoelectrode energy band gaps employed, which was also
the maximum STH efficiency of 19.3% by a wired configura-
tion characterization, the highest ngry that a PEC device has
achieved (Figure 10d).°®! Wireless configuration cells can be
constructed with buried junction-type based on III-V mate-
rials. The monolithically integrated device consisted of a III-V
3j solar cell (InGaP/GaAs/Ge) with Pt (HER) and IrO, (OER)
cocatalysts."% A ngryy of 11.2% was obtained by measuring the
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rate of H, production under simulated one-sun illumination in
3 m KHCOs(aq) at pH 8.1. In 2019, Varadhan et al. reported an
efficient PEC cell via an InGaP/GaAs double-buried junction
(Figure 10e). Accessing the protective layer and electrocata-
lysts on both the front and back sides of the PEC device ena-
bled by the unique epitaxial lift-off and transfer method gave
a I1I-V-based unassisted-wireless device with a record ngryy of
~6.0%.1! Very recently, the STH efficiency was improved to
13% over 12 h by both H, and O, products in a stoichiometric
ratio (Figure 10f), which is the highest value reported from wire-
less PEC devices.’d In 2022, a versatile photoreactor system
was designed with a MoS,/GalnP,/GaAs photocathode and
an IrO, anode. An STH efficiency of 8.7% was obtained under
real-world one-sun conditions, remaining an important step in
the scale-up of PEC water splitting. An organic leaf was dem-
onstrated by Esiner et al. based on a multijunction organic PV
cell.ll This buried-junction PEC device produced an average
STH efficiency of 5.4% with low-overpotential RuO, catalysts

www.advenergymat.de

and 4.9% efficiency with earth-abundant NiMoZn-Co;0, cata-
lysts and remained at 3.6% with a large area (=1.7 cm?).

In addition to the monolithic cell, the wired configuration
gives more flexibility to construct different E, combinations for
buried-junction tandem cells.**1% Luo et al. connected a low-E,
(=1.1 eV) CIGS photocathode as a bottom absorber with a semi-
transparent CH3;NH3PbBrs-based solar cell, exhibiting an STH
efficiency of 6.3% (Figure 11a).1%2 Introducing ZnS between
CIGS and CdS, Koo et al. improved the STH efficiency of the
CIGS-PSC water-splitting tandem device to 8.61% and further
increased to 9.53% with a stable operation of 6.5 h by a side-by-
side configuration.""! Si with an E, of 1.1 eV is another ideal
material as a bottom absorber in tandem devices. Perovskite/
Si dual-absorber tandem cells were demonstrated for stand-
alone solar water splitting, showing an unprecedented 17.6%
STH efficiency (Figure 11b).%) In addition, an emerging low-
cost material, Sb,Ses, with low E, (=1.18 eV) exhibited massive
potential for unbiased water-splitting devices.'" Inserting a
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Figure 11. a) Perovskite and CIGS tandem water-splitting cell with a dimensionally stable anode (DSA) counter electrode. Reproduced with permis-
sion.92 Copyright 2015, John Wiley and Sons. b) PSC wired to a Si photocathode in tandem and a DSA anode. Reproduced with permission.*%]
Copyright 2020, John Wiley and Sons. c) The semitransparent PSCs, DSA, and Sb,Se; photocathodes behind the PSCs tandem device. Reproduced with
permission.['l Copyright 2020, John Wiley and Sons. d) Four series-connected c-Si solar cells integrated with bifunctional NiFe-LDH for overall water
splitting. Reproduced with permission.l%°l Copyright 2020, American Chemical Society. e) The schematic and band profile of the 3S-BBJ-PEC cell and
the rate of H, production of the 35-BBJ-PEC cell. Reproduced with permission.[*1 Copyright 2020, John Wiley and Sons.
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SnO, layer on the TiO, layer increased the long-wavelength
photon harvesting of Pt/TiO,/CdS/Sb,Se;/Au/fluorine-doped
tin oxide, which is preferable as a bottom cell. A transpar-
ency-tunable parallelized nanopillar perovskite using an ano-
dized aluminum oxide scaffold as the top cell constructed an
optimum tandem device and achieved an STH efficiency of
10.2% (Figure 11c). The cell remains 80% after 10 h of contin-
uous operation. Single-junction PV cells can drive overall water
splitting through a series of interconnected configurations, as
proposed by Jacobsson and co-workers.*l Three CIGS PV cells
were connected in series through the laser ablation method as a
light absorber. Encapsulated with epoxy, the device presented an
STH efficiency of =10% in 3 m H,;SO,. Besides, single-junction
PV cells can also drive overall water splitting through a series
of interconnected conﬁgurations.[‘“’] In Figure 11d, commercial
single-junction Si solar cells were also demonstrated for unbi-
ased water-splitting PEC cells. Only =2% of the total device
area was covered by electrocatalysts, which minimized parasitic
optical absorption of electrocatalysts, showing a high STH effi-
ciency of 11.31%.1'°] Using a back-buried junction design, Fu
et al. showed >95% front-side light-harvesting PEC cells with
a series interconnection configuration (Figure 1le). This nearly
100% light harvesting allowed the unassisted PEC cell to obtain
an STH efficiency of 15.6% and a hydrogen generation rate of
240 pug cm™ h.5f The first self-powered over water-splitting
PEC device using two monolithic PSC photoelectrodes was
successfully constructed in 2020. With CoP- and FeNi(OH),-
based cocatalyst layers on the photocathode and photoanode,
the integrated monolithic device achieved an STH efficiency
of 8.54% and continuous stable operation of over 13 h. With a
similar configuration, Rhee et al. improved the STH efficiency
of a PSC-based integrated monolithic PEC device to 10.64% and
could retain 60% of its performance after 20 h of operation.

From the above representative studies, unassisted water-split-
ting PEC cells with high STH efficiency and stability are accom-
panied by efficient charge separation and fast charge transfer,
which are often difficult to achieve with simple SL] alone. Thus,
extra layers would be introduced to build homo- or hetero-junc-
tions (typically p-n junctions, type-II hetero-junction, etc.). At
the same time, the matching degree of the optical absorption of
the two photoelectrodes determines the maximum theoretical
efficiency of tandem cells. Therefore, in addition to layer struc-
ture engineering, suitable new types of inorganic semiconduc-
tors and organic polymer semiconductors/perovskites with tun-
able bandgap features have attracted more attention.

5. Techno-Economic Analysis

Progress in the basic research of efficient and durable solar
water-splitting systems indicates consideration of practical
applications through scale-up. According to the US Depart-
ment of Energy (DOE) target, the levelized cost of hydrogen
(LCOH) produced by water splitting using solar-driven elec-
trochemical technologies could become competitive with that
produced from fossil fuels if the price is reduced to about
$2.0-4.0 kg! of H,.[?2 Therefore, a techno-economic analysis of
PV-EC hydrogen production systems comparing PEC (Type 1:
traditional PV-EC, Type 2: integrated PV-EC, and Type 3: PEC)
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was performed. The cost predictions of solar hydrogen pro-
duction systems have been performed in several comprehen-
sive articles.l>2210] However, the PEC used in most analyses
is constructed on a back photoelectrode design. Although an
“SLJ” exists between the metal electrocatalyst layer and the elec-
trolyte, the light absorber is outside the electrolyte. The built-
in electric field separating photogenerated charges are formed
between the solid p—n junctions rather than the semiconductor
and electrolyte. We prefer to define them as “integrated PV-EC.”
In this study, we assessed a PEC based on an SLJ, formed once
an inexpensive n- or p-semiconductor material contacts the
electrolyte, simplifying the PEC and showing the advantages
of the PEC structure. In addition, the three promising solar
hydrogen systems are compared based on the state-of-the-art
demonstrations. This analysis could thoroughly understand
the impact that current technology and research breakthroughs
could have on the financial viability of solar hydrogen produc-
tion technologies and identify the gap between the current state
of development and expectations for scale-up.

The LCOH in $ per kg was applied in the analysis.
Calculations took the net present value of the total cost of
building and operating the hydrogen generating asset and were
divided by the entire hydrogen generation over its lifetime,
resulting in

[3¢,22,106,107]

zt:n I, + Mt + E
=0 (L)
- H, (4)
=0 (147

LCOH =

where I, = the initial investment in year t, M, = the annual costs
for maintenance and operation in year t, F, = the annual fuel
costs in year ¢ are usually zero in our solar hydrogen system,
and H, = hydrogen production (kg) in year t. The last two crit-
ical factors in the equation are r = the project discount rate and
n = the lifetime of the system. A bottom-up evaluation method
was applied to calculate the total system cost. All relevant com-
ponents and cost parameters were performed, and total costs
were calculated according to the size of the plant. Table 1 lists
the base-case design specification and financial parameters
applied to the capital costs for three different systems to set
the circumstances equal and realistic. The detailed techno-eco-
nomic analyses are performed separately and compared with

Table 1. Operating and financial parameters used for all systems
analyzed.

Parameter Value

Hydrogen production rate 10 000 kg day™'
Plant lifetime 20 years
Hydrogen plant gate pressure 300 psi

Hypothetical plant site Daggett, California

Construction period 1year
Inflation rate 1.9%
Discount rate 12%
$ basis year 2022

© 2023 Wiley-VCH GmbH

85UB01 T SUOLUIWIOD @A 191D 9|qeoljdde ay) Aq peuenob aJe Ssppile VO ‘88N JO S9Nl 1oy AkeidTauljuQ 4|1/ UO (SUONIPUOD-pUE-SWIBIALI0O" A3 1M ATeiq 1jpuljU0//:SAny) SUONIPUOD pue SWie | 8u)88s *[£202/80/62] Uo Ariqiaulluo A8|Im ‘AisieAlun uepnd Aq 6T0£02Z02 WUSe/Z00T OT/I0p/uioo" 8| im Arelq i jeuluo//sdny Wwolj papeojumod ‘g ‘€202 ‘0v89rTIT



ADVANCED
SCIENCE NEWS

ADVANCED
ENERGY
MATERIALS

www.advancedsciencenews.com

these solar hydrogen production technologies based on the
analysis method and the baseline conditions mentioned.

5.1. Type 1: Traditional PV-EC

A direct connection is applied between PV and electrolyzer sys-
tems because the efficiency losses due to nonoptimal operation
are similar to the efficiency losses incurred with a DC-DC con-
verter that could provide optimal operation yet incur additional
costs for the converter unit.[3¢2%1062.108] Tahle S1 and Figure S2
in the Supporting Information show the system-specific tech-
nical parameters and the distribution of the cost components
(more detailed information in Table S2, Supporting Informa-
tion). Since a traditional PV-EC consists of two parts, the PV
modules and the electrolyzers, they are outlined separately.

Si is the standard material used in the industry for the cur-
rent PV market due to its low cost, good efficiency, steadi-
ness, and durability. A passivated emitter and rear cell initially
developed at UNSW Sydney,'% presently accounting for over
90% of commercial production with the highest efficiency of
=25.0%.1% Costs for this advanced Si photovoltaic module
are taken from recent wholesale prices.' Hard-balance of
system (BoS) costs, like wiring, panel mounting materials, and
soft-BoS costs, are from recent utility-scale PV installations
(Table S2, Supporting Information).'?l For the electrolyzer
selection, although some novel techniques, such as solid oxide
water electrolysis and anion exchange membrane (AEM) water
electrolysis, are emerging, alkaline water electrolysis and PEM
water electrolysis are the two primary methods for hydrogen
production.!3] However, both slow current density altering and
high minimum loads for operation (typically >20-50% of rated
power) required by alkaline water electrolysis technology are
causing significant challenges to the deployment for balancing
intermittent renewable energy with a direct combination. In
contrast, PEM electrolyzers rapidly respond to fluctuating input
and have a wide load operation range tolerance (0-100%). Thus,
the PEM electrolyzer is chosen as the main component, and
average efficiency of 61% in its lifetime is desired.[1062107b.113]
According to the reasonable current production capacity of a
PEM electrolyzer (=10 MW year™!) reported by the DOE, a cost
of $458 kW' is assumed, specifically $270 kW~! for the stack
and $188 kW! for the hard-BoS (power electronics/inverter
excluded, about 51% of the original value).'' Soft-BoS costs for
a PEM electrolyzer, including engineering and design, instal-
lation, contingency, and expenses that arise from up-front per-
mitting and overhead, are estimated to be 8%, 12%, 15%, and
15% of un-installed components cost.™ The percentage of
soft-BoS expenses will be used for the following two systems
unless specifically emphasized.

Subsequently, the capital initial investment expenses can
be obtained with the following mathematic calculations. To
estimate the entire cost of the Si PV panels, the required area
of panels with an STH of 15.25% was calculated for the given
average sun irradiation (6.19 kWh m™ day™) and capacity
(10000 kgyy, day™) by Equation (5), resulting in =349 000 m?
PV areas (A) = My - AGH, 5)

iaverage Nstn
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where ny, is the molar quantities of hydrogen production per
day, AGy, is the Gibbs free energy of hydrogen (at 25 °C AG =
237 kJ mol™), P, ,erage is the power density of average solar
irradiance received on the PV modules per day, and ngry is
the system efficiency of STH. The required power of panels is
calculated by Equation (6), resulting in =87 000 kW. The total
PV cost was estimated by the price of its main components per
Watt multiplied by the required power (Table S2, Supporting
Information)

Poy = Pamisc * A - ey (6)

where Ppy 15¢ is the power density of solar irradiance of AM
1.5 G (100 mW cm~2) and A is the area of PV modules. 7jpy is
the PEC of the solar cell. Considering a direct connection of PV
modules and PEM electrolyzers, the required power of the EC
is designed for the maximum solar irradiance (925 W m~) with
Equation (7), resulting in =81 000 kW. Therefore, the total cost
of the PEM electrolyzer system can be calculated similarly to
that of the PV panels (Table S2, Supporting Information)

Pic = P max - A+ Moy )

where P; .., is the power density of maximum solar irradiance
received on the PV modules over the year. The land cost was
from data on the website of “Land of America,” which corre-
sponds to $1800 per acre.''®l Due to fixed panel arrays with a tilt
angle of 35°, only shadowing from the south should be consid-
ered. Therefore, a separation of 2 m would result in shadowing
only at angles below 26° at noon, which prevents the shad-
owing of the southward sun at its lowest angles.'"”l Based on
this consideration, the total land needed is two times the panel
area, resulting in =172.5 acres, costing $310 000.

Initial investment expenses, raw materials (water), utilities,
labor, and other indirect costs compose maintenance and oper-
ational (M&O) costs of Type 1. In producing 10 000 kg day™!
of H,, =91 m? of water is consumed daily, assuming
1% is lost due to evaporation.l'®l The price of demineralized
water in the US is $1.4 m3 1P and thus, the yearly cost of
water is about $0.05 M. The electricity used in the plant powers
the hard-BoS for PEM electrolyzers, such as heat exchanger
cooling pumps, water pumps, and control systems. The yearly
consumption is from the analysis performed by Directed
Technologies Inc. (DTI) with the same capacity as our plant,
resulting in 588 000 kWh.""I Taking the price of electricity at
$0.069 kWh! in the US, the total expenditure on electricity is
$0.04 M. Labor cost is location dependent. In this analysis, the
labor cost assumption is based on an average salary of =$30 h™!
in the US in 2020.1"8 Assuming automation, 10 people will
ensure the proper operation of the plant. With the sun shining
during the day, two 8 h shifts are considered per position.['7]
Therefore, 58 400 h per year is calculated, resulting in a total
labor cost of $1.75 M. Extra costs for maintenance and repair
of PV and electrolyzer systems have been estimated. Solar
panel operations and maintenance pricing are projected to fall
to $9.50 kW year . The maintenance and repair costs of the
PEM electrolyzer are most commonly calculated as a fraction of
uninstalled capital, and the value is assumed as 1.5% (Table S2,
Supporting Information).!"3! Finally, the PV modules were con-
sidered to last a lifetime of 20 years of the plant, but the life-
time of the electrolyzer stack is estimated to be 7 years.>*106a
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Accordingly, replacement components and labor costs (15%
of uninstalled parts) for the stack should be considered every
7 years (Table S2, Supporting Information). Note that the
same time interval and labor cost proportion of replacement is
assumed in the following two systems.

5.2. Type 2: Integrated PV-EC

Integrated PV-EC has advantages in thermal management,
which can be utilized by the structure of concentrated III-V
solar cells and PEM electrolyzers.l¥ First, the heat from con-
centrated irradiance on solar cells can quickly transfer into the
electrolyzers through the metal catalyst layer. The solar cell
should be as cold as possible while the electrolyzer should be
heated, which promotes the performance of both components.
Meanwhile, the PEM electrolyzer can operate at a high cur-
rent density, improving the utilization rate of precious metal
catalysts (such as Pt and IrO,) and reducing cost. Unlike the
traditional PV-EC, large-scale-integrated PV-EC is not available
commercially, but Fraunhofer ISE has demonstrated a feasi-
bility size of 8%90.6 cm? under outdoor conditions.¥ Therefore,
we proposed a large-scale-integrated PV-EC by repeating the
basic units (HyCon module). High-concentration Fresnel lenses
reduce costly solar cell materials, and the area ratio remains at
252 between the lenses and solar cells. A lattice-matched com-
bination of three p—n junctions (3]) of GalnP, Ga(In)As, and Ge
is used with a PCE of =33%.1") A PEM electrolyzer was applied
and contacted the GaInP/Ga(In)As/Ge solar cell. Finally, given
that Fresnel lenses as light concentrators lead to optical losses
of =25% in previous research, an adjusted STH efficiency of
~15% is assumed.

Table S3 and Figure S3 in the Supporting Information list
the technical parameters and a cost overview, respectively, and
detailed information for every component cost is shown in
Table S4 in the Supporting Information. A near-range predicted
cost for a high-efficiency 3j GalnP/Ga(In)As/Ge solar cell was
assumed to be $80 WL The system concentrates direct radi-
ation onto the solar cell with little diffuse radiation. A dual-axis
solar tracker ensures that the reactor receives direct irradiance
throughout the day.'"! Due to the tracker, the average solar irra-
diance can reach 6.55 kWh m=2 day!, which leads to a receiver
area (Fresnel lenses) of =330 000 m? (Equation (5)). With a con-
centrated factor of 252, the critical area of the GaInP/Ga(In)As/
Ge solar cell is about 1310 m?, corresponding to =430 000 W
(Equation (6)). The total cost of 3j GaInP/Ga(In)As/Ge solar
cells is $32.62 M. For the Fresnel lenses, both materials and
size influence price. A size of 1010*1010 mm for a single lens
was adopted, and poly(methyl methacrylate) (PMMA) was
chosen to enhance light transmission. The $100 m™ cost is the
recent wholesale price.?”] The heat sink is made from copper
due to its high thermal conductivity. We assumed that the area
of a heat sink is 25 times that of solar cells, and the thickness is
~1 mm. The price of copper is roughly $9.60 kg™!, resulting in
$2.82 M.[12 The wiring cost is neglected because 3j I111-V solar
cells are directly connected with the bipolar plate by the copper
heat sink; only a few cables are used in the system. The elec-
trolyzer is sized to accept the maximum instantaneous power
output by the photovoltaics, assumed to be =650 W m™2. The
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required power for EC (70 356 kW) was estimated by Equa-
tion (7). The principal components (bipolar plate, porous trans-
port layer, membrane, and catalysts) and hard-BoS are identical
to those of Type 1. The results are shown in Table S4 in the
Supporting Information. BoS is considered in the analysis. The
dual-axis solar tracker cost of $0.16 W' is assumed.[22] A weath-
erproof housing chassis protects the reactor outdoors, taking
PMMA, and the cost is $739 W LB With a solar tracker, the
land cost was calculated at 6.57 times that of Fresnel lenses.!"]
Soft-BoS and M&O expenses for Type 2 are the same as those
of Type 1 (Table S4, Supporting Information).

5.3. Type 3: PEC

A PEC with an S1J is considered.¥ Unlike fully buried PV
junction PEC devices, this configuration would be achieved by a
photoelectrode composed of single inexpensive semiconductor
material in the ideal cases, which is always considered one
of the most potent ways to achieve solar hydrogen at a lower
price."M12)] An efficient unbiased system cannot be constructed
just by a single SLJ. Specifically, unassisted PEC water-splitting
devices are tandem cells with photoanode-photocathode or
photoelectrode-PV configuration. Although the highest theo-
retical STH efficiency of tandem PEC cells is =30%,¢123 the
practical efficiency is lower (usually <5%). Therefore, a photo-
electrode-PV configuration was chosen with some assumptions.
One assumption is that the STH efficiency of the large-scale
PEC is based on lab-scale studies with no scale-up degradation.
An STH efficiency of 6.2% was selected in this analysis, one
of the highest efficiencies of photoelectrode-PV with a single
inexpensive oxide semiconductor material. In the demonstra-
tion, BiVO, was chosen because of its low cost, high stability
against photocorrosion, and narrow E, of 2.4 eV. Instead of a
single PSC, two parallel-connected c-Si solar cells with the
same area as BiVO, produce enough power to provide the same
current density (5.01 mA cm2), which was proven by Kim et
al. The same earth-abundant cocatalysts (like FFOOH/NiOOH)
are deposited on BiVO, to improve the charge carrier injection
efficiency to the electrolyte.®®) Ni mesh is chosen in a 0.5 m
KH,PO, buffer solution for the counter electrode. Finally, the
Nafion membrane is used to avoid mixing the produced H, and
O,. The membrane area is assumed to be 10% of the photoab-
sorber area. Although higher STH efficiency can be achieved by
introducing I1I-V materials, the high price inhibits their devel-
opment, especially in nonconcentrated systems.

The specific technical parameters and cost distribution of
Type 3 are summarized in Table S5 and Figure S4, in the Sup-
porting Information, respectively. More detailed cost informa-
tion is provided in Table S6 in the Supporting Information. The
PEC panel area is =86 000 m? (Equation (5)). The core compo-
nent is the photoelectrode, composed of a glass substrate coated
with a transparent conductivity oxide (TCO) layer, a metal oxide
semiconductor, a Si solar cell, and cocatalysts. In this system,
we estimate the cost of BiVO, with a bottom-up method. The
primary raw reagents are summarized in Table S7 in the Sup-
porting Information. The total quantities of BiVO, are calcu-
lated, resulting in ~6700 kg®® and a cost of $4.51 M. TCO is
used to collect the electronics from BiVO, and the price was
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assumed to be about $11 m=2. Poly c-Si solar cells are selected
with the same area of BiVO,, costing $0.11 WL Earth-
abundant cocatalysts and the counter electrode are chosen to
reduce system cost. Their cost from the previous analysis is $5
and $0.5 m~2, respectively. The ion exchange membrane costs
$1098 m~2 and is 10% of the area of PEC panels.'™ Soft-BoS
costs for PEC are the same as those for Type 2, except that the
contingency is increased to 30%, a typical value in chemical
engineering plants with novel technologies.'%?! One item dif-
fers from the last two systems in M&O expenses due to the gas
compressor. More electricity will be needed in the PEC, totaling
$0.05 M year™'. For replacement costs, except for poly c-Si solar
cells, PEC panels should be replaced every 7 years, and 15% of
labor is included, like the last two systems.

5.4. Sensitivity Analysis

Given the initial investment, M&O and replacement expenses,
and the technical parameter assumptions, the LCOH for
Type 1, Type 2, and Type 3 were $6.70, $9.16, and $14.60 kg%,
respectively. All LCOH values are far from the DOE’s target
($2.0 kg™Y). A sensitivity analysis based on consistent values
(£20% of the base value for each parameter) is implemented
to show the effects on costs. Soft-BoS costs are a proportion of
the uninstalled capital expenses, which means they are directly
dependent on the other expenses; therefore, they are not con-
sidered separately.

The sensitivity analyses for the three systems are shown in
Figure 12. STH efficiency is the most sensitive parameter. For
Type 1 (Figure 12a), the electrolyzer cost is the second most sen-
sitive parameter. Therefore, to decrease the LCOH of Type 1,
we should focus on developing electrolyzers at a reduced cost.
Because of the high price components, such as ITI-V solar cells
and Fresnel lenses, used in Type 2, the concentrated PV and
electrolyzer costs have similar effects on the LCOH (as shown
in Figure 12b). Cost reductions of these components are a pri-
ority to decrease the LCOH for Type 2. The lifetime influence
for Type 1 and Type 2 is lower than other parameters. How-
ever, as shown in Figure 12¢, lifetime is a sensitive parameter
for Type 3. Increasing the STH efficiency and lifetime of PEC
devices are the two most effective ways for LCOH reduction in
Type 3. Photoactive materials are chosen as the low-price oxide
semiconductor, so the cost of Nafion membranes is more sensi-
tive to LCOH for Type 3.

5.5. Potential Cost Reduction

The potential costs of the three systems and related technolo-
gies will be analyzed based on sensitivity analysis. The results
are shown in Figure 13.

Type 1 approximates the present state of the traditional PV-EC
as the techniques and economic parameters are currently avail-
able. To further reduce LCOH, higher STH efficiency is needed
according to the sensitivity analysis. The highest efficiency of the
c-Si solar cell is 26.7% with the n-type rear Interdigitated Back
Contact technique (IBCC).?Yl The PEM electrolyzer efficiency
is expected to increase to 74%.13] Moreover, a longer life will
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a ECcost 6.06 N 7.37
PV cost 6.39 :— 7.02
Lifetime 6.54~I_ 714
Efficiency | 5.68 — 8.24
$5  $6 57 $8 9
b ECcost 8.32 — 9.99
PV cost 5.25 I 10.07
Lifetime 9.04 :_ 9.48
Efficiency 7.7 — 9.52
$7 $8 $9 $10 $11
¢ ECcost | 1212 G 15.91
PV cost 13.88 - 15.32
Lifetime 13.39 — 16.89
Efficiency 12.28 _ 18.07

$10 $12  $14  $16  $18  $20
Il +20% [ -20%

Figure 12. Sensitivity analysis based on STH efficiency, lifetime, and prin-
cipal components costs for a) Type 1; b) Type 2; c) Type 3.

lead to lower replacement costs. In an ideal situation where the
lifetime of the PEM electrolyzer stack is longer than 20 years,
the replacement cost is expected to be zero, resulting in an
LCOH of $5.02 kg ™. The PV and electrolyzer costs are the main
components influencing the LCOH of Type 1 (Figure 13a). For
PV cost, the price of PV modules is crucial. Because the current
price of solar cell modules is affected by COVID-19, the price
is expected to reduce after the pandemic. A cost of $0.2 W
is anticipated for the IBCCPECR solar cell module in the
future.”! The electrolyzer cost is projected to be reduced,
especially with factory scale-up. $79 and $114 kW are used for
this analysis cost of PEM electrolyzer stacks and hard-BoS for
1000 MW year L' Combining all optimistic assumptions,
the final LCOH for Type 1 decreases to $3.62 kg™! in the near
future.

For Type 2, the potential efficiency of the PEM is assumed to
be 74%, and the optical loss is assumed to be =20%. Given this
positive value, the LCOH is $7.14 kg™! for Type 2.9 In addi-
tion, changes in concentrated PV, electrolyzer, and hard-BoS
prices are significant. In the detailed distribution of the con-
centrated PV (the first bar in Figure 13b), apart from the III-V
solar cell costs, the divided price of Fresnel lenses ($1.37 kg™
accounts for a high proportion of the total cost. 3j III-V solar
cell and Fresnel lens costs are expected to decrease with market
expansion, and half of the current price ($37 and $50, respec-
tively) could be reached. As the electrolyzer components in Type
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Figure 13. Waterfall charts showing the potential LCOH in the short term for: a) Type 1; b) Type 2; ) Type 3.

2 are similar to those in Type 1, the same price trend is assumed.
Taking all these parameters into account, we estimated that
the potential LCOH for Type 2 was reduced to $4.42 kg™
(Figure 13b).

For Type 3 analysis, double improvement for the STH effi-
ciency (=13%) is positively estimated for future LCOH. This
STH efficiency leads to a cost reduction of LCOH ($733 kg™
even without the cost reduction of components. The lifetime
for Type 3 is more sensitive than the other two systems. If a
longer lifetime (more than 20 years) could be achieved, the
LCOH would decrease to $5.52 kg™l Therefore, the future
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development of PEC should still focus on pursuing higher
STH efficiency and a longer lifetime. At the high performance,
cost reduction of the main components may achieve the cost
target. The most sensitive part of Type 3 in price is the PEC
panels. Specifically, Figure 13c shows that the cost of Nafion
membranes, p-Si solar cells, and TCO significantly contribute
to the PEC panels. For Nafion membrane costs, we assume that
=$500 m~2 is achievable, which is the potential cost of Nafion
membranes in other techno-economic analyses.?10% For p-Si
solar cells and TCO costs, there are few data about their cost,
so a 20% decrease would be a reasonable assumption. As PEC
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develops, the contingency cost will likely decrease from 30% to
15%, a typical value of mature technology.'%! If all the assump-
tions mentioned above were realized, the LCOH for Type 3
could be $3.41 kg™ (Figure 13c), which would be comparable
to PV-EC. With a bolder prediction—the membrane cost is
reduced to 10% of the current price ($1000 m~2)—the LCOH
($2.41) of PEC will dramatically exceed PV-EC ($3.62) and be
close to the final goal ($2.00).

6. Summary and Outlook

PV-EC and PEC technologies have the potential for large-
scale solar hydrogen production with a competitive cost. Solar
hydrogen generation devices developed over 50 years are
reviewed. The highest STH efficiencies are 8% (PEC-PEC), 12%
(PEC-PV), 19% (buried junction PV), 30% (traditional PV-EC),
and 16% (integrated PV-EC), and it progresses rapidly. High-effi-
ciency devices usually have complex structures and expensive
materials (multiple buried junctions III-V semiconductors),
which are unlikely to meet TW energy challenges due to their
prices and reserves. For PEC, the STH efficiency of simple
structures (SLJ) and earth-abundant material-based devices are
below 10%. A comparative techno-economic analysis of PV-EC
and PEC systems was performed based on state-of-the-art dem-
onstration to describe the economics of solar hydrogen pro-
duction better. The results estimate the LCOH for traditional
(Type 1) and integrated (Type 2) PV-EC of $6.70 and $9.16 kg™,
respectively. The LCOH for a PEC (Type 3) was $14.60 kg™’ For
the future perspective of a green hydrogen economy, we predict
the LCOH of these three solar hydrogen systems while using
optimistic assumptions in the short term. The results show a
significant decrease in future LCOH as all three systems evolve,
which provides direction for future research:

1) For Type 1, both PV and electrolyzer are available, and a
large-scale plant can be constructed with current technology.
In recent years, the number of demonstration projections
and the capacity of traditional PV-EC hydrogen production
systems have increased. For example, the FH2R project in
Fukushima, Japan, has been finished.?%! The project com-
bines a 20 MW solar power station with a 10 MW water elec-
trolysis device, producing 1200 standard cubic meters of hy-
drogen per hour. Canada has built a “green hydrogen” plant
with 20 MW capacity.'"”’] Besides, other countries have also
announced plans for hundreds of megawatts of renewable
electric energy projects within 10 years. These advancements
indicate the practicality of traditional PV-EC. Our analysis
shows that the construction and operating costs are higher
than those of conventional fossil fuel-based methods.?
Developing a PEM-electrolyzer system or other promising
electrolysis technologies (with both higher efficiency and
lower price) would be a priority to reduce LCOH.

2) The techno-economic analysis for Type 2 shows that LCOH
could be $9.12 kg™! with a concentrated and integrated config-
uration. Although Type 2 LCOH is more expensive than Type
1, further decreases may be expected with optimistic assump-
tions. Specifically, in addition to the PEM-electrolyzer sys-
tem, the concentrated-PV system (Fresnel lenses and III-V
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solar cells) should be well developed. Not only does the price
reduction, but properties, such as transparency for Fresnel
lenses and the ability to tolerate high concentrated solar ir-
radiance, should be further improved.

3) Unlike the first two systems, Type 3 has a more straightfor-
ward configuration due to the spontaneous formation of SLJ.
However, the photovoltage and photocurrent produced by
SLJ are not high enough to construct a PEC on a large scale.
Analysis indicates that PEC is unlikely to beat PV-EC based
on the present perspective. However, PEC can potentially ex-
ceed PV-EC in the future for a straightforward process. New
Earth-abundant semiconductors are needed to create effec-
tive SLJ with high STH efficiency and extend their stability.
Over 10% of STH efficiency with stability similar to PV cells
is necessary, which would decrease the cost of PEC panels
and the replacement of the system. Advances achieve water
splitting without PV technology assistance, eliminating the
prohibitive cost for PV-based materials and complex wiring
configurations. Finally, the cost of critical components, such
as the Nafion membrane, should be further reduced. We es-
timate that by combining optimistic assumptions, PEC has a
huge opportunity to outperform PV-EC in the future.
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