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Green-hydrogen is considered a "key player” in the energy market for the upcoming decades. Among
currently available hydrogen (H,) production processes, photoelectrochemical (PEC) water splitting has one
of the lowest environmental impacts. However, it still presents prohibitively high production costs compared
to more mature technologies, such as steam methane reforming. Therefore, the competitiveness of PEC
water splitting must rely on its environmental and functional advantages, which are strongly linked to the
reactor design, to the intrinsic properties of its components, and to their successful upscaling. This review
gives special attention to the engineering aspects and categorizes PEC devices into four main types,
according to the configuration of electrodes and strategies for gas separation: wired back-to-back, wireless
back-to-back, wired side-by-side, and wired separated electrode membrane-free. Independently of the
device architecture, the use of concentrated sunlight was found to be mandatory for achieving competitive
green-H, production. Additionally, feasible strategies for upscaling the key components of PEC devices,
especially photoelectrodes, are urgently needed. In a pragmatic context, the way to move forward is to
accept that PEC devices will operate close to their thermodynamic limits at large-scale, which requires a
solid convergence between academics and industry. Research efforts must be redirected to: (i) build and
demonstrate modular devices with a low-cost and highly recyclable embodiment; (ii) optimize thermal and
power management; (iii) reduce ohmic losses; (iv) enhance the chemical stability towards a thousand hours;
(v) couple solar concentrators with PEC devices; (vi) boost PEC-H, production through the use of organic

Received 4th November 2022 compounds; and (vi) reach consensual standardized methods for evaluating PEC devices, at both

DOI: 10.1039/d1cs01069g environmental and techno-economic levels. If these targets are not met in the next few years, the feasibility
of PEC-H, production and its acceptance by industry and by the general public will be seriously
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impact on the environment.>® Emissions of greenhouse gases
(GHGS) have continuously increased due to the consumption of

1. Introduction

Renewable energy sources have been widely used by human-
kind for several millennia. In fact, until 250 years ago, hydro,
wind, solar, and biomass were the only known and available
energy sources. After the Industrial Revolution in the 18th
century, human society witnessed unprecedented technological
development, with fossil fuels in the spotlight of energy
production.” Energy demand never stopped growing, as the
world population started experiencing significant growth, along
with the improvement of living conditions.** As a consequence,
energy consumption resulted in a progressively higher negative
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fossil fuels, leading to an accelerated global warming phenom-
enon with severe consequences for the climate stability of planet
Earth, resulting in extreme and unpredictable weather events.”®
There is a global consensus to implement drastic changes in the
way energy is harvested, stored and used, leading to an extensive
reduction of GHG emissions aiming at keeping global warming
below 1.5 °C relative to the pre-industrial times.® As humankind
enters into the 4th Industrial Revolution, such a goal represents
a great challenge to the scientific community, industry, and
governments.' '

Solar-powered technologies for producing chemical and
electrochemical fuels are a clean, cost-competitive alternative to
traditional fossil-fuel-based systems. Electrochemical solar hydro-
gen (H,) is particularly interesting since it allows the efficient
harvest and conversion of abundant solar energy into a storable,
transportable, environmentally friendly fuel. Green-H, is a valuable

This journal is © The Royal Society of Chemistry 2024
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industrial chemical feedstock, especially for producing ammonia
and steel and for CO, reduction into liquid synthetic fuels."*** 1t
can also be used in medium- and high-temperature heating
processes in the industry for which electricity is not effective, or
converted downstream into electricity for stationary or mobile
applications.™ These applications complement currently available
technologies that capture solar energy and generate electricity (e.g.
photovoltaics) or heat (e.g. solar-thermal systems)."® At present, the
most relevant processes for generating solar-H, are: (i) photovol-
taic-electrolysis (PV-EC); (ii) photoelectrochemical (PEC) water
splitting; (iii) photocatalysis; (iv) solar thermochemical processes;
and (v) biological processes. Decoupled PV-EC is the available
technology with the highest technological readiness level (TRL)
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due to the maturity of both photovoltaic (PV) and electrolyser (EC)
technologies, which have been optimized for decades.'” However,
PEC systems integrate light absorption and electrocatalysis in a
single device and provide the opportunity to use thermal manage-
ment for improving energy conversion efficiency.'®'” The conver-
sion of solar energy into chemical energy can also be accomplished
via photocatalytic water splitting using particulate semiconductors,
which is considered a promising technology with tremendous
potential for large-scale applications, not only due to the readiness
level on the photocatalyst synthesis but also due to the simple
reactor designs."® Although the scope of the present review is not
related to photocatalytic water splitting, one of the largest demon-
strations of direct solar conversion into hydrogen is attributed to
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the research group of Domen, who successfully demonstrated a
panel of 1 m*size photocatalytic water-splitting working under
natural sunlight with a solar-to-H, (STH) conversion efficiency of
0.4%."° The authors used a particulate RhCrOx/SrTiO5:Al photo-
catalyst in a one-step photoexcitation route.”

The successful implementation of PEC water splitting systems
in the renewable energy market relies on their efficiency, dur-
ability, scalability, and cost-effectiveness. This route requires the
optimization of device architectures for developing PEC systems
that comply with the circular economy principles, comprising
technical solutions already developed for high-performing labora-
tory cells.">*" The history of modern photoelectrochemistry is
based on discoveries made in the mid-20th century on semicon-
ductor surfaces.”*** Building upon these findings, notable
advancements in photoelectrochemistry occurred in subsequent
years, as is the case of the photoelectrocatalytic splitting of water.
The original concept of PEC water splitting was first demon-
strated by Boddy, in 1968,>® who used an n-type titanium dioxide
(TiO,) semiconductor to drive the water splitting reaction upon
UV-light illumination and applying an external bias potential.
However, it was the pivotal work of Fujishima and Honda, in
1972,%° that boosted the research interest in the PEC water
splitting field and different PEC devices and configurations have
been studied since then. Thereafter, and over the last 50 years,
PEC water splitting has been widely and exhaustively investi-
gated. Unfortunately, the development and optimization of PEC
devices addressing key upscaling challenges has received con-
siderably less attention than materials development at lab-scale.
Luckily, an ongoing change in paradigm is perceptible in the
literature, with increasing relevance being given to the design
and construction of large-area, or at least scalable, devices -
Fig. 1. It is clear that the number of publications demonstrating
large-area PEC devices almost doubled every five years for the
past twenty-five years.

The STH conversion efficiency is a critical parameter to
assess the competitiveness of PEC systems.>® The United States
Department of Energy has set an efficiency target of 25% to
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Fig. 1 Histogram of reported PEC reactors over the last 25 years con-
cerning the number of small-area devices (grey) and large-area devices
with an illuminated area higher than 50 cm? (green) — (searched keywords:
“photoelectrochemical” + “water splitting” + “small area” + “large area” +
“device”; database: Google Scholar, Scopus and SolarfuelsDB?”).
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reach market competitiveness of PEC water splitting systems.”®
The highest reported STH efficiency of 19.3% was achieved
using multijunction monolithic PEC cells incorporating III-V
semiconductors, but the technology is still far from commer-
cialization due to its high cost and complexity.*’ Up to date, no
single, earth-abundant and low-cost semiconductor material
was identified to promote unbiased solar water splitting,
delivering a high efficiency while operating stably on a time-
scale of years. Due to the high potential difference needed to
drive the overall water splitting reaction (typically >1.6 V), a
dual-absorber tandem configuration, in which the bottom and
top materials absorb complementary regions of the solar spec-
trum, has been increasingly investigated to enhance the gen-
erated photopotential.>® To achieve STH efficiencies higher
than 25%, pairing top absorbers with a bandgap range of
1.65-1.80 eV and bottom absorbers with a bandgap range of
0.95-1.15 €V is necessary.”’ The PEC-PV device, which com-
bines the photoelectrode paired in tandem with a PV cell,
envisaged as the most feasible tandem approach, surpassing
the efficiency of PV-EC systems when using the same PV
technology in both cases. As demonstrated by Rothschild and
Dotan, a tandem PEC-PV system can be more competitive than
a PV-EC system (using the same PVs in both cases).”” By using a
figure-of-merit (FOM) that considers the ratio between the STH
efficiency of the complete system and the power conversion
efficiency (PCE) of the PV module that drives the system, and
then representing this FOM as a function of the fraction of the
total power allocated to chemical power generation (assuming
PV cells with a PCE of 20%, an electrolysis efficiency of 68.3%
for the electrolysers and PEC cells operating at the same bias
potentials and current densities), the authors identified several
points to boost the efficiency of PEC-PV tandem systems, e.g.
through the use of power management and light management
strategies.”> Among the studied PEC-PV tandem configurations,
special attention has been given to coupling a typical semicon-
ductor in series with low-cost PV cells, including silicon (Si) PV
solar cells, perovskite solar cells (PSCs), and dye-sensitized solar
cells (DSSCs). As an example, tandem systems using a bismuth
vanadate (BiVO,) photoanode were reported, displaying photo-
current densities close to the theoretical maximum limit.**~**
Recently, the remarkable 17.6% STH efficiency was reported for
a low-cost PEC-PV tandem cell comprising perovskite-silicon
photocathode absorber.>® These results show that there are
ample opportunities for further improving the efficiency and
reducing the costs of PEC systems, namely through the systema-
tic optimization of each component individually. Along with
performance indicators, the cost of produced H, is a critical
metric for assessing the viability and future commercialization
of the PEC-PV water splitting technology - Fig. 1. Pinaud et al.*”
estimated a levelized cost of H, (LCOH) from PEC systems
between 4.10 USD and 10.40 USD per kg of H,, considering an
STH efficiency of 10%, a lifetime of 10 years, and panel costs
between 153 USD m > and 316 USD m™ 2. Given an equivalent
STH efficiency, Shaner et al.®® concluded that utilizing an EC
stack and a PV module would result in a higher cost of
dispensed H,, mainly due to the fact that transporting H, from

This journal is © The Royal Society of Chemistry 2024
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Fig. 2 Holistic pathway for commercial PEC-H, production and key
challenges that must be addressed simultaneously by the scientific com-
munity and the industry.

the PV panels to compression units would be less expensive than
transporting and conditioning electricity from the panels to the
electrolysers; still, the authors highlight that PEC systems still need
great advancements, namely regarding the panel design and mount-
ing to become truly competitive against grid-supplied PV-EC units.

As schematized in Fig. 2, a set of key requirements should be
considered in fully integrated PEC-PV tandem systems. Apart
from the performance of the photoabsorber materials and
electrocatalysts, when commercialization is brought into sight,
the PEC reactor itself, integrating all components, plays a
crucial role in balancing the cost-effectiveness of such systems.
It was established that an optimized PEC reactor must address
the following requirements:*>*° (i) maximum absorption of
solar energy by the photoelectrodes and/or PV components (also
under concentrated sunlight); (ii) electrolyte recirculation with
an optimized internal flow pattern, assuring efficient heat
dissipation and gas bubble removal; (iii) optimum arrangement
of electrodes to minimize overpotential losses (ionic and elec-
tronic); (iv) efficient separation of the evolved gases; (v) com-
prise photo and chemically stable components; (vi) construction
using highly recyclable components; (vii) use of inexpensive
materials and low-cost maintenance; and (viii) scalability and
easy integration in an H, production plant. A well-engineered
PEC reactor that is suitable for large-scale PEC-PV systems must
combine all these requirements.**

The following sections will address the progress on materials
engineering for the main components of PEC systems, key design
features of the main PEC device architectures, the challenges
resulting from the use of concentrated sunlight and biomass
derivatives, as well as the current status of PEC-H, production
based on environmental and economic metrics.

2. PEC water splitting components

The field of materials remains the most challenging for addres-
sing the key challenges for commercial PEC water splitting,
mainly because: (i) for long-term PEC operation, the photoelec-
trode (PE), the counter-electrode (CE) and the membrane need to
be chemically stable in the presence of aqueous electrolytes and
evolved gases, as well as continuous electrolyte recirculation,
exposure to normal and concentrated sunlight; and (ii) each
component of the device must incorporate Earth-abundant,

This journal is © The Royal Society of Chemistry 2024
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non-toxic and low-cost materials, prepared by simple and scal-
able processes.”>** This section reviews promising materials
used in the main components of a PEC device, focusing on
low-cost and scalable fabrication techniques and strategies for
improving their performance.

2.1. Photoelectrodes

PEC water splitting devices rely on photoactive electrodes, i.e.
photoelectrodes, which have the ability to convert incident
photons into electron-hole pairs (ecg + hyg) in the conduction
and valence bands, respectively, when exposed to sunlight.**
This is only possible if photons’ energy (E), -v ( is the Planck’s
constant and v is the frequency), is equal to or higher than the
semiconductor’s energy bandgap (Eg); Ec is given by the
difference between the bottom of the conduction band (Ec)
and the top of the valence band (Ey).*> When the semiconduc-
tor is in contact with an electrolyte whose redox energy (Egredox)
differs from the Fermi level energy (Er), the equilibrium of the
electrochemical potential is achieved by electron exchange at
the interface between the semiconductor and the electrolyte.
Electrons are transferred to the electrolyte, leaving in the
semiconductor a depleted layer (space charge layer);** the
Fermi level is then shifted due to the formation of an electric
double layer at the electrode-electrolyte interface.® The deple-
tion in electron concentration at the surface of the PE induces
an electric field between the semiconductor’s bulk and its
sutface, leading to the band bending phenomenon.***” For a
given semiconductor/electrolyte combination, there is a unique
potential at which the potential drop between the surface and
the bulk is zero, and there is no space charge layer - the flatband
potential. For a certain redox pair, the flatband potential
corresponds to the redox potential of the electrolyte when there
is no excess charge in the semiconductor and, consequently, no
band bending.*®* When a semiconductor, in equilibrium with an
electrolyte, absorbs light, it has the capacity to change the band
bending, since the electron and hole densities increase due to
light absorption.*>"” One of the key aspects concerning the
choice of a semiconductor is related to its band edge positions,
which determine the upper limits of reduction and oxidation
potentials for the photogenerated electrons and holes.** The
energy difference between the oxidizing hole and the reducing
electron should be higher than the electrochemical potential
required for water dissociation (>1.23 V).*”*° An Eg of 1.6-2.0
eV, which covers the enthalpy of the reaction (1.48 V) and
overpotentials, is considered to be the best compromise for a
PE used in a PEC device.

Given these assumptions, the standardized metric for evalu-
ating the overall performance of a PEC system is STH efficiency
(7sth), defined as the amount of chemical energy produced, i.e.
the rate of hydrogen production (mmol of H, s~') against the
solar energy input. The chemical energy produced is multiplied
by the change in Gibbs free energy per mol of H, (at 25 °C,
AG = 237 k] mol™"). The solar energy input is the incident
illumination power density (P, - 0.1 W cm 2, AM 1.5 G,
considering standard PEC operating conditions) multiplied by

Chem. Soc. Rev., 2024, 53, 2388-2434 | 2391
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the illuminated PE area (4, cm?). The H, production rate can be
directly measured by gas chromatography or mass spectrometry.

H, Production rate x AG

nstu (%) = P x 4 1)

Additionally, nsry; can also be determined using the relation
that power is the product of potential, current, and the faradaic
efficiency for H, evolution (1g) as follows:

P 1.23 x J,
st (%) = (,)p XNp = —F 2 X g (2)
Pln Pln

where P, is the operational power density, given by the product
of generated photocurrent density (Jop, in mA cm ?) and
potential at 1.23 V. From eqn (2), the operational photocurrent
relates proportionally to the STH efficiency and is, therefore, a
crucial parameter for improving the overall efficiency of a PEC
device. However, maximizing the photocurrent of a PEC system
implies the complementary improvement of the photopotential
and fill factor of the PEs. In practice, PEC systems require an
extra potential, i.e. a few hundred mV, to promote the water
splitting reaction, mainly attributed to overpotentials linked
with the water oxidation, charge transfer in the electrolyte and
transport across the back contact of the semiconductor, elec-
trode separation distance, and device geometry.”® In PEC-PV
tandem systems, the PV cell is electrically connected in series
with the PE, i.e. it provides the extra bias needed for the water
splitting. A conventional PEC device, in a three-electrode
configuration setup, is represented in Fig. 3(a); the internal
circuit is presented with more detail, enabling a more compre-
hensive analysis of electrical connections and flow of charged
species — Fig. 3(b). For describing the basic working principles
of a PEC cell, the energy band diagrams of a PEC cell based on a
generic n- and p-type semiconductor, as well as a dual tandem
configuration combining n- and p-type PE materials, are also
shown in Fig. 3(c)-(e), respectively.

PEC devices designed for practical applications usually
consist of a narrow reactor - the cell - where the electrolyte
and both electrodes are inserted, typically assembled in sepa-
rate compartments divided by an ion exchange membrane,
which allows for charge balance while avoiding gas mixing.
Front and/or back transparent windows allow sunlight to reach
the surface of the photoactive materials.>® Still, when someone
addresses the topic of materials within the field of PEC-H,
production, the component that instantly comes to mind is the
photoabsorber material, i.e. the semiconductor or photoelec-
trode, as it causes the photon-to-H, conversion.’? In fact, PEs
are the key component that makes PEC cells more attractive
compared to PV-EC systems, as they enable light absorption,
charge generation and separation, hole, electron, ionic and
molecular transport in a single device. Additionally, PEC
devices can be operated at lower current densities, exhibiting
lower overpotentials than commercial electrolysers.>*>*

An ideal semiconductor for PEC water splitting should meet
the following key criteria: (i) good visible light absorption and
narrow bandgap energy between 1.8 eV and 2.4 eV; 1.8 eV
corresponds to the theoretical minimum bandgap for water
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splitting of 1.23 eV plus the thermodynamic losses (0.3-0.4 eV)
and overpotentials (0.4-0.6 eV) and 2.4 eV is the maximum
bandgap value to achieve the target of 10% STH efficiency; (ii)
suitable valence and conduction band edge positions, as the
valence band should be below the redox potential for O, evolu-
tion and the conduction band should be above the redox
potential for H, evolution; (iii) effective separation and transport
of charge carriers, relying on both intrinsic characteristics (hole
and electron mobility) and extrinsic properties (surface area,
crystallinity, grain boundaries); (iv) high catalytic activity, essen-
tial for avoiding surface recombination and for decreasing the
activation overpotentials; (v) chemical stability, which depends
on the relative positions of the band edges and the respective
decomposition potentials; and (vi) non-toxicity, Earth-abundance
and low-cost fabrication.*>® So far, there is no single semicon-
ductor reported that meets all these requirements.

The materials used to prepare photoelectrodes for PEC water
splitting can essentially be divided into the so-called ‘“classic”
and emerging semiconductor materials.’*>®* Considering the
short time window for making PEC water splitting competitive,
conventional metal-oxide semiconductor materials should be
preferable for optimizing large-area PEs, since they are easy to
prepare and have already been deeply studied and demon-
strated. Typically, transition metal-oxide PEs include TiO,,
hematite (a-Fe,O3), tungsten trioxide (WO3), bismuth vanadate
(BivO,), and cuprous oxide (Cu,O); tantalum nitride (TazNs)
and silicon-based PEs are also being highly reported. Among
the emerging materials, organic, perovskite and kesterite semi-
conductors are three of the most studied.

2.1.1. “Classic” photoelectrodes. From the family of n-type
semiconductors, TiO, was the first material used to demon-
strate PEC water splitting under simulated UV light.>**® This
study encouraged the research work on PEC-H, production and
several studies were reported in the following years using TiO,.
Still, its wide bandgap (3.2 eV for anatase and 3.0 eV for rutile)
strongly restricts the maximum theoretical STH efficiency (1.3%
for anatase and 2.2% for rutile), since only 5% of the solar
spectrum (predominantly UV light) can be absorbed. This draw-
back has shortened the interest in developing efficient TiO,-
based PEs for solar water splitting.>® Despite the valence band
can be modified by incorporating non-metal species (such as
carbon or nitrogen), and the conduction band can be changed
via doping with 3d transition metal ions, no substantial change
was observed in the bandgap and, consequently, no substantial
enhancement was achieved in the STH efficiency.®®®* As a
result, TiO, is no longer used as a classic material for PEs,
being used instead as a doping agent or protective coating of
other oxides.®>®

Hematite (o-Fe,O3) is one of the most promising photoa-
nodes for solar water splitting and has been widely studied
since the late 1990s. This metal-oxide presents remarkable
chemical stability, low toxicity, and low-cost.®* Also, it has a
bandgap between 1.9 eV and 2.3 eV, which is nearly ideal for
visible light harvesting, resulting in a maximum theoretical
STH efficiency of ca. 16% (corresponding to 12.6 mA cm™ > at
1.23 VRHE).59 However, its use as a semiconductor for PEC-H,

This journal is © The Royal Society of Chemistry 2024
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Fig. 3 Conventional PEC device: (a) schematic representation of a generic PEC device, assembled in a three-electrode configuration, including the relevant
reactions of photo-oxidation of water using an n-type photoelectrode. (b) Simplified schematic of a potentiostat attached to a PEC cell using working
electrode (WE), working sense (WS), counter-electrode (CE), and reference electrode (RE) leads. The working electrode is typically the photoelectrode used
for studying any electrochemical processes. The potential within the cell is measured between RE and WS. The current flow through both potential-sensing
electrodes is minimized (ideally zero). The CE completes the electrical circuit. Current (/) flows between CE and WE, while potential (E) is read between WE
and WS. Energy diagram of a PEC cell based on: (c) a photoanode (n-type semiconductor) and a dark electrode (metal cathode) in the dark (left side) and
under illumination (right side); (d) a photocathode (p-type semiconductor) and a dark electrode (metal cathode) under illumination; and (e) a tandem

arrangement, which combines a photoanode (n-type semiconductor) and a photocathode (p-type semiconductor) under illumination.

generation entails some drawbacks, including: (i) slow mobility
of holes (ca. 0.2 cm> V' s ), resulting in a very short diffusion
length of 2-4 nm; (ii) poor surface water oxidation kinetics,
leading to high surface recombination due to the accumulation
of holes; and (iii) low absorption coefficient (on the order of
10* em ™), requiring film thicknesses of at least 400-500 nm for
full sunlight absorption.®>*® Among the various reported tech-
niques to prepare o-Fe,O; PEs, solution-based methods have
raised particular interest. The resulting PEs show different
nanostructured morphologies, like nanorods, nanowires or
worm-like protuberances, all with a high surface area. The

This journal is © The Royal Society of Chemistry 2024

state-of-the-art o-Fe,O; PE is shaped in nanowire arrays, pre-
pared by a hydrothermal method, and is capable of delivering a
record photocurrent density of 6 mA em ™ > at 1.23 Vryg (ca. 7%
STH efficiency);*” this result corresponds to ca. 50% of the
theoretical limit for this semiconductor. Still, nanostructured
a-Fe,O; presents stability challenges when compared with
more compact structures, typically prepared by atomic layer
deposition (ALD) or spray pyrolysis (SP). The most stable
a-Fe,O; PE reported to date is a 19 nm film prepared by SP,
that is capable of generating 1.05 mA cm > at 1.45 Vgyg over
1000 h, under continuous simulated sunlight conditions, in
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1 M KOH.** This preparation technique was successfully
upscaled to a 50 cm® PE that generated ca. 0.45 mA cm™ > at a
bias potential of 1.6 V, over 1008 h under 1000 W m 2, and with
electrolyte recirculation at 45 °C.** Indeed, this review’s authors
have consistently demonstrated the successful scale-up of flat
and nanostructured a-Fe,O; PEs over the years. Their achieve-
ments include scaling up to 25 cm> nanostructured hematite of
porous nanocubes,®® but also compact photoelectrodes up to
50 cm” and 100 cm?>.**%

Tungsten trioxide (WO;) is another n-type semiconductor
that has been studied for PEC applications since the mid-1970s,
presenting a good electron mobility (6 cm® V™' s7') and a long
charge carrier diffusion length (ca. 150 nm). Although this
material has a bandgap of 2.7-2.8 eV, larger than o-Fe,03, it
is still capable of absorbing a reasonable fraction of the solar
spectrum, with limited maximum theoretical STH efficiency
(4.8%).”° In contrast to a-Fe,0s3, it is stable only in aqueous
acidic solutions (pH < 4), such as H,SO,, H;PO,, Na,SO, or
CH,;SO;zH. There are several reported techniques for preparing
low-cost and scalable nanostructured WO; PEs.”"”? Sputtering
allows obtaining photoanodes with good crystallinity, low
intergrain and lattice defects; however, this technique is quite
expensive and not easily scalable. Nanoporous or worm-like
structures can be obtained by electrochemical anodization of
metallic tungsten foils; the as-prepared PEs are opaque, and the
roughness of the foil affects the growth shape and direction.”
Electrodeposition allows the deposition of WO; films on glass
substrates, but these PEs usually present low current densities
(ca. 0.35 mA cm™ 2 at 1.23 Vgyg).”* Overall, sol-gel remains the
most common chemical process used to prepare WO; PEs; the
resulting semiconductor layer is thick and highly porous.
Reinhard et al. reported bare WO; PEs, prepared via a sol-gel
method, consisting of consecutive depositions of a colloidal
precursor solution by doctor-blading, followed by thermal
annealing, which displays ca. 3.5 mA ecm 2> at 1.23 Vgyg,
remaining the state-of-the-art achievement.”

Bismuth vanadate is the most successfully demonstrated
ternary metal oxide photoanode, being also a promising candi-
date for large-area PEC-H, production. This material has a
bandgap of 2.4 eV, resulting in a theoretical maximum photo-
current density of 7.4 mA cm ™2 at 1.23 Vryg, corresponding to an
STH efficiency of 9.1%. Similar to o-Fe,O3, the performance of
BiVO, photoanodes is mainly limited by the fast charge carrier
recombination, due to the short hole diffusion length, which is
estimated to be 70-100 nmy it is also limited by the slow water
oxidation kinetics.”®’” To overcome these limitations, BiVO, is
often doped with Mo and W, which enhances the charge carrier-
separation efficiency.”® Spray pyrolysis is a common technique
used to fabricate BiVO, photoanodes;’” Ahmet et al. reported
BiVO, photoanodes prepared by spray pyrolysis that achieved a
photocurrent density of ca. 3.3 mA em™ 2 at 1.23 Vryg, With an
onset potential of 0.4 Vgyg.”® BiVO, photoanodes are often used
in heterojunctions, usually with WO;, allowing photocurrent
densities higher than 6 mA cm ™ to be to achieved at 1.23 Vg,
where nanostructured WO; is used as scaffold for the BiVO, top
layer.”® There are several reported techniques for fabricating
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these heterostructures. Porous WOj; structures (the scaffold)
can be fabricated using colloidal templates, such as polystyrene
spheres; the BiVO, precursor solution is later impregnated on
the template followed by a heat treatment, which allows the
removal of the polystyrene and crystallizing the doped
Biv0,.2%®" Another interesting approach consists of combining
glancing angle deposition (GLAD) to fabricate WO; nanorods,
followed by electrochemical deposition of BiVO,, which already
allowed a PE displaying a photocurrent density of 6.72 mA cm ™2
to be fabricated at 1.23 Vrug (>90% of its theoretical limit).5*
The most stable BiVO, PE was demonstrated by Kuang et al.*
These authors reported a particulate Mo:BiVO,/Ni/Sn electrode
that generated ca. 2.6 mA cm ™2 at 0.6 Vgyg over 1100 h, without
noticeable performance losses after the complete test; stability
measurements comprised eleven 100-h runs, with electrolyte
replacement between any two runs and in situ self-regeneration
of the catalyst. The photocorrosion inhibition was attributed to
the specific high-temperature treatment; in situ self-generation
of catalyst was assured by the thin Ni layer, which acted
simultaneously as an ion source and electrical back contact.
From the family of oxynitrides, tantalum nitride (Taz;N5) has
received special attention, due to its 2.1 eV direct bandgap and
suitably positioned energy band edges for solar water splitting
applications. Indeed, TazNs is probably the most promising
semiconductor among the ones reaching photocurrents close to
the theoretical limit of STH efficiency under sunlight. Liu et al.
reported a multi-step strategy for improving the performance of
TazNs grown on Ta metal foils, which yielded a maximum
photocurrent density of ca. 12.1 mA cm™? at 1.23 Viyg, corres-
ponding to 94% of its theoretical performance limit; this is an
unprecedented achievement within the PEC-H, field.®* The
application of Ni(OH),/ferrihydrite (Fh) layers onto Taz;N5 proved
to be efficient in mediating the interfacial charge transfer with Co
and Ir catalysts, and a TiOs blocking layer for reducing the
electron-hole recombination. Additionally, the Fh overlayer was
also employed for protecting Ta;N; against photocorrosion.®®
Despite this impressive progress, TazNs still faces two critical
shortcomings: poor stability and low photopotential. Fortunately,
different strategies have been successfully employed to tackle
these issues. First, stability can be improved, e.g. using electrolyte
solutions containing a ferrocyanide hole scavenger; still, the
reported 30 h of stable performance remains far from real
application needs.®® On the other hand, the low photopotential
can be overcome by using tandem arrangements, which have the
potential to generate sufficient photopotential to achieve water
splitting with high STH efficiency. The most efficient TazNs PEs
were prepared on opaque Ta foils, which limits the assembling
options to front illumination only. To be used as front-side PE
(back illumination), semi-transparent TazN5 has to be fabricated
on transparent conductive oxide (TCO) glass substrates, but they
seem to reach lower photocurrents.®” Higashi et al. fabricated a
TazN; planar thin film grown on a transparent GaN/Al,O; sub-
strate and decorated with an ultrathin NiFeOx electrocatalyst
layer, generating 7.4 mA cm™> at 1.23 Vgygp.*® When paired in
tandem with CulnSe, PV, an STH efficiency of 9% was obtained,
which is the highest efficiency ever reported among metal-oxide/
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nitride-based PEC-PV tandem cells; unfortunately, this device
showed only 2 h of stable operation.

Spinel ferrites (MFe,O4, M = Zn, Mg, Cu, Ca, etc.) have also
been the subject of several research studies on PEC water
splitting. These ternary metal oxides are made of abundant
materials, present a suitable bandgap for light harvesting in the
visible range, ie. 1.4-2.1 eV, and have displayed long-term
photostability. ZnFe,0, (known as ZFO), with a bandgap range
of 1.9-2.1 eV, enables broad absorption of visible light while
presenting favourable chemical and morphological stability.*® This
material arose as a substitute for typically less efficient PEs, being
frequently used as a secondary overlayer on composite PEs, such
as TiO,/ZFO or o-Fe,05/ZFO, boosting the charge extraction in the
primary oxide.’® However, as the main active photoanode material,
the performance of ZFO has remained modest; among the best
results, Xu et al. reported ZFO decorated AZO nanowires that
generated a photocurrent of ca. 1.72 mA cm™ > at 1.23 Vgyg in a
neutral electrolyte (0.1 M Na,SO,).%

Cuprous oxide is the most studied photocathode for solar
water splitting, being non-toxic, and abundant, presenting a
bandgap of 2.0 eV, suitable for absorbing a significant part of
the solar spectrum.”® Despite having a maximum theoretical STH
efficiency of 18%, Cu,O has two main drawbacks that strongly
limit its use for practical applications. First, this material is
unstable under water-based solutions, as the reduction and oxida-
tion potentials of monovalent copper oxide are located within the
water splitting potentials, favouring photocorrosion.’ Stability can
be significantly improved by applying protective overlayers, such as
TiO, deposited by ALD; 50 h of stable performance was reported by
Tilley et al.>* Also, combining Cu,O with an n-type semiconductor
with a more positive conduction band, which forms a p-n junction
that promotes a faster transfer of electrons from Cu,O to the n-type
semiconductor, allows improving both stability and efficiency. The
second major drawback of Cu,O is related to its charge carrier
diffusion length. Cu,O films typically are >1 pm thick to effi-
ciently absorb sunlight; however, the electron diffusion length is
limited to about 200 nm, which hinders the collection of photo-
generated carriers. Accurate morphology control, based on
advanced preparation techniques that allow obtaining nanostruc-
tured PEs, is the most attractive approach to address this chal-
lenge. A good example was implemented by Pan et al.,* reporting
Cu,O photocathodes able to deliver an unprecedented photocur-
rent density of 10 mA cm > over 100 h of continuous operation,
which was a state-of-the-art result, but still far from the ultimate
target STH efficiency of 25%, set by the Department of Energy.>

Silicon-based PEs, the most common semiconductors in the
PV industry, have also been widely used for PEC water splitting;
the bandgap of 1.1 eV matches well with the solar spectrum,
presenting a theoretical maximum photocurrent of 44 mA cm™>
under 1-sun. However, bare Si PEs undergo fast oxidation when
in contact with aqueous electrolytes. This challenge can be over-
come by applying protective layers that passivate the surface
states of Si. As an example, the alignment of TiO,’s conduction
band with both the hydrogen evolution reaction (HER) and with
Si enables its use as a protective overlayer; additionally, TiO,
facilitates electron transfer from Si with negligible resistance.’*
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Inspired by the low-cost and high open-circuit potential differ-
ence displayed by amorphous Si (a-Si) solar cells, Lin et al.
reported a Si photocathode coated with a TiO, protection layer,
and with Pt or Ni-Mo co-catalysts that generated 10 mA cm™ 2 at
0.6 Vgyg in 0.5 M KHP (potassium hydrogen phthalate), for 12 h
of continuous operation.®® In 2020, Fu et al. reported a bifacial Si
photocathode coated with a semi-transparent 5 nm Pt layer that
showed an unprecedented photocurrent density of 61.2 mA cm ™ >
at 0 Vgyg under bifacial 2-sun illumination; this system enables
harvesting sunlight both at the front and at the back sides,
yielding ca. 57% of excess H, when compared with monofacial
PEC systems, presenting a stable performance over 370 h in 1 M
H,S0,.%° Despite being largely used in first generation PV cells, it
is important not to forget that metallic Si is listed as critical raw
material (CRM), so its use must be greatly reduced in the next few
years, including in PEC applications.

Fig. 4(a) shows the number of publications on some of the
most studied semiconductors over the past decades, namely
a-Fe, 03, BiVO,, W03, Cu,0 and Ta;Ns;. Fig. 4(b) shows the state-
of-the-art of these PE materials, based on the three-pillar criteria
for commercialization: scalability, stability, and efficiency.
Hematite o-Fe,O; has been the most studied material, but
publications on BiVO, have increased exponentially in the last
5-year period, followed by Cu,O, Ta;N5, and WO;. Nevertheless,
it is clear that efficiency has received more attention among the
published research studies. So far, a-Fe,O; is the semiconductor
material that shows the best compromise among the three key
criteria, although there is still no o-Fe,O; PE capable of fully
address simultaneously these targets. Nonetheless, some pub-
lished studies have shown the potential of this semiconductor
material to achieve important halfway targets for more than one
pillar criterion simultaneously, such as an active area of
>50 cm”® and a stable performance for more than 1000 h.*
Overall, these results highlight the complexity of preparing
large-area PEs that are simultaneously efficient and stable; it
is important to emphasize that the process of discovering
functional PE materials typically takes a minimum of 10 years.

2.1.2. Emerging photoelectrodes. In more recent years,
other interesting types of PEs have emerged following the
advancements in the PV field. Organic semiconductors are a
particular type of emerging material that has aroused interest
for PEC applications. Organic semiconductors are essentially
polymers or small molecules with extended pi-conjugation of
carbon bonds, presenting superior charge-transfer characteris-
tics to their inorganic counterparts, and the possibility of being
used both as photoanodes or photocathodes. The potential of
semiconducting organic materials to transport electric current
and absorb light in the UV-Vis part of the solar spectrum comes
mainly from the sp> hybridization of carbon atoms. Over the
past decades, organic semiconductors have been successfully
used in PV applications, namely in DSSCs. Due to the particula-
rities of organic semiconductors, organic-PV devices present
unique advantages such as the possibility of being applied onto
flexible substrates, semi-transparency, low-cost manufacturing,
and aesthetics, enabling their use in building-integrated photo-
voltaic (BIPV) and agrivoltaic applications.'® Also, most organic
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Fig. 4 Overview of the most studied semiconductors for PEC water splitting: (a) number of publications over the past decades (database: Google
scholar and SolarfuelsDB?’); and (b) performance ranking of a-Fe,Osz, 436797 BiVO,, 79989 WO5,7>100101 |y, 035192 and TasNs*+E619% PEs based on active
area, stability and current density generated at a reference potential of 1.23 V (except 0 V for Cu,O); normalization considered equal 33.3(3)% contribution
for each criterion, delivering a total score out of 100, and considering the following targets: (i) active area of 100 cm?; (i) 2920 h of stable performance

(8 h over 365 days; max. 10% current loss); and (iii) current density of 10 mA cm

semiconductors used in DSSCs are solution-processable, which
enables large-area fabrication, namely via simple ink-based
printing techniques.'%®

These advantages can be a differentiating aspect in PEC
applications if successfully replicated. Nevertheless, the use of
organic semiconductors in PEC devices has remained barely
addressed, mainly due to their poor stability in aqueous
solutions.'*® Early organic PE materials included polypyrrole,
polyacetylene, polythiophene derivatives, poly(ethylenedioxy-
thiophene) (PEDOT) derivatives, polyaniline, polythiophene-
based photocathodes, poly(thienothiophene) (PTT) and poly-
(dithienothiophene) (PDTT).'®” Given the huge variety of
organic semiconductors, they can essentially be grouped in
dye-sensitized and thin films."% Since the first demonstrations
of efficient proton reduction using organic PEs, research has
been focused on the buried-junction approach, especially on
introducing an anti-corrosion layer, and on developing highly
tunable non-fullerene acceptors and wide-bandgap donor
polymers.'%® still far from the PEC performance of other semi-
conductor materials, the photocurrent density generated by
organic photocathodes in PEC water-splitting devices has
increased from a few pA cm 2 in acidic solutions at high
negative potentials to over 100 pA cm ™ in neutral solutions at
low/no applied potentials.'” Indeed, the rapid advances within
the organic semiconductor field for solar water splitting have
provided a vast number of high-performance donor polymers
and non-fullerene acceptors with carefully tailored chemical
structures, allowing them to reach high photocurrent and open
circuit potential. As the band positions and bandgaps of organic
semiconductors can be easily tuned, in multijunction devices,
by combining two or more sub-cells with complementary band-
gaps and connecting them in series, the total open circuit
potential (Eoc) can theoretically be sufficient to drive water

2396 | Chem. Soc. Rev., 2024, 53, 2388-2434

-2

splitting, resulting in a maximum STH efficiency of up to
30%, avoiding the need of coupling an external PV cell, which
is often considered an essential requirement for PEC water
splitting feasibility.'®® Since water oxidation is the limiting half-
reaction, and given that many organic materials are easily
degraded upon oxygen exposure, organic photocathodes are
considered more promising than organic photoanodes."'® Even
so, high-performance and stable organic materials were already
reported. As an example, Yu et al. used nickel foils, Galn eutectic,
and layered double hydroxides to passivate the photoactive layer
of p-type polymers and n-type non-fullerene materials."** These
organic photoanodes generated 15.1 mA cm™ 2 at 1.23 Vgyp and
displayed an onset potential of 0.55 Vgyg, resulting in an STH
efficiency of 4.33%. These photoanodes were able to maintain
90% of the initial photocurrent for 10 h, when continuously
operated at 1.3 Vgrug. Zhang et al. have demonstrated a robust
organic photocathode comprising a bulk heterojunction (BHJ)
and an organic charge-selective layer.""> This optimized photo-
cathode generated ca. 4 mA cm™? at 0 Viyg, retaining 90% of the
initial performance over 6 h. Combining the optimized BH]J
photocathode with a benchmark BHJ photoanode, the authors
then demonstrated a 2.4 cm” organic PEC tandem cell for
complete solar water splitting, capable of generating a photo-
current of 0.6 mA cm ™ in a two-electrode configuration, result-
ing in an STH efficiency of 0.3%. Finally, organic-based PEs
include the so-called metal-organic framework-based materials
(MOFs). These materials essentially comprise heterostructures
used to fabricate thin films, where the MOF layer is used as a
sacrificial template (Ti-based, Fe-based, Zn-based, and Co-based)
or as a coating.""® An example of a MOF-based photoelectrode
displaying good PEC performance was reported by Pan et al.; the
authors used NiFe-metal-organic frameworks (NiFe-MOFs) as
a protective layer and cocatalyst on oxygen-vacancy-rich BiVO,

This journal is © The Royal Society of Chemistry 2024


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1cs01069g

Open Access Article. Published on 30 January 2024. Downloaded on 12/4/2025 3:15:32 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Review Article

(Ov-Biv0O,), forming a core-shell structure that produced
5.3 mAcm > at 1.23 Vgpe. '™

Since the early 2010s, metal halide perovskites have emerged
as one of the most promising materials for low-cost and efficient
third-generation PV cells."*®> These materials comprise a poly-
crystalline structure with the chemical formula ABXj;, with A
referring to methylammonium (MA), formamidinium (FA), or
cesium (Cs), B referring to Pb or Sn, and X referring to the halide
atom, i.e. I, Br~, or Cl~, or combinations of them.? As photo-
absorber materials for PV applications, perovskites exhibit
remarkable optoelectronic properties, namely high absorption
coefficients, high electron and hole mobilities and diffusion
lengths, superior structural defect tolerance and shallow point
defects, low surface recombination rate and favorable grain
boundaries, which have led to an unprecedented increase in
efficiency, from 3.8% in 2009 to the present 26.1%.""® Like in PV
applications, perovskite materials, in this case perovskite oxides
with the chemical structure ABO;, became highly attractive for
PEC applications, offering better optoelectronic properties than
simple oxides, mainly related to superior structural flexibility,
high electrocatalytic activity, better sunlight absorption capabil-
ity and simultaneous control of bandgaps and band edges.""”
For practical PEC water splitting, perovskite materials can be
used as the main photoelectrode, ie., in contact with the
electrolyte solution, or used in a tandem arrangement. In fact,
Karuturi et al. achieved a remarkable STH efficiency of 17.6% for
self-driven solar water splitting by pairing a semitransparent
perovskite with a high bandgap (1.75 eV) with a p'nn’-Si/Ti/Pt
photocathode capable of generating a current density of
39.7 mA cm™? at 0 Vg and an onset potential of 590 mVv.*®
The Reisner group has also been developing interesting solu-
tions that use perovskites for solar water splitting, either as
main PE or as dual absorbers in tandem arrangements.'*®""°
One of the most relevant contributions was reported in 2022,
where the authors successfully demonstrated the fabrication of
scalable lightweight artificial leaves made of lead halide per-
ovskite photocathodes deposited onto indium tin oxide-coated
polyethylene terephthalate, comprising thin, flexible substrates
and carbonaceous protection layers. This lightweight perovs-
kite-BiVO, PEC device achieved an STH efficiency of 0.58% and
its scalability was demonstrated using a 100 cm?® stand-alone
device, which sustained stable performance for 24 h."*° still, to
be used as the main photoelectrode in conventional PEC device
architectures, perovskite oxides have to be stable to the highly
demanding operating conditions, namely to water exposure,
temperature, and mechanical erosion promoted by gas bubbles
evolution and electrolyte recirculation.'®" Possible ways to over-
come such adversities include the use of thin overlayers and
encapsulation. An example of the successful application of a
thin protective overlayer was demonstrated by Liu et al.'** The
authors have reported porous perovskite photoanodes capable
of being operated in standard PEC conditions, ie. in contact
with an aqueous electrolyte. The BiFeO; photoanodes, covered
with an ultra-thin TiO, overlayer (5-6 nm) and a cobalt oxide/
oxyhydroxide co-catalyst, generated 0.16 mA cm ™~ at 1.23 Vryg
in 1 M NaOH, achieving an onset potential of 0.6 Vgyg. On the
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other hand, Chen et al. have successfully demonstrated encap-
sulated perovskite-based PEs for solar water splitting. In
this case, the device layout consisted of two monolithically
encapsulated perovskite (FAggoMAg 15CSg.05Pbl; 55BT0.45) solar
cells, covered with CoP and FeNi(OH), co-catalysts, working as
a photocathode and a photoanode, respectively. The CoP-based
photocathode generated 12.4 mA cm > at 0 V, whereas the
FeNi(OH),-based photoanode generated 11 mA cm > at
1.23 Vgyg, resulting in an unassisted overall STH efficiency of
8.54%. The encapsulation was made using a thin polyisobuty-
lene (PIB) layer and a cover glass, enabling these electrodes to be
in direct contact with the electrolyte (0.5 M NaOH) and present-
ing a stable performance over 13 h of continuous operation."**
Another remarkable achievement using perovskite PEs for PEC
water splitting was reported by Daboczi et al. The authors
reported a CsPbBr;-based photoanode that displayed a 0.4 Vryg
onset potential and generated 8 mA cm™> at 1.23 Vgyg, being
capable of retaining 100% of its stabilized photocurrent density
after 100 h of continuous operation. Enhanced charge transfer
was attributed to the phase engineering of CsPbBr; and to the
NiFeOOH catalyst applied on a protective graphite sheet.'**
Kesterite (Cu,ZnSn(S,Se),, CZTS) materials are another class
of emerging materials for PEC applications.®® Kesterites have
been primarily studied for PV applications, in part because they
are abundant, low-cost, and non-toxic. The interest in CZTS
materials for PEC-H, production has arisen due to the cap-
ability of changing the bandgap energy from 1.0 eV to 1.5 eV -
or even higher - depending on the used elements, chemical
reactivity, and the very high coefficient of light absorption,
among others. As a p-type semiconductor with suitable opto-
electronic properties (absorption coefficient of ca. 10* ecm™*
and energy bandgap of ca. 1.4-1.5 eV), CZTS can be used as a
photocathode for H, evolution."*® Yokoyama et al. first demon-
strated the application of CZTS as a photocathode in 2010."*°
Surface modifications, i.e. CdS and TiO, layers, were imple-
mented to accelerate charge transfer and to protect the lower
layer from corrosion in the electrolyte solution. Ros et al. were
able to demonstrate the feasibility of CZTS/Se PEs in highly
acidic conditions (pH < 1), with no detected degradation, by
applying a protective TiO, layer deposited by ALD, achieving a
current density of 10 mA em ™2 at 0 Vgys.'>” However, kesterite-
based PEC systems still lack adequate demonstration in high-
performing and upscaled devices, mainly due to limitations
arising from (1) performance and stability problems; (2) mis-
alignment of energy bands and interface defects; (3) the lack of
compatible surface catalysts; and (4) the complexity of kesterite-
based architectures for high-performing and stable devices.
Similar to PV applications, the performance of CZTS highly
depends on the buffer layer, as it forms a p-n junction that
facilitates the separation of photo-induced electron-hole pairs
by the built-in electric field of the junction. Therefore, in CZTS
PEs, having a charge-selective contact layer is essential for the
efficient extraction of photoexcited charge carriers. Among
many major sources of interfacial recombination in these
materials, the energy band misalignment and recombination
through interfacial defects can be pointed as the major ones.
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Also, elemental interdiffusion at the interface affects the carrier
transport. Charge-separating contacts with favorable energy
band-alignment using interface passivation strategies can be
a possible solution, as it has already demonstrated promising
results in PV applications. For that, the conduction band
position of buffer layers (e.g. CdS, Zn(O,S) and TiO,) can be
tuned for better band matching. Other buffer layer parameters
should also be optimized for optimum transparency and
conductivity, charge carrier lifetime, and extraction. Surface
passivation strategies include chemical and thermal treatments
of the kesterite/buffer layer. Doping has also been proven to be
an effective strategy for improving the PEC performance of
CZTS PEs. As an example, Si-doping has been demonstrated to
improve the generated photocurrent by 2.39 times, achieving
ca. 5.57 mA cm™ 2 at —0.41 Vgyg in a CZTSiS/CdS/ZnO PE.'?®
2.1.3. Key strategies to improve the performance of photo-
electrodes. Most studies on the preparation of efficient PEs
used for PEC-H, production follow a common approach for
improving their performance, based on three main pillars:
(i) morphology control; (ii) doping; and (iii) surface control.®*'**
Morphology control has been widely used for increasing the
photocurrent density generated at lower potentials; it overcomes
the trade-off between enhancing the optical absorption and
shortening the diffusion length of minority carriers, while
improving the specific surface area, essential to drive the redox
reactions."*® Indeed, many different preparation techniques have
been described for obtaining semiconductors with specific
morphologies.’>"*""** On the one hand, nanoparticles, den-
drites, and mesoporous structures suffer from recombination
and poor transport across the semiconductor, especially due to
grain boundaries. Nanostructures such as worm-like protrusions,
nanowires, nanotubes and nanorods, which have high aspect
ratio and large surface area, enhance charge carrier collection by
minimizing recombination at grain boundaries; in nanostruc-
tures with small diameters, the distance needed for the holes to
diffuse to the semiconductor-electrolyte interface is shortened,
thus mitigating the bulk recombination.®® Typically, thick and
porous morphologies have a higher surface area and are capable
of generating higher photocurrent densities; however, they
usually present low stability and the resulting photoanodes are
opaque (which is a drawback when multi-layer approaches or
tandem arrangements are envisioned). Also, thicker semiconduc-
tor layers have increasing recombination problems.’® On the
other hand, compact planar films, usually relatively thin
(<40 nm), present high transmittance and assure the full cover-
age of the underneath conductive substrate, being therefore
remarkably stable."** However, due to the small specific inter-
facial area, these morphologies present lower performance, typi-
cally photocurrent densities <1.5 mA cm™ 2 at 1.23 Vgyg.**"**
The incorporation of doping agents in the semiconductor
lattice introduces additional majority carriers and creates stee-
per potential gradients (thinner space-charge layers), therefore
improving charge separation and reducing the electron-hole
recombination rate.'*>"*° Still, doping can decrease the particle
size and crystallinity of the hosting semiconductor, increasing
bulk recombination and forcing charge carriers to travel longer
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distances to reach the current collector.
reported strategies for incorporating dopants in the semiconduc-
tor lattice.”*®"*® Intrinsic doping is the simplest approach, such
as via high-temperature annealing of semiconductors prepared
over FTO glass substrates (normally over 650 °C), which enables
the migration of Sn from the FTO layer to the main lattice of the
semiconductor."*>™*" Other strategies usually comprise the addi-
tion of the doping agent to the precursor. However, there is no
standardized procedure for choosing the more suitable doping
agent, or the optimal doping level, since the beneficial effect of
each doping agent is highly dependent on both the intrinsic
properties of the semiconductor and on its morphology. As an
example, the addition of Ti as a dopant to o-Fe,O; precursors
must be carried with utmost precision since slightly too high
concentrations may lead to the complete vanishing of the photo-
activity. In the specific case of o-Fe,03, several doping agents can
be used to enhance its performance, namely Si, Ti, Sn, Nb, Zr, Pt,
Mn, Zn and Ni; from these dopants, Sn is more effective for thin
planar films, while Ti plays a more significant role on porous
nanostructures.'**> For highly doped semiconductors, one possi-
bility is to introduce a gradient in the dopant concentration
across the film; as an example, doping BiVO, with a gradient of
tungsten atoms allows the creation of a distributed n* n~
homojunction with a corresponding electric field that enhances
charge separation.”®

The surface of the semiconductor, in contact with the
electrolyte, requires special attention when improving the
photocurrent density generated at lower potentials. In a semi-
conductor-liquid junction, the rate of charge transfer at the
interface relates to the rate of carrier generation and separation
in the semiconductor, which makes surface states critical to form
the depletion region that influences charge transport. Therefore,
surface states located on truncated sites may act as charge-
trapping spots, recombination centres and Fermi level pinning
states, being highly detrimental to the overall performance.
Chemical etching is a simple and effective technique for improv-
ing the oxygen evolution reaction (OER), promoting the inter-
facial charge transfer, and inhibiting surface recombination, by
changing the chemical state of the semiconductor surface. A
good example of this strategy was reported by Cao et al. for o-
Fe,0; PEs;'*® a synergetic cathodic shift of 100 mV in the
photocurrent onset potential and an increase of the photocurrent
density from 1.2 mA cm ™ to 1.6 mA cm™ > measured at 1.23 Vgyg
were demonstrated and attributed to surface corrosion promoted
by acid treatment over 90 min (with an aqueous solution of HCI).
Although no obvious change was observed in the surface mor-
phology, electrochemical impedance spectroscopy (EIS) analyses
showed that the interface charge transfer rate increased after
surface corrosion, indicating that back-reaction losses were
mostly suppressed.

The deposition of co-catalysts is another surface treatment
that allows reducing surface states, enhancing the performance
of a PE, mainly at more cathodic potentials. Co-catalyst materials
can play different roles at the semiconductor-liquid interface, as
they can: (i) facilitate the bond-making and bond-breaking reac-
tions; (ii) passivate recombination sites; (iii) tune the band
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structure energetics; and (iv) act as a protective layer against
corrosion.™** Catalysts can be applied as an impermeable layer,
turning the semiconductor-liquid junction into a semiconduc-
tor—catalyst junction. Therefore, the band bending is no longer
governed by the electrolyte redox potential but becomes depen-
dent on the work function difference at the semiconductor-
catalyst interface. The band edge positions can then change
depending on the chosen catalyst, which may allow overcoming
unfavourable band edge positions. Depending on the type of
application, co-catalysts are usually divided into three main cate-
gories: (i) noble metals; (ii) transition metals; and (iii) non-metals
and metalloids. Among all, noble metals such as iridium and
ruthenium for the OER and platinum for the HER are among the
best-performing catalysts; however, these are critical raw
materials.>>"'*>'® For minimizing their use, the surface-to-bulk
atomic ratio can be increased without compromising efficiency
and with substantial gains in terms of metal utilization. Dias
et al'® reported the use of IrO,/RuO, as an OER -catalyst,
deposited on o-Fe,O; thin films, to reduce overpotentials and
improve photopotential. These authors achieved a 140% increase
in photocurrent density at 1.23 Vgyg, compared with a bare o-
Fe,0; PE and a final photopotential of 1.20 V, the highest value
reported for o-Fe,Oz-based PEs. Due to the scarcity, and high cost
of Ir-based electrocatalysts, several new approaches have been
conducted aiming to lower this noble metal content without
impairing performance, such as dispersing Ir oxides on
highly conductive, stable, and with large specific surface area
supports."*” This strategy was mainly reported for water electro-
lysis but it can be used for PEC water splitting as well. Non-noble
metal oxides such as antimony-doped tin oxide (ATO),"*® indium
tin oxide (ITO),"*® and fluorine-doped tin oxide (FTO)'° are
examples of these supports. Alternatively, transition metals and
metalloids have been studied as co-catalysts in PEC systems.
Despite presenting a slightly lower activity than noble metal-
based catalysts, these elements are cheaper and more abundant,
being a more sustainable approach for industrial applications.
Over the past decade, co-catalysts such as cobalt phosphate
(Co-Pi), Fe- or Ni-oxides have been widely studied for passivating
surface states on different semiconductors.”® As an example,
Co-based catalysts can be used to assist photogenerated holes to
move away from recombination sites, located at the surface;"*>
however, Co-based materials bring special environmental
concerns, which can significantly hinder their applicability.
Nickel oxides (NiO,) have received particular attention due to
their remarkable stability and functionality.">® The use of NiO,
overlayers on BiVO, photoanodes promotes an efficient charge
transfer to the surface, thus reducing charge recombination and
improving OER kinetics. In a study by Zhang et al., NiOy
modified/Mo:BiVO, photoanodes generated a photocurrent den-
sity of 2.44 mA em™? at 1.23 Vgpyg, which is a 2-fold increase
compared to uncatalyzed samples.’>® Some co-catalysts can also
act as a protective overlayer, when applied as a thin uniform
coating, acting as a physical barrier against severe reaction
conditions."””* "> An example of this approach is the use of a
TiO, overlayer on Cu,O and PEs.”® Nevertheless, the protective
effect can only be accomplished if the catalyst coating is highly
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stable, and transparent, to avoid compromising light-harvesting
by the semiconductor layer.”* When catalyst films are not applied
uniformly, the STH efficiency can be hindered, since most
catalysts have a high extinction coefficient (opaque) or are
electrochromic under electrolysis potentials;'*® as so, the optimal
thickness of a uniform catalyst overlayer should be of few
nanometres. Alternatively, catalysts can be applied as random
or regular arrays with low geometric filling fractions, which
reduces the negative effect of opacity.

The application of co-catalysts or other surface treatments
plays a crucial role in the stability of the photoelectrode in
contact with an electrolyte solution, a process that is known to
be the competition between anodic/cathodic dissociation and
redox reaction, controlled by thermodynamic and kinetic para-
meters, respectively.”””'>” The selection of a suitable co-catalyst
and surface treatment requires a set of experimental studies to
conclude on the products of HER/OER photo(corrosion) and
other secondary reactions.'” This issue was reviewed in detail
by Ros et al. The authors concluded that the application of thin
metallic films with a few nanometers thick (enough to be
transparent) that could act both as catalysts and as a protective
layer, was not an effective solution.®® Indeed, for protecting short
bandgap photoabsorbers, such as Si, CZTS or similar materials,
protective layers of several tens of nanometers thick are required.
For that, TiO, and NiO have been the most studied materials, the
former acting as a HER/OER catalyst and the later as an OER
catalyst. Still, the authors highlight that for both TiO, and NiO,
the deposition technique, and the intermittent polarization
during long-term operation can hinder their electronic struc-
ture, therefore compromising stability.

2.1.4. Electronic conductive substrates. The preparation of
PEs for practical PEC applications implies the use of suitable
substrates to have a rigid or semi-rigid component that can be
easily inserted or removed from the reactor. Given the operational
constraints of PEC water splitting, and depending on the arrange-
ment of electrodes, the selection of the substrate can play an
impactful role in the overall performance of a PEC device. The
most simple and effective substrate for electrolysis is a metallic
substrate, such as those used in alkaline electrolysis. However, for
PEC applications, metallic substrates present critical disadvan-
tages, such as opacity, prohibiting their use in back-illuminated
arrangements and in tandem applications where sunlight should
pass from one sub-cell to the other. Also, metallic substrates often
require expensive solutions to assure durability and resistance to
corrosive environments.**® Still, different examples of their suc-
cessful use for PEC applications can be found in the literature. Lv
et al. reported porous iron oxide-based photoanodes prepared by
modulated anodization.””® Continuous square-wave modulation
and negative potentials (—2 V to —10 V range) at 100 Hz allowed
the etching anodization of the metallic Fe foil and incorporation of
Sn-dopant. These iron oxide electrodes exhibited a stable perfor-
mance over 10 h, yielding ca. 0.3 mA cm ™2 Dias et al. compared
the performance of WO; prepared over TCO-glass substrates and
over tungsten foils and concluded that the intrinsic resistivity of
the TCO-glass substrate limited the photocurrent plateau, which
was not observed in PEs prepared over metal foils."*® Also, during
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a 72 h aging test, no degradation was observed in WO; PEs
prepared on metal substrates, yielding ca. 1.5 mA cm™2,

Despite some performance limitations, TCO-glass remains
the most used substrate for solar water-splitting electrodes.
TCOs present unique advantages, such as (i) a combination of
optical transparency with electrical conductivity; (ii) tunable
energy bandgap (2.8-4.2 eV); and (iii) chemical and mechanical
stability.’®>®* As a result, TCOs have the advantages of metals
typically used for electrical contacts, while avoiding their main
drawbacks, ie. opacity and corrosion issues.'®*'®* Among
TCOs, ITO is the most broadly studied and is used in multiple
optoelectronic applications. However, ITO lacks temperature
and chemical stability, which compromises several preparation
steps of the PE downstream, and since indium is a scarce and
toxic element, its use for PEC devices has been limited.'®> FTO-
coated glass substrates became the best alternative to ITO for
PEC applications, presenting a wide energy bandgap (ca. 3.6 €V),
low-cost production, thermal stability, chemical inertness, low
sheet resistance and high optical transmittance (usually series
sheet resistance <15 Q [ ' and transmittance >80% at
550 nm).'®>'%” Also, FTO thin films can be easily prepared by
simple and low-cost methods, such as screen printing, doctor
blade, and spray pyrolysis'®*"" Due to their versatility, the
preparation of FTO glass substrates by spray pyrolysis allows for
full optimization and customization for PEC applications. By
varying the sprayed volume and the [F]/[Sn] atomic ratio and using
a figure of merit to evaluate the optoelectronic performance of FTO
substrates, Pinheiro et al. were able to tune the optoelectronic
properties of these substrates for PV applications, achieving PCE
improvements of 8.9% in DSSCs and 4.7% in PSCs."”> Hence, when
upscaling of PEs is foreseen, developing custom-made large-area
FTO-glass substrates is essential to optimize the optoelectronic
performance of the resulting PEs.

Although FTO-glass substrates have remained the preferable
substrate for the preparation of PEC photoelectrodes, they also
present non-negligible limitations. First, when practical mount-
ing issues arise, such as screwing, sealing, and sudden tempera-
ture variations (especially when the PE is used simultaneously as
a PEC cell window), the risk of cracking becomes high. Further-
more, the use of rigid substrates greatly limits the use of roll-to-
roll manufacturing techniques, which have been widely used in
large-scale production processes. Aiming to overcome these
limitations, some studies reported the preparation of flexible
PEs for solar water splitting, i.e., the deposition of semiconductor
materials over flexible substrates. Hou et al. reported an innova-
tive ZnO-based flexible PE prepared on micropatterned polyur-
ethane acrylate (PUA) fabricated by a mold transfer process.'”® A
thin layer of ITO was deposited on the polyurethane acrylate
substrate to assure electrical conductivity, and subsequently, one
dimensional ZnO nanorods (NRs) arrays were prepared by a facile
seed layer and hydrothermal method. These PEs were able to
generate 0.52 mA cm > at 1.23 Vgyg. In a different approach,
Thakur et al. demonstrated a flexible photoanode prepared on
micro-porous laboratory filter paper decorated with polypyrrole,
which displayed a bandgap of 1.98 €V, yielding 9.5 mA cm™ > at
1.23 Vege.'*
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2.2. Counter-electrodes

The classic configuration of a PEC device (Fig. 3(a)), where only
one of the electrodes is photoactive, comprises a semiconductor
operated as a working electrode (WE) and a “dark electrode”, the
so-called counter-electrode (CE), where the complementary HER
or OER takes place.'”® As so, the CE plays an equally relevant role
in the overall STH efficiency, and an inappropriate selection of
materials or design criteria can significantly hinder the perfor-
mance of a PEC device, as it must address some key features:
(i) high surface area, at least the double than that of the PE, and
good catalytic activity (to prevent undesirable photocurrent lim-
itations originated by the overpotentials at the counter-electrode);
(ii) good stability on strong acidic or alkaline media; (iii) ductility
for enabling different assembling strategies, avoiding inhomoge-
neous pathways of charge carriers and parasitic ionic paths in the
electrolyte; and finally (iv) non-toxicity, abundance and low-cost.
Unfortunately, there are few available materials that meet all the
aforementioned requirements, which makes some noble metals
the obvious choice for lab-scale experiments. As a result, Pt has
been used as a CE in small PEC devices for decades, mainly due
to its low overpotential (ca. 0.1 V) and high chemical stability over
a wide range of electrolytes and pH values. Almost like a
standardized procedure, using a spiral-shaped Pt next to the PE
became the most reported configuration among PEC character-
ization setups. Despite being commercially available in multiple
configurations, the price and scarceness of Pt make it non-viable
for large-area applications."”® Platinized meshes appeared as an
alternative for larger devices, usually consisting of Pt-coated
titanium or niobium meshes, having a higher surface area, while
preserving the stability and low overpotential features.>**?
so, the amount of Pt incorporated in these electrodes, as well as
other critical raw materials (CRMs), like Ti or Nb, make them
suitable only for pilot-scale demonstration devices.

Research efforts have been made to develop highly efficient
and stable non-noble transition-metal-based and metal-free elec-
trodes for water splitting applications. Liu et al. proposed an
efficient flexible binder-free electrode for the HER, showing a
low overpotential, compared with Pt, and notable electrocatalytic
performance.””” The authors reported the electrophoretic-
deposition of MoSe, nanosheets on carbon cloth, which is a
low-cost textile with high electric conductivity, large surface area
and excellent flexibility and strength, which facilitates its integra-
tion in PEC devices. The prepared electrodes show a large
number of exposed active edges due to the nanostructured MoSe,
sheets and the large surface area of the 3D-carbon cloth support,
displaying remarkable catalytic activity. Binder-free catalysts to be
used in the counter-electrode half-reaction own clear advantages
as the catalyst is solely formed by the aggregation or self-
supporting nature of the active material, improving: (i) activity,
as the absence of binders allows the reactants to reach the active
site easily, (ii) stability, as some binders can degrade or react with
the active components of the catalyst under harsh operating
conditions, (iii) mass transport within the catalyst structure,
and (iv) selectivity towards the desired products. However,
some binder-free catalysts/counter-electrodes may have a fragile

Even
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structure, being more susceptible to physical damage, which can
sometimes make it difficult to shape counter-electrodes to spe-
cific reactor designs and catalyst recovery. However, for a given
catalytic process, binders may provide additional stability or
tailor the catalyst properties.'’® Similar approaches are being
pursued using half-membrane electrode assemblies (H-MEA),
where the separate evolution of O, and H, gases is assured by
bonding the CE to an ion-exchange membrane. When MEAs are
used, ie. catalyst-coated membranes (CCM), the direct coating
can be made on commercially available membranes (i.e. Aemion,
Sustainion, Piperion, Nafion) or substrates, e.g. carbon cloth or
carbon paper. Usually, a catalyst-ink is applied by spray-coating or
doctor-blading, followed by thermal and pressure-finishing, with
subsequent characterization, for assessing mechanical stability,
morphology, and conductivity.'”> MEAs can be prepared with
nanoparticles of non-noble metals, such as Ni-nanoparticles,
sprayed onto a hydrophilic carbon-based current collector particle
support, which is normally bonded to an ion-exchange membrane
using an ionomer glue. The shape of the electrode can be adapted
to any reactor design and has the advantage of enabling the
operation with a vapour phase on the HER side. An example of
a carbon-based electrode was reported by Wang et al.,"** where 3-D
carbon paper/tubes/cobalt-sulphide sheets were fabricated and
tested as electrodes for the HER and OER. These electrodes
presented high activity and stability for both cases, which was
attributed to the increased exposure of active sites, improved
electron transport, and good release of gaseous products, with
demonstrated continuous water electrolysis over 2 h, presenting an
overpotential of only 64 mV comparatively to Pt/C electrodes.
Noble-metal free transition metal chalcogenide catalyst systems,
ie. (FeNi)gXg and NiX with X = S, Se, Te, and pentlandites
(Fe,45Ni, 5Sg), have shown quite promising results when used as
CEs in water electrolysis systems."*""** Solution-based bottom-up
approaches (precipitation, solvothermal) can be implemented for
the synthesis of small-particle size seleno- and telluro-pentlandites.
Still, the variation of chalcogenide/pentlandite composition as well
as particle size distribution should be optimized for each PEC
system. Fig. 5 shows schematically the incorporation of an MEA in
two different PEC device architectures.

2.3. Anode/cathode separation materials and designs

Typical PEC devices require the incorporation of an internal
separator to prevent gas mixing, avoiding the need for further
processing downstream and assuring safer and more efficient
operation. In current PEC systems, and considering the opera-
tion at <10 mA cm 2, the membrane can represent up to 17%
of the total cost of the device, more than that of the electrodes.>®
Indeed, as demonstrated by Grimm et al., the membrane is the
most expensive component of a PEC module.'®® Ion-exchange
membranes, i.e. cation or anion exchange membranes (CEMs,
AEMs), are common choices, being also widely applied in
electrolysers, fuel cells and redox flow batteries."®*'®® Whatever
the choice for the membrane, inserting a selective porous
separator in a PEC cell represents an additional resistance to
species transport between electrodes due to its intrinsic proper-
ties (conductivity and permeability to the evolved gases) and due
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Fig. 5 Schematic representation of MEAs comprising catalyst-coated
membranes assembled in different PEC device architectures: (a) back-
to-back configuration; and (b) side-by-side configuration.

to its influence on the device design, i.e. the location of the
membrane, in a large-area device, influences directly the distance
between the electrodes. As an example, Vilanova et al. demon-
strated that increasing the distance between two Pt-Ti meshes
from 1 cm to 9 cm resulted in an increase of the ohmic losses from
73 mV to 297 mV, at a current density of 8.1 mA cm > (simulating
12% STH efficiency) in 1.0 M KOH.* In another work, Berger et al.
concluded that, among the main properties of membranes, the
permeability to gases is the one that has the greatest influence on
the device configuration.'® Apart from safety-related problems,
gas crossover in a PEC device leads to an obvious decrease in net
H, collection, therefore requiring the operation at higher current
densities to collect the same amount of H,. Finally, depending on
the arrangement of PEs, namely in tandem configurations, mem-
branes may need to address other critical requirements, such as
high transmittance to sunlight.

Considering water electrolysis in acidic media, perfluorinated
sulfonic acid (PFSA) polymers, such as DuPont’s Nafion, are the
most commonly used."®® Despite being commercially available
for large-area applications, CEMs still have a high cost per unit
area (0.25-0.85 USD em™>). Similar to CEMs, AEMs comprise
fixed positive charges, which are compensated by mobile anions,
with costs ranging from 0.16 USD cm™> to 2.5 USD cm™ . Typical
AEMs include reinforced PET or PEEK, which have been reported
in several PEC devices. Poly(norbornene)-based resin membranes
are among the most expensive; they present an innovative
ionomer structure that contains a poly(norbornene) backbone
with quaternary ammonium functional groups, with an inte-
grated reinforcement layer that provides enhanced mechanical
properties.

In contrast to conventional monopolar membranes, bipolar
membranes (BPMs) were not designed for ion transport across
them. These polymeric membranes comprise a negatively
charged cation-exchange layer and a positively charged anion-
exchange layer. BPMs promote the electro-dissociation of water
into protons and hydroxide ions at the bipolar junction, without
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any gas formation; still, their use in PEC devices has been barely
assessed."®® Even so, BPMs can be an interesting approach for
PEC devices that comprise photocathodes and photoanodes,
allowing them to pair two different electrolytes suitable for their
respective oxidation and reduction reactions. Moreover, using
strong acidic and basic electrolytes at the cathode and anode
sides, respectively, reduces the overall losses in a BPM-based
cell and the induced pH gradient may tune the redox potentials
for a better alignment of the PE band edges. In this arrange-
ment, H' ions can pass through the cation exchange layer, while
OH™ can pass through the anion exchange layer; the quantity of
generated protons and hydroxides at the BPM matches the
consumption at the electrodes, maintaining a constant pH
difference across the membrane. The total bias over the cell is
not increased nor decreased by the water dissociation in the
BPM, since the potential difference required to dissociate water
over the membrane causes an equal shift in redox potentials for
the HER and OER, due to the pH difference between electrodes.
Vermaas et al. demonstrated for the first time photoassisted
water splitting performed in a PEC device with an acidic
cathodic compartment and a neutral or alkaline anodic com-
partment separated by a BPM."*° The use of a BPM allowed for
maintaining the pH gradients and reducing the needed bias
potential. PEC water splitting was promoted by a Pt cathode
immersed in 1 M H,S0, (pH 0), and by a BiVO, photoanode,
immersed in 1 M KOH (pH 14), resulting in a current density of
2 mA cm ™2 at 1.3 V; the authors reported that a minor fraction
of other ions was transported through the membrane due to
imperfect selectivity.

Aiming at eliminating the resistance imposed by selective
internal separator membrane-free PEC devices and integrated
PEC (IPEC) systems have been proposed and demonstrated.
However, these approaches often result in higher ohmic losses,
due to the larger electrode spacing, or in additional and unne-
cessary complexity, due to the need of placing extra parts or
integrating convoluted electrolyte paths to prevent gas mixing.
Nevertheless, for small-scale applications, such as standard lab
measurements, membrane-less devices are widely used, such as
the Cappuccino PEC cell."*" Here, given the small illuminated
area (ca. 0.5 cm?), the amount of evolved gases does not represent
any safety concern, though the energy performance becomes
affected.'”®> Landman et al. proposed an innovative membrane-
free PEC design where H, and O, are generated in separated cells,
and a solid-state redox system mediates the ion exchange
between the anode and cathode, both immersed in alkaline
aqueous solutions. The auxiliary electrodes (AEs) were a
NiOOH/Ni(OH), redox couple, which had the possibility of being
cycled multiple times; electrons are transferred between these
AEs through metal wires."> This approach presents some advan-
tages over the typical approach that comprises a physical gas
separator: (i) H, can be produced in a centralized generator that
can be placed at the end-user’s location; (ii) gas mixing inside the
PEC reactor is totally eliminated; and (iii) the O, evolution
compartment does not need to be sealed, thus avoiding piping
costs. Still, for large-area applications, membrane-free systems
are far from implementation, mainly because the auxiliary
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electrodes require frequent replacement and the whole system
needs further experimental validation.

3. Upscaling of PEC water splitting

Despite being investigated for over 50 years, PEC-H, production
is still far from commercialization, with few demonstrated large-
area devices. Although remarkable progress has been made in
materials for water splitting, research work is still mostly focused
on lab-scale experiments.'”*'°® Nevertheless, for PEC water
splitting to become a competitive green-H, production technol-
ogy, it is required that research devices are designed to be
scalable. Moreover, it is being recognized that the PEC device
design plays an equally important role as the photoelectrode
during the upscaling process. Device architectures with an illu-
minated area of at least 50 cm” can be considered as a first step
towards large-scale applications, given the limitations imposed
by some manufacturing equipment and by the electronic resis-
tance of some substrates, namely transparent conductive oxides
(TCOs). Indeed, some authors who have addressed the challenge
of upscaling photoelectrodes (PEs) for PEC water splitting have
considered 50 cm? as a benchmark for labelling their devices as
“large-area”.*>7*1971%8 Alternatively, scalability can be achieved
by coupling module units of smaller dimensions. Therefore,
materials engineering and fabrication techniques must be cle-
verly optimized envisaging upscaling, while preserving the per-
formance of state-of-the-art materials and assuring a low-cost
assembly towards higher TRL.

The following subsections address relevant strategies and
fabrication techniques for the preparation of efficient large-area
PEs, as well as PEC device architectures suitable for upscaling.

3.1. Engineering solutions for large-scale photoelectrodes

The upscaling of efficient PEs remains one of the main chal-
lenges for the industrial implementation of PEC-H, technology.
Although nanostructured materials have been greatly optimized
at the lab-scale (usually <5 em?),*”"** upscaling top-performing
PEs towards the expected dimensions of commercial PEC panels
(=1 m?®) without significant losses is a demanding task.#%>*
Indeed, Hankin et al.>°* demonstrated that the performance of
PEC devices is greatly affected by the geometry of the electrodes,
especially for PEs with the smallest dimension > 0.1 m. Table 1
summarizes common challenges during the upscaling of PEs
and provides a comparative overview of the advantages and
challenges of using smaller and larger PEs in PEC devices.

As mentioned before, FTO-glass stands as the most widely
used PE substrate in PEC water splitting.”°>>°® These substrates
are resistant to corrosion by commonly used electrolyte solu-
tions and allow pairing of two photoabsorbers in series, which
is a requirement for PEC-PV tandem systems, often considered
the most feasible arrangement for reaching the STH efficiency
targets.””'*> However, compared to metallic substrates, glass-
coated substrates have a relatively high sheet resistance
(usually ranging from 7-15 Q [0~'). Some promising strategies
for overcoming this drawback have been demonstrated over the

This journal is © The Royal Society of Chemistry 2024
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Tablel Comparative overview of the main challenges during upscaling of PEs and the corresponding PEC devices; [v] — easy to implement/achieve; &
possible to achieve, but with severe constraints/limitations; — very difficult to implement/achieve

Lab-scale Multi-PE Large PEs PEs with metal lines =~ Modular device PEC panel
(<5 cm?) (=25 cm?) (=50 cm?) (=50 ecm?) (=100 cm?) (>1m?
N gl o
(] P
Schematics of the PE(s) “«\”\F | 9 i >
=<y R -
L »
Preparation 4}
Testing M
Efficiency |
Stability 4}
Active area
I
Published device for
demonstration
(example) !
Cappuccino - Ve : o o
. § PortoCell CoolPEC module
cel 2 CoolPEC cell”® “

CoolPEC cell

past decade — Fig. 6. The use of conductive lines across the
substrate seems to be an obvious and easy approach for reducing
the electronic path until the current collection point.*** Lee et al.
successfully demonstrated a 131 cm> WO; PE prepared on an
FTO glass substrate with an embedded silver grid - Fig. 6(a); this
PE remains the largest prepared on a glass substrate containing
metal lines.' Silver current collector grid lines (width x height:
0.6 mm x 10 pm) were prepared by screen-printing a silver paste
on the FTO substrates, followed by annealing at 180 °C. This
substrate presented a resistance of ca. 1 Q between two points

-5

> J

TCO-glass with metal
lines protected by the

TCO-glass with metal
lines protected by

epoxy resin semiconductor
(demonstrated by Lee (demonstrated by Ahmet
et al. 2011) et al. 2019)

Artiphyction*®®

5 cm apart, considerably lower than the standard specification of
the substrate, which is 10 Q for the same distance (10 Q ).
WO; was later deposited between the silver lines by screen
printing and sintered at 500 °C. Finally, the silver lines were
encapsulated with a non-conductive and non-corrosive epoxy
resin. This 131 cm® PE generated a current density of
1.18 mA cm 2 at 1.23 Vgyg. In 2019, Ahmet et al. reported a
50 cm” BiVO, PE prepared on an FTO glass with electrodeposited
Ni lines that allowed achieving a current density of 1.5 mA cm™>
at 1.23 Vi - Fig. 6(b).”° This work followed a different approach

Embedded TCO
(ETCO) covered by the
semiconductor
(ongoing work at
UPorto)

Multi-electrode window
(multiple PEs connected
in parallel)
(demonstrated by
Vilanova et al. 2018)

Fig. 6 Demonstrated strategies for overcoming the ohmic losses in large FTO glass substrates: (a) metal lines deposited on TCO glass substrates
protected by epoxy resin; (b) metal lines deposited on TCO glass substrates and protected by the semiconductor, applied directly over the metal lines; (c)
metal lines applied on ablated glass, covered by TCO, prior to the deposition of the semiconductor; (d) multi-PE, comprising several small-size PEs
externally connected in parallel.
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to applying metal lines in a large-area glass substrate; the
photoactive material was deposited over the whole substrate,
including exposed FTO and Ni lines. These lines (7 cm long,
2 mm wide) were electrochemically deposited in a pre-treated and
masked FTO glass, followed by the deposition of a 10 nm thick
tin oxide (SnO,) layer and the 200 nm thick BivO, layer.
Despite the current density generated by these large-area
PEs (Fig. 6(a) and (b)) was less than half of the current density
generated by equivalent small-sized PEs, the use of metal lines
demonstrated to be an effective approach to overcome the
electronic resistance across the substrate. However, the stability
of these metal lines remains a massive challenge, since they
need to be protected against corrosion, which is hard to achieve
by encapsulation, such as using an epoxy resin, or covering the
substrate with photoactive materials.*"**> Some innovative
approaches have been proposed for overcoming most of
the limitations imposed by the application of metal lines in
conductive glass substrates. The ETCO (embedded TCO) -
Fig. 6(c) - basically consists of applying metal lines beneath
the TCO layer, inside ablated channels. This approach was
reported by Ivanou et al**® for a 6.5 x 6.5 cm® FTO glass
substrate. ETCO presented full stability and suppressive beha-
viour for recombination in DSSCs, allowing an increase in the
cross-sectional area of current collectors and enabling the use
of metals with good specific conductivity. However, this con-
cept still lacks a further demonstration for PEC applications,
i.e. with recirculation of corrosive electrolytes under uninter-
rupted solar illumination. The use of metal lines in large-area
PEs, with its associated problems, can be overcome by simply
connecting small PEs in parallel - Fig. 6(d), fulfilling large-area
requirements while avoiding corrosion-related problems, as
demonstrated by Vilanova et al.>®” The authors developed a
multi-electrode support with 5 x 10 cm” that can be assembled
as a PEC cell window. Through the connection of eight PEs in
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parallel using this support, a slightly higher photocurrent
density and photopotential were reported, compared with a
single 50 cm® o-Fe,O; PE. Apart from the significant perfor-
mance losses imposed by the substrates, the successful demon-
stration of upscaled PEs is also related to the preparation
technique of the semiconductor. Given the obstacles presented
by upscaling of PEs, “classic” metal oxide PEs have been the
subject of relevant studies aiming at increasing the active area
without significant losses in performance while improving
their stability under standard operating conditions. Table 2
provides an overview of the current status of large-area PEC
water splitting.

3.2. Brief overview of scalable fabrication techniques

Deposition techniques can be divided into chemical and physi-
cal, as well as into dry and wet. Dry techniques include processes
such as thermal and plasma-assisted atomic layer deposition
(ALD), sputtering and evaporation, while wet techniques include
the application of inks/pastes, solution-based methods or
chemical sprays with subsequent thermal processing.>'> Most
lab equipment is optimized and calibrated to prepare highly
efficient PEs only for small-area applications;"*®*'? record-per-
forming PEs usually have few square centimetres.*®'”> Moreover,
even when the preparation techniques allow the use of large-area
substrates, it is difficult to ensure uniform layers across the
entire PE area. Ahmet et al. assessed this problem by dividing
their 50 cm” BiVO, PE into four equal parcels of 12.5 cm?;’® each
of them was tested individually. The authors concluded that the
variation between the samples remained below 13%. However,
even when the prepared material is uniform, the performance
deviation between small and large samples is often attributed to
the preparation technique. As an example, Lee et al. reported
that the shape of the metal grid applied on the 131 cm®> WO; PE
did not allow using the 5 multi-step deposition procedure

Table 2 Overview of demonstrated PEs for PEC water splitting with an active area >25 cm?, ordered by active area; Type | corresponds to the wired
back-to-back design, Type Il corresponds to the wireless back-to-back design, Type Il corresponds to the side-by-side design, and Type IV corresponds

to the membrane-less dual reactor device design; adapted from ref. 97

Top absorber [bottom or Area  Current density Stability PEC

side absorber] Electrolyte/pH (em?®)  (mA em /sy (%) (h) architecture Year Ref.

FTO/WO;/Mo-BivVO,/Co-Pi 0.5 M N2a,80, + 0.1 M 25 2.20@1.23 V 1 Type I 2018 Yao et al.**®
KH,PO,/pH 7

FTO/Fe,04 1.0 M KOH/pH 13.6 26 1.11@1.45 V — Type III 2018 Vilanova et al.>*’

LaTiO,N 0.1 M Na,SO, +1 M 40 0.56@1.23 V — Type I 2019 Dilger et al.”®
NaOH/pH 13.4

W/WO; 3 M MSA acid/pH 0.14 49 0.90@1.45 V — Type I 2014 Lopes et al.*®

FTO/Fe,0; [2 x SHJ Si] 1.0 M KOH/pH 13.6 50 1.05@1.45 V 1008 Type III 2017 Vilanova et al.*®

FTO/Ag-Pt/W:BiVO,/CoPi [2 x SHJ Si] 0.1 M KPi buffer/pH 7 50 1.50@1.23 V/ 2.1 — Type III 2019 Ahmet et al.”®

FTO/Cu grids/Cu,0/AZ0/Ga,03/RuOx 0.5 M Na,SO, + 0.1 M 50.4  3.70@0 V — Type 1 2016 PECDEMO'%?
KPi/pH 5

FTO/Fe,05 1.0 M KOH/pH 13.6 51 0.47@1.45 V — Type I 2014 Lopes et al.*

FTO/Au grids/NiFe-BiVO, 0.1 M H;BO;+ 543  2.55@1.23 V 5 Type I 2020 Huang et al.**®
Na,B,0,-10H,0/pH 8.4

2 series-connected 1.0 M KOH/pH 13.6 64 —/3.9 40 Type II 2016 Turan et al.>!

a-Si:H/pc-Si:H tandem PV cells

FTO/Fe,05 [c-Si] 1.0 M KOH/pH 13.6 100  0.56@1.84 V/0.71 8 Type IV 2020 Landman et al.”"'

FTO/WO; [2 x SHJ Si] 0.5 M H,SO,/pH 0.3 131 1.18@1.23 V/ 2 — Type II 2011 Lee et al.'®

FTO/Ti-Fe,0; 1.0 M KOH/pH 13.6 200 2.00@1.45 V 48 Type III 2019 Vilanova et al.”’

Mo-BiVO,/CoPi [Si PV] 0.1 M KPi buffer/pH7 16000 — — Type I 2017 Tolod et al.'”®

2404 | Chem. Soc. Rev,, 2024, 53, 2388-2434
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Table 3 Summary of preparation techniques suitable for PEC water splitting materials (adapted from ref. 42); O O O corresponds to “Low" and denotes
minimal impact or resource consumption, while @ @ @ corresponds to “"High” and denotes substantial impact or resource consumption

Characteristics

Synthesis Techniques Waste  Time-consuming Quality Cost Comments

Physical ~ Spin coating (wet) [ X J©) [ JOX©) @O0 OOO Limited for multilayers
Evaporation 000 [ X NGO @00 @@O Low melting point only
Magnetron sputtering 000 [ X X ] 000 OO0 Expensive equipment

Chemical ALD 000 [ X X J 000 000 lLimited chemistries; expensive equipment
CVD [ X X J [ X NGO @O0 @@®O High contamination
Plasma ALD/CVD [OXORE) 000 000 OO0 Expensive equipment
Spray pyrolysis (wet) 00O [ X X6 @00 OO0 Ideal for oxides
Ink jet (wet) [ JOX®) 000 @O0 @OO Ideal for patterned areas
Electro/electroless plating (wet) [ X X ] [ JOX©) @O0 OOO Ideal for metals
Sol-gel/slurry (wet) [ JOX©) [ JOX®) OO0 OOO Low reproducibility
Solution-based methods (hydrothermal) @ O O [ X NGO @O0 OOO Low-cost, limited quality control

optimized for smaller samples, which do not have a metal grid."*
Consequently, instead of presenting an optimal thickness of
25 um, large WO; PEs were prepared via a one-step deposition
procedure, presenting a thickness of 5 um. Table 3 presents a
summary of comparison between technologies suitable for pre-
paring large-area PEs.*?

When a preferable preparation technique does not allow
achieving a uniform semiconductor deposition across the sub-
strate, having a multi-PE window could be an interesting
approach, as it allows working with small PEs prepared using
state-of-the-art techniques/equipment. Even so, this multi-elec-
trode window needs further optimization, especially due to the
increased complexity brought by electrical connections and the
associated costs.”®” As described by the authors, this window
limits the implementation of tandem arrangements, since the
electrical connections made at the back of the cell block part of
the incident light. The research group of Lee has achieved a
significant breakthrough in large-scale PE manufacturing using
inkjet printing.*** The proof-of-concept of fully inkjet-printed
a-Fe,O; layers on an FTO glass substrate was demonstrated
with a 20 x 25 array and photo-illumination area of 500 cm?;
the authors also reported the formulations for preparing other
semiconductors. However, they did not provide any informa-
tion regarding the performance of large-area inkjet-printed PEs
or on economic and environmental analyses.

3.3. Device architectures for practical applications

Among the various architectures used in PEC devices, two main
groups of planar architectures can be identified, based on the
implemented strategy for separating the evolved H, and O,:
(i) PEC reactors comprising an internal mechanism to separate
the evolved gases; and (ii) membrane-free systems comprising
separated cells.*” Considering the strategy for connecting the
electrodes, it is possible to divide planar PEC device architec-
tures into four main types: the back-to-back design, where the
electrodes can be connected wired or wireless - type I and type
1I, respectively; the side-by-side design - type III; and the
membrane-less dual reactor device - type IV. Types I, II and
III use a membrane separator for dividing the anode from the
cathode inserted in a single container. Fig. 7 shows schemati-
cally these four main PEC device architectures. Table 4 presents

This journal is © The Royal Society of Chemistry 2024

more detailed information regarding PEC reactors of each type,
designed and implemented for large-scale solar H, products.
The back-to-back PEC design containing the electrodes in a wired
configuration (type I) is the most studied architecture for both
lab- and large-scale applications. This design is quite similar to
the well-known alkaline electrolysers (AEC), comprising a reser-
voir for the electrolyte wherein the electrodes are immersed and
physically separated by an ion-exchange membrane. Over the
past decade, different approaches were reported for scaling up
this family of devices: (i) in 2011, a 100 cm* “stacked” PEC
reactor was reported for the first time by the Imperial College of
London;*'*?'® (ii) in 2014 UPORTO developed the 100 cm?®
“PortoCell”, which was further improved in 2016;*>*" (iii) in
2015, the European Union (EU) project ArtipHyction developed
the largest PEC prototype to date, with an irradiated surface area
of 1.6 m*>'® and (iv) in 2019, EPFL patented an integrated PEC
(IPEC) device, whose concept was validated experimentally using
a close electronic integration between the III-V-based photoab-
sorber (4 cm?) and the IrRuOx-Pt-based electrocatalyst."” Holmes-
Gentle et al. reported an STH efficiency of >20% at a H,
production rate of >2.0 kW (>0.8gmin '),**° landmark results
with PV-grade PEs, such as Si-perovskite cells. Although great
efforts have been pursued to successfully upscale type I PEC cells,
the arrangement of electrodes for a PEC-PV tandem configu-
ration has always been a limiting factor for the efficient utiliza-
tion of the solar spectrum, and also required an optimized
electrolyte flow pattern for efficient dissipation of heat and
evolved gases. The upgraded version of the “PortoCell” was the
first PEC design that included an optimized flow pattern and
simultaneously addressed ohmic losses across the electrolyte
reservoir; still, this design presents some disadvantages under
real operating conditions.”’” On the other hand, the ArtipHyction
prototype was the first device that validated the transfer from lab-
scale cells to pilot-scale units; however, its viability was compro-
mised by the low overall PEC performance: STH conversion
efficiency of ca. 2% with a 5% decrease over 1000 h of continuous
operation.**®

Type II PEC reactors are rarely reported; an example of this
architecture was successfully demonstrated in 2015 by Walczak
and his co-authors®** with the development of the so-called
Louvered cell. In the Louvered prototype, planar macroscale

Chem. Soc. Rev., 2024, 53, 2388-2434 | 2405
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Demonstrated large-area PEC device architectures
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Fig. 7 Schematic representation of the four main planar PEC device architectures. PE — photoelectrode; CE — counter-electrode; M — membrane; AE —

auxiliary electrode.

tandem PEs are installed at a certain angle in a chamber; the PE
compartments are separated by an anion-exchange membrane.*****>
During the water splitting process, O, and H, are collected in
different compartments of the cell, respectively — ¢f. Fig. 7.2****°
The overall efficiency of these PEC reactors is highly dependent on
the performance of the tandem PEs but is equally important to
ensure a proper ionic transport with low overpotentials.*?®

Within the type II architecture, integrated tandem monolithic
PEs, where the top and bottom absorbers are combined into a
single monolithic electrode, offer several practical benefits. Since
the illumination path is confined through a single thin mono-
lithic device, optical scattering, and parasitic absorption losses
are mitigated. Also, due to the monolithic nature, ohmic losses
are significantly minimized due to the low dispersed current
density paths and tunneling between junctions.’” By using
integrated tandem monolithic PEs, the PEC reactor design can
be more easily narrowed, which is essential for reducing manu-
facturing costs and facilitating device installation. Still, mono-
lithic wireless configurations have been less investigated than
other electrode configurations, which is mainly due to the

2406 | Chem. Soc. Rev,, 2024, 53, 2388-2434

complexities and difficulties related to electrode fabrication and
characterization. The characterization of a wireless monolithic
device is particularly challenging, as it does not allow having any
direct electrical wiring to a potentiostat. Therefore, the perfor-
mance of the device can only be assessed by collecting the
gaseous products, which is experimentally more difficult, as gas
leakage, especially H,, is one of the most reported issues in lab-
scale devices.”*® Notwithstanding, monolithically integrated PEs
offer unique advantages for achieving commercial PEC water
splitting, due to the simplicity and compactness of the associated
device. Ahmet et al. have demonstrated the use of low-cost and
scalable deposition techniques to produce a planar and nanos-
tructured tandem photoanode, consisting of n-Si/SiO,/TiO,/WO;/
BiVO,/Fe(Ni)OOH and a Pt cathode as an H, evolution catalyst,
which provided a combined photopotential capable of unassisted
solar water splitting, generating 0.3 mA cm™? in 1.0 M KBi pH 9.3
buffer solution.**° Zhu et al. have also demonstrated a monolithic
PEC device with simple engineering and low loading of catalysts
through the integration of a new class of double perovskite
cobaltites for the OER, reporting a 6.6% STH under 71 h of

This journal is © The Royal Society of Chemistry 2024
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Table 4 General overview of PEC devices built and tested over time: detailed information concerning large-scale design features; , — successfully
— not assessed; @ — non-optimized or not possible to implement

implemented/optimized;

Design type
Author (according to  Photoactive
Year designation  Fig. 7) area (cm?) Design features General indicators Ref.
2011 Stacked PEC  Type 1 e Demonstrated: + Gas separation: Nafion e PE: Si-doped a-Fe,O3 215,216
reactor - (10 x 10) em? membrane
v PV integration: a PV cell can be e Performance: 2.5 mA cm @
placed outside the PEC reactor or 0.7 Vygojug in 1 M NaOH under
immersed in the electrolyte using white (Xe) lamp irradiation
protective materials (35Wm™?)
o Electrolyte feeding: not o Stability: not assessed.
optimized for continuous operation
o Configuration of electrodes: not
suitable for tandem arrangements
(photoanode//HER metal catalyst)
Concentrated sunlight: not
assessed.
2014-2016 PortoCell Type I e Demonstrated: © Gas separation: Teflon™ or ion e PE: o-Fe,0; 39,217,220
exchange membranes; gas crossover
was observed when the device was
operated in a tilted position
- 2014 version: v~ PV integration: PV cell placed e Performance: 0.5 mA
behind the PE cm 2@1.45 Vgyg in 1 M NaOH
under AM 1.5G illumination
(1000 W m™2); STH efficiency not
presented for tandem
configuration
(10 x 10) em? v Electrolyte feeding: fully e Stability: not assessed.
optimized in the 2nd device
version (2016)
- 2016 version: o Configuration of electrodes: not
ideal for tandem arrangements
(photoanode//photocathode -
dual side illumination using a
dual mirror system; photoanode//
HER metal catalyst; and photo-
cathode//OER metal catalyst)
(7.2 x 7.2) em® o Concentrated sunlight:
assessed in 2016 (2nd device
version - the front window slightly
overheated; further adjustments
are necessary).
e Prototype:
- 4 PEC cell
modules of
(7 x 7) cm?
2014-2016 EMPA PEC Type III e Demonstrated: Gas separation mechanism was e PE: a-Fe,O; photoanode 221-223
reactor — not specified
BioPEC - (10 x 10) ecm® ~ PV connection: a PV cell can be e Performance
placed outside the PEC reactor or
immersed in the electrolyte using
protective materials or tandem PEs
Electrolyte feeding system was ~ 0.45 mA cm ™ >@1.45 Vg in 1 M
not investigated KOH under AM 1.5G illumination
(1000 W m™?)
v Configuration of electrodes o Stability
suitable for tandem arrangements
(photoanode L HER metal catalyst
and photocathode L OER metal
catalyst)
Concentration sunlight: not 70 min running time
assessed.
2015 ArtipHyction Type I e Demonstrated: + Gas separation: Nafion e PE: BiVO, photoanode 218

prototype

- 1.6 m?,
composed of
20 strings of

5 PEC cell mod-
ules of (58.0 x
12.4) cm®

This journal is © The Royal Society of Chemistry 2024

membrane

v PV integration: PV cells were
placed outside the PEC reactor
(the overall exposed illuminated
area was increased; the final
configuration is not a real tandem
system)

Chem. Soc. Rev,, 2024, 53, 2388-2434 |

e Performance: 2% STH efficiency
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Author

Year designation

Design type
(according to Photoactive

Fig. 7) area (cm?)

Design features

General indicators

Ref.

2015 Louvered cell

2016-2020 Membrane-
free PEC cell
for alkaline
water electro-
lysis in sepa-
rate H, and
0, cells

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

2016-2019 CoolPEC cell

2018-2020 CoolPEC
module

2408 |

Type I e Demonstrated:

-2 PEC cell
modules of (1.6
x 4.4) cm® -
possible to
increase

Type IV e Demonstrated:

-1 and 100 cm?

e Forecasted:

-5 x 9 array of
(10 x 10) cm*

Type IIT e Demonstrated:

- 50 cm?

Type IIT e Demonstrated:

- 200 cm?, 1 x
4 array of 50 cm?*
PEC cells

Chem. Soc. Rev,, 2024, 53, 2388-2434

v Electrolyte feeding: assessed
o Configuration of electrodes: not
suitable for tandem arrangements
(photoanode//HER metal catalyst
and photocathode//OER metal
catalyst)

Concentrated sunlight: not
assessed.
v Gas separation: Nafion membrane
(only works in acidic media due to
electrode constraints)
v PV integration: PV immersed in
the electrolyte (tandem PE)
v Electrolyte feeding: assessed
through multi-physics modelling

o Configuration of electrodes: not
ideal for tandem arrangements
(photoanode//photocathode)
Concentrated sunlight: not
assessed
0O Dual side illumination: no
information concerning the
system transparency.
v Gas separation: H, and O, in
separate cells
v PV integration: the PV cell can
be placed outside the PEC reactor,
or immersed in the electrolyte
using protective coatings or
tandem PEs
Electrolyte feeding: not
assessed
v Configuration of electrodes:
suitable for tandem arrangements
Concentrated sunlight: not
assessed, but it was tested under
natural sunlight in outdoor
conditions.

v Gas separation: ion exchange
membrane

v PV integration: PV cell placed
behind the PE, or immersed in the
electrolyte using protective
materials or tandem PEs

v Electrolyte feeding: fully
optimized

v Configuration of electrodes:
ideal for tandem arrangements
(photoanode | HER catalyst and
photocathode L OER catalyst)

v Concentrated sunlight:
assessed in the SoCRatus setup.

v Gas separation: ion exchange
membrane

o PV integration: If multi-
electrode windows are used
instead of standard 50 cm?” PEs,
the possibility of placing a PV cell
at the back of the PE is
compromised.

e Stability: Not clearly described.

e Performance: 0.24% STH
efficiency

o Stability: 20 h.

e Electrodes: Ni foil and Pt-plated
stainless-steel mesh
e Performance

(STH efficiency):
1 cm* 7.5%

100 cm?: 0.68%

e Stability:

1 cm?: 1 h; 100 cm?: 83 h.
e PE: a-Fe,0O; and dual
CoPi/W:BiVO,

e Performance

(STH efficiency):

o-Fe,03: 1%

W:BiVO,: 2%

o Stability:

o-Fe,03: 1008 h.

e PE: 32 small a-Fe,O; PEs or
single 50 cm? planar o-Fe,O; PEs,
connected in parallel

o Performance

224-226

69,192,227

43,79,217
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Table 4 (continued)
Design type
Author (according to Photoactive
Year designation  Fig. 7) area (cm?) Design features General indicators Ref.
v Electrolyte feeding: fully 2 mA cm ’@1.45 V, 1 M KOH, ca.
optimized 6000 W m >
v Configuration of electrodes: e Stability
ideal for tandem arrangements
(photoanode L HER catalyst and
photocathode L OER catalyst);
v Concentrated sunlight: asses- 4 days.
sed in the SoCRatus setup.
2019 Integrated Type I e Demonstrated: + Gas separation: MEA (proton- e PE: Concept validated with triple 17
PEC (IPEC) exchange nanoporous solid con-  junction InGaP/InGaAs/Ge PV
device ductor, Nafion 115 membrane solar cell

coated with catalyst particles on
each side, sandwiched between

two gas diffusion layers and two
bipolar flow plates)

o Performance: 0.88 A cm ™2,

17.2% STH efficiency, under ca.

474 kW m™2
o Stability: 2 h.

-4cm® 4 x v Electrolyte feeding: fully

1 cm?® III-V PV optimized

cells

- Possible to Configuration of electrodes:
increase may be suitable for tandem

arrangements with a buried
junction (electronic integration
between the photoabsorber and
electrocatalyst)

v Concentrated sunlight:
assessed with thermal and mass
transport optimization.

continuous illumination.**' Monolithic architectures can also be
considered for the full integration of conventional PV electrodes
in PEC devices, enabling to achieve remarkable STH
efficiencies.>'*”*”*3? Kistler et al. demonstrated a wireless mono-
lithic vapor-fed PEC device assembled with a III-V triple-junction
photovoltaic (PV) electrode embedded in a Nafion membrane,
where the catalyst was applied by compression of catalyst-mod-
ified carbon electrodes against the front and back PV contacts.>**
This device allowed for achieving an unprecedented 14% STH
efficiency over 1000 h of cumulative device operation.

In a side-by-side design (type III), as the nomenclature
suggests, CEs are placed side-by-side to the photoactive WE,
perpendicular to the direction of the incident light; a
membrane is placed between electrodes on both sides to avoid
gas mixture - ¢f. Fig. 7. Therefore, the side-by-side architecture
is considered more feasible for large-area tandem PEC-PV
devices, since it comprises an open pathway for sunlight to
reach the sublayers of photoactive electrodes. An example of a
demonstrated type III device is the “CoolPEC” cell.** This
50 cm” device was optimized for continuous operation, includ-
ing some key features: (i) the PE is simultaneously one window
of the cell; (ii) uses a feeding manifold for the electrolyte,
assuring efficient gas bubble detachment from the windows,
low concentration polarization of the electrolyte and efficient
heat dissipation (crucial when the cell is operated under
concentrated sunlight); and (iii) a narrow, easy-assemble and
cost-efficient embodiment. The “CoolPEC” was successfully
demonstrated as a tandem PEC-PV device; when equipped

This journal is © The Royal Society of Chemistry 2024

with a 50 cm” a-Fe,0; photoanode displayed a constant current
density of ca. 0.45 mA cm ™2 at 1.6 V, under 1000 W m ™2 and
with constant electrolyte feeding at 45 °C, over 42 days (1008 h)
of continuous operation; the extra bias potential was provided
through the combination of two silicon heterojunction (SHJ)
solar cells.” This cell was also tested with a 50 cm® dual CoPi/
W:BiVO, photoanode assembled in a tandem arrangement with
2-series connected SHJ cells, generating ca. 1.7 mA cm™2.7° In
2020, Vilanova et al. demonstrated a 200 cm?® modular device,
comprising four 50 cm” CoolPEC cells in a linear array; this
device was tested outdoors under homogeneously concentrated
solar radiation (up to 12.8 kW m~?) provided by a linear Fresnel
reflector and achieved a maximum current density of ca.
4 mA cm™>.°7*** Although the reported STH efficiency for this
architecture remains below 10%, this target can be achieved
with more efficient PEs, such as GaInP/GalnAs tandem absorbers,
which can achieve an STH efficiency of 16%.>*

Type IV PEC devices consist of a membrane-free water
splitting system comprising separated cells for the hydrogen
and oxygen evolution, and auxiliary electrodes to ensure the
charged species transport between the anode and cathode sites.
This architecture, which uses a photoelectrode under alkaline
conditions, was disclosed by Technion in 2015%*” and reported
by Landman et al. in 2017'°? and in 2020.°° In the demonstrated
device, Ni(OH),/NiOOH electrodes, commonly used in recharge-
able alkaline batteries, were assembled as auxiliary electrodes
(AEs). During electrolysis, the NiOOH electrode is charged in the
oxygen cell, while the Ni(OH), electrode is discharged in the H,
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cell. The oxygen produced at the photoanode can be released to
the atmosphere, eliminating the need for sealing the photopanels,
while H, is produced under unilluminated conditions, in sealed
reactors, enabling a centralized production, and avoiding large
piping for H, collection. This concept was successfully demon-
strated in small-area cells (6.03 cm?), achieving an STH efficiency
of 7.5%."°% Subsequently, it was upscaled to 100 cm> and compris-
ing dual o-Fe,O; photoanodes assembled in tandem arrangement
with a Si-PV module, generating ca. 0.55 mA cm ™ over 10 cycles of
8.3 h. Type IV devices incorporate important cost reduction
strategies since the use of membranes is avoided and piping is
shortened; even so, the STH efficiency of large-area devices
remains too low, and the need for regularly replacing the AEs is
a serious drawback. Besides the device architectures considered in
Fig. 7 and Table 4, other PEC designs can also be found in the
literature.*"'*%*3¢ However, these designs are still at a conceptual
stage, due to the lack of experimental validation, or because their
scalability is not possible. For instance, a particle-suspension PEC
system appears to be a simple and attractive design, with no need
for large electrodes, wires and compartmentalization; however, no
efficient gas separation method is available for this approach and
the price of good-performing particles is prohibitively high.'*>?%”
Some other reported architectures might prove promising in the
near future, but the lack of experimental validation hinders a
fair comparison with designs that were already experimentally
assessed. Holmes-Gentle et al.*' demonstrated an innovative
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approach of a membrane-less PEC cell using multi-physics
modelling, where the evolved gases are kept separated by
hydrodynamic control; this conceptual design was engineered
to minimize energy losses associated with the ionic transport
and to avoid membrane costs. PEC designs that consider
operation with water vapour have also been proposed, but are
still in early stages of development.'®*?**® Several patents dis-
closing PEC reactors have also been filled by different groups/
companies over the years; however, in most cases, only the
conceptual design is reported, and few report large-area
devices.”****' Independently from the device architecture, a
decision-tree approach is a very effective strategy for designing
and optimizing a PEC device, as exemplified in Fig. 8.

3.4. Assembling requirements for practical PEC devices

When the commercialization of a technology comes into sight,
and particularly in the renewable energy market, discussing an
economy of scale becomes inevitable. In this context, para-
meters such as the modularity and scalability of the devices,
their CAPEX, EPC (engineering, procurement, and construction)
efforts and, naturally, the cost per unit of mass of produced H,
turn out to be the differentiating factors when choosing between
technology A or B. Although the performance of the device is
directly related to the performance of the photoelectrodes,
which translates into greater or lesser amounts of H, produced
by the device, the reactor embodiment assumes an extremely

L] [ [ ] [
Faststandardized | ast!ab testing and A ' Frezc ] Primary use
testing at lab-scale pe Oy Come B
(<5cm?) demonstration / modular device PEC panel H
(5-50 cm?) (50 cmf— 1 m?) (>1m?) :
v v
— o - - PEC device
Type | Type Il aypeill Separated architecture
(Back-to-back (Back-to-back (side-by-side) e
wired) wireless) _ ueet® il :
e <« ® ®
Prepared for Integrated solar Standard v
coupling with solar concentrating illumination Solar exposure
concentrators components conditions Critical operating
conditions
(] R ) -
Aqueous Aqueous solution
conductive with biomass VEreriEs? Electelvie
solution derivatives
o *i ° ° v
Single-junction Multijunction tandem PE configuration Photoactive
component
> e .
e e specifications
Rigid substrate Flexible substrate Substrate H
o :
) ® o ;
Noble-metal Metal meshes Carbon-based Dark electrode "
Other critical
e 4 o () o © components
Anionic MEA bipolar  Noneed (. Membrane g
v i
[ (] [ J [ ] © :
Stainless steel PMMA PEEK PU () Embodiment .
Final
Trea manufacturin
° ° ° o i
- Sealin oLl
O-Rings Gaskets Glue () ealing
Fig. 8 Example of a decision-tree used to develop a hypothetical and generic new PEC device.
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relevant role in the final cost of the technology. On a laboratory
scale, the main objective is to build a reactor that is stable to a
wide range of electrolytes and that is easily assembled and
disassembled. Given these assumptions, most of the reported
laboratory devices tend to incorporate expensive materials, such
as PEEK,”*> PMMA,>** and quartz.”” In an economy of scale,
these materials will naturally have to be replaced by cheaper ones
commonly used in commercial reactors, such as polyurethane or
composite materials. Proper sealing of PEC reactors is also an
extremely important aspect for commercialization, both to avoid
leakage of corrosive or environmentally harmful liquids and to
avoid gas leaks, especially H,. Considering PEC devices described
in the literature, different sealing strategies have been used,
including conventional rubber O-rings,* silicone gaskets,?** and
glues.”®” Yet, commercial sealing solutions will most likely be
similar to those used in fuel cells and electrolysers, such as
elastomeric gaskets and stack plates. As so, research studies on
new PEC devices should take these requirements into considera-
tion and should aim at developing PEC reactors made of low-cost
and stable materials already used on a commercial scale, incor-
porating practical sealing solutions that avoid liquid and gas
leakage and do not compromise an easy assembly and replace-
ment of the electrodes. Finally, bearing in mind, the growing
environmental restrictions and circular economy directives, the
embodiment of commercial PEC reactors should incorporate
recyclable, reusable and/or biodegradable materials, such as
composite materials or polyurethane.”*** Incorporating these
materials will be essential to lowering the technology’s carbon
footprint and ensuring fair green marketing.

4. Use of concentrated sunlight and
thermal management in PEC devices

The industrialization of PEC-H, devices does not rely only on
yielding high efficiencies, but also on ensuring a stable and safe
operation and reducing production costs. Concentrating solar
radiation is a clever strategy for meeting these targets; still, it
brings additional challenges, namely related to the increased
temperature load and the continuous operation with high current
density values.'”™® Integrating solar concentrators in PEC sys-
tems requires further optimization following a symbiotic
approach, i.e. PEC devices need to be optimized to be operated
under concentrated sunlight and solar concentrators need to be
redesigned to be compatible with several material restrictions of
PEC devices. Also, the operation under an optimum concen-
tration factor depends on the available solar irradiance (i.e. varies
with the site location) and requires appropriate thermal manage-
ment solutions for each PEC device architecture.

4.1. Overview of concentrating solar technologies

At present, the use of solar concentrators in PEC systems
remains almost unaddressed, mainly because large-scale PEC-
H, production is still at an early stage of development and
optimization, with few demonstrated devices. The -closest
approach to this synergetic strategy at a high TRL is the use of

This journal is © The Royal Society of Chemistry 2024
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solar concentrators in PV-electrolysers.>*® Both large-scale alka-
line electrolysers and PV cells have been optimized, demon-
strated and used for industrial H, production for many decades
and, in more recent years, solar concentrators have been used to
further enhance the power output of the PV component.*”**®
Currently, there is no standardized nomenclature in the literature
for grouping solar concentrators.>*® Nevertheless, some authors
grouped solar concentrators into different categories, usually
depending on the operational characteristic that better distin-
guishes the purpose for which they are used. One option for
categorizing solar concentrators considers the type of focal area,
which can be linear or punctual.”®® This criterion is directly
related to the concentration factor and temperature achieved in
the receiver. Linear concentrators provide a homogeneous light
concentration along a planar surface or a line, allowing moderate
to high-temperature values in the receiver to be reached, usually,
ranging from 100 °C to 500 °C.>*>**" On the other hand, punctual
concentrators focus sunlight in a single point, allowing very high
temperature values in the receiver to be achieved, usually above
500 °C. Another option for categorizing solar concentrators
considers the way the solar radiation is focused on the receiver,
being reflective or refractive.”>” Caron et al. suggested another
categorization for solar concentrators suitable for planar PEC
devices, based on the type of motion (fixed, translational and
rotational) and on the type of tracking (stationary, one-axis and
two-axis tracking).>®® Fig. 9 represents schematically the main
types of solar concentrators. PEC devices and solar concentrators
can be coupled via two main assembly arrangements: (i) exter-
nally, in separate structures, focusing sunlight only in the PV or
PV/PEC components; and (ii) integrated in the device itself, ie.
comprised in the glass windows.>***> Table 5 qualifies the
compatibility of each solar concentrator depicted in Fig. 9 with
the PV and PEC technologies, based on multiple categorization
criteria.

Reflective concentrators with linear focus are the most
common type of solar concentrators, including parabolic
trough collectors (PTC), linear Fresnel reflectors (LFR), and
compound parabolic concentrators (CPCs). Being studied since
the early 1910s, parabolic trough collectors (PTC, Fig. 9(a)) are
the most used linear solar concentrators, mainly due to their
simple design and low-cost.>' These concentrators work on a
single axis and have a linear receiver. Basically, curved mirrors
reflect sunlight towards a dark-coated tube (absorber), which is
located just above the mirror and contains the recirculating
working fluid.>*® Linear Fresnel reflectors (Fig. 9(b)) are used
since the mid-1960s and, like parabolic troughs, operate with a
single-axis mirror.>®” These concentrators consist essentially of
different arrays of mirrors that focus the solar radiation in a
linear central receiver, providing concentration ratios between
30 and 80. The solar receiver is located on the focal line,
defined by the tracking mirrors. These mirrors are positioned
at different angles and the tracking system is installed at each
line of mirrors to concentrate sunlight on the fixed receiver.>*®

Compound parabolic concentrators (CPCs, Fig. 9(c)) are also
a mature technology and have been used commercially for a few
decades, namely for PV applications, since they enable capturing
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Fig. 9 Schematic representation of the different types of solar concentrators: (a) parabolic trough collector (PTC); (b) linear Fresnel reflector (LFR); (c)
compound parabolic concentrator (CPC); (d) luminescent solar concentrator (LSC); (e) parabolic dish concentrator (PDC); (f) Fresnel lens (FL); and (g)

convex lens (CL). The focal area in the receiver is highlighted in red.

the diffuse solar radiation together with the direct component.
Among CPCs, the most studied and efficient type is the 2-D CPC
trough, which allows collecting and concentrating all the rays
within a specified acceptance. Some novel features have been
added to this type of solar concentrator, namely lens-walled
structures, enabling a larger acceptance angle and better optical
efficiency. Also, customized 3-D CPCs, ideal for PV applications,
are a great improvement over traditional 2-D CPC troughs,
achieving optical efficiencies higher than 90%, considering that
the incident rays are smaller than the acceptance angle.”*
Advantageous design features of the different reflective linear
solar concentrators may be combined to produce better solar
concentrators. The best example is the combination of LFRs with
CPCs, where the receiver of the LFR incorporates a secondary
reflector, usually based on a 2-D CPC.>*° Due to the linear and
cylindrical receiver configuration, reflective linear solar concen-
trators are mainly used for heating a thermal fluid or for steam
generation; therefore, they are not usually coupled to water
electrolysis devices. Nevertheless, these solar concentrators can
be redesigned for coupling with PEC devices, including double-
axis tracking systems and special supports for holding linear-
array reactors. As a result, these concentrators can provide
homogeneous concentrated sunlight in a rectangular focal plane
(low to medium concentration range), with the advantage of
having a small form factor.>®* SoCRatus, developed by the Ger-
man Aerospace Centre, is one of the best examples of an LFR
suitable for PEC devices, having been already demonstrated for
this purpose.”” This solar concentrator, equipped with 22 linear
mirrors and a two-axis tracking system, concentrates sunlight in a
rectangular flat focus of 250 x 10 cm?, ideal for holding linear-
array reactors,**>¢>

Solar concentrators with a punctual focus can be considered
the second big group of solar concentrating devices, including
the reflective and refractive types. Parabolic dish concentrators
(PDCs, Fig. 9(e)) are probably the most well-known punctual

2412 | Chem. Soc. Rev,, 2024, 53, 2388-2434

solar concentrators, presenting a simple design, based on a
parabolic reflective dish, usually equipped with a dual-axis solar
tracking system, being commonly used for power generation.
The central receiver is located at the focal point,*** reaching
concentration factors up to 3000. PV and PEC devices can be
coupled with PDCs, but only if structural changes are made,
namely placing the receiver out of the focal point, introducing
secondary reflectors or using materials with lower reflectance in
the dish.>**% still, by changing the optimal operating para-
meters of the PDC, the receiver will not get homogenous
radiation, which can lead to the appearance of parasitic species
transport paths and recombination losses.>*® The concentration
of solar radiation in a punctual focus area can also be achieved
using Fresnel lenses (Fig. 9(e)) or convex lenses (Fig. 9(g)). This
technical solution is mainly used in small devices or modular
devices comprising small individual cells. In fact, these types of
lenses have been used in concentrated photovoltaic electrolysers
(CPVE) for a few decades.”®” In this case, lenses are typically
used to focus sunlight on a special tailored multi-junction solar
cell, which is then connected to the anode of the electrolyser.>*®
Overall, both types of lenses can be coupled to PEC devices,
directing the concentrated solar radiation to the photoelectrode,
or integrated in the device itself, as a front window.>®°

Finally, luminescent solar concentrators (LSCs, Fig. 9(d)) are
a distinct type of solar concentrating devices, with a different
working principle comparatively to the other types. Typical
LSCs consist of plastic optical waveguides doped with fluor-
ophores, or glass windows coated with active layers of emissive
materials, which can absorb direct and diffused sunlight and
then re-emit it at longer wavelengths. Total internal reflection
propagates the luminescence towards a receiver (normally a PV
cell), placed on the opposite side.>’® LSCs combine the advantage
of reflective and refractive solar concentrators — collecting sun-
light from a larger area and focusing onto a smaller area; as so,
LSCs are ideal for windows.””* These devices have been pointed

This journal is © The Royal Society of Chemistry 2024
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Table 5 Main characteristics of the solar concentrators schematized in Fig. 9 and the assessment of compatibility with PV and PEC devices
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as a cost-effective alternative to optic-based solar concentration
systems aiming at enhancing the performance of stand-alone
solar cells and allowing their integration into existing or newly
constructed buildings, i.e. semi-transparent PV windows capable
of transforming energy-passive facades into large-area energy
generation units, a particularly appealing strategy towards nearly
zero-energy buildings.””>?”* LSCs can be coupled to PEC units,
replacing one of the transparent windows. Additionally, if the
emission wavelength of the LSC emitters matches the spectral
absorption peak of the photo-active electrode, the overall effi-
ciency can be further increased.””*?”>

Concentrated photovoltaic electrolysers (CPVEs) are the
closest available technology to future systems that combine
solar concentrators with PEC devices. CPVEs have been inves-
tigated as a thriving way for low-cost and clean H, production
from sunlight, aiming at improving the overall performance of
existing solar-powered electrolysers. Design guidelines have been
presented for conceptual designs, based on performance model-
ling. Based on modelling calculations and LCA analysis, Dumor-
tier et al.>’® showed that the use of an integrated concentrated PV
electrolyser allows reducing the GHG emissions of H, production
by up to seven times and increasing the energy yield ratio - the
ratio between the energy generated during the lifetime of the
equipment and the energy that they incorporate - by four times.
A good example of a successfully demonstrated CPVE device was
reported by Jia et al.,, who reported a CPVE device comprising a
PEM electrolyser assembled in series with an InGaP/GaAs/Galn-
NAsSb triple-junction solar cell. This device was operated under
concentrated sunlight, at ca. 42-suns, where the maximum power
point of the PV was adjusted to the operating capacity of the
electrolysers, achieving an STH efficiency of 30% over 48 h.”””
Still, it is important to keep in mind that in CPVEs, solar
concentrators and tracking systems will represent a significant
part of the operational costs, which will affect the final H,
production cost. Fresnel and convex lenses are also often used
in CPVE applications. Price et al.”’® demonstrated that using
high-efficiency micro PV cells embedded between a pair of plastic
lens arrays allowed reaching a 200-fold increase in the power
output comparatively to an unconcentrated cell, at an optical
efficiency of 70%, for incidence angles of ca. 60°, at a fixed
latitude tilt. This work demonstrates that high efficiencies (up to
40%) can be achieved by simply incorporating arrays of convex
plastic lenses in the front window and convex mirrors at the
back, resulting in a compact and inexpensive design.

Concentrated-PEC (CPEC) systems, coupling two technolo-
gies in a single unit, allow for reducing costs and further
improving the overall efficiency, since concentrated sunlight
is used by both the PV and the electrolyser components.””®
Unfortunately, research work addressing the use of concen-
trated sunlight in PEC systems is strongly limited by the lack
of commercial PEC devices, particularly with an illuminated
area larger than 50 cm”.”’>' In a pioneer work by Segev
et al”® two different types of o-Fe,O; PEs, ie. a 50 nm
polycrystalline dense film and a 500 nm mesoporous layer with
cauliflower structures, were subjected to simulated concen-
trated sunlight, ranging from 1 to 25 kW m . It was observed
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that the photocurrent produced by both 0.28 cm” samples
increased linearly with solar flux, while the photopotential
scaled logarithmically with light intensity. An example of exter-
nal coupling of a PEC device to a solar concentrator was
demonstrated by Khan et al., which coupled a PEC reactor
assembled with a triplejjunction GalnP/GalnAs/Ge PV cell
(0.25 cm?), and a Ni foil as an O, evolution catalyst, with a
Fresnel lens, kept at a focal distance of 5 cm, achieving an STH
efficiency of 13%.>®' Despite the STH efficiency surpassing that
assumed as the commercialization target, i.e. 10%, the active
area of 0.25 cm” remains far from any commercial ambitions.
An example of a large-area CPEC device was demonstrated by
Vilanova et al.’” The authors reported a 200 cm” PEC modular
device designed and optimized for continuous operation under
real concentrated sunlight that was coupled with a modified
linear Fresnel reflector (LFR). When equipped with nanostruc-
tured o-Fe,O; PEs, this device generated ca. 2.0 mA cm™ 2, below
14 kW m™>, corresponding to a hydrogen production of
5.5 x 107> gy, h™' em™?, the highest reported for a large-area
CPEC device; still, the STH efficiency values varied between
0.36% and 0.12%, which highlights the importance of the
compromise between area and efficiency. Splitting the solar
spectrum can be a promising strategy to further increase STH
efficiency, particularly for combined CPV-PEC devices,.**>*%% In
the work of Bicer et al.,”®* the use of light splitters allowed for
achieving power conversion efficiencies of up to 15%, enabling
the use of lower wavelengths by a Cu,O PE.

In general, CPEC devices allow for reaching higher photo-
current densities at lower applied potentials, but they still
result from the combination of two separate units, a PEC device
and a solar concentrator. Hence, concentrator-integrated PEC
(CIPEC) systems can be the ultimate approach since all com-
ponents are combined in a single unit.>*> The CIPEC approach
has been investigated for different PEC systems over the last
few years. Zhang et al. reported a luminescent solar concen-
trator based on quantum dots (QDs), which, combined
with TiO, photoanodes, achieved a current density of ca.
16.0 mA cm > (at 0.9 Vgyg), the highest value reported for
PEC cells based on CdS/CdSe QDs; still, the stability was quite
low, i.e. a 17% photocurrent decrease was recorded after 4 h,
attributed to the self-oxidation of QDs induced by ultraviolet
radiation.”®® Another example of CIPEC technology was
addressed by the SHINE-Nanotera consortium. This project
aimed at developing a PEC device with integrated solar con-
centrator units for operation under medium-range solar
concentration, i.e. from ca. 20 to 50.>%” In this case, the solar
concentrator embodied a self-tracking design, with an angular
acceptance of 32° (+16°) and an effective concentration of up to
20; water microfluidics was used for thermal management.>®®
This smart system used a dichroic mirror to split the solar
radiation, where the transmitted part (> 750 nm) was absorbed
by a black paraffin wax layer. Under solar radiation, paraffin
melts and expands upwards, creating a coupling feature for the
reflected light.>®® Then, the focal spot changes and a different
part of the actuator is activated, depending on the position of
the sun throughout the day/season. Simpler CIPEC devices can
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be assembled by just replacing one window of a PEC reactor
with Fresnel or convex lenses. The use of lenses with a short
focus distance is compatible with planar PEC device architec-
tures, providing moderate concentration factors, without the
need for additional cooling systems.

At an industrial level, the use of concentrated sunlight for
PEC-H, production is essential to boost H, production and thus
easily overcome the claimed disadvantage that PEC systems
generate lower current densities than their counterparts. Addi-
tionally, the dissipation of excess heat from increased solar load
can be more easily achieved in PEC devices than in PVs, since
PEC devices comprise electrolyte recirculation by default, which
can be optimized for thermal management purposes. Overall,
the upscaling of PEC devices for operation under concentrated
sunlight must take advantage of the know-how acquired from
mature technologies that use concentrated sunlight to drive the
water electrolysis, like currently existing CPVE plants.>*’

4.2. Thermal management strategies

Any device that is designed to be operated outdoors, such as PV
cells and PEC devices, must incorporate thermal management
strategies since, throughout its lifetime, it will experience sig-
nificant temperature fluctuations, whether related to the ambient
temperature, which can vary greatly between seasons of the year,
or even throughout the day (depending on the site location), or
related to sun exposure. Even under 1-sun, photo(electro)chem-
ical systems can reach working temperatures of ca. 60-90 °C.
While excessive heating can reduce the device’s lifetime, careful
thermal management may improve the overall STH efficiency.>*
Thermal management becomes even more important if coupling
with concentrating solar technologies is foreseen, as the receiver
area will experience a high thermal load. Taking the example of
CPVEs, thermal management was pointed out as the most critical
design feature for assuring the expected performance increase
due to high photon flux.>** Also, thermal management can play a
determinant role in the final H, cost; it should represent at least
20% of the total power costs, being ascribed mainly to water
supply for cooling purposes.

The simplest and most effective strategy to assure proper
thermal management in a PEC device is through the optimiza-
tion of the electrolyte circulation for this purpose. Indeed, water
cooling is the most widely used strategy to achieve proper
thermal management in multiple applications. By tailor-making
electrolyte feeding and recirculation, proper heat dissipation can
be achieved, ensuring safe operating conditions that prevent the
device from experiencing advanced degradation. As an example,
Vilanova et al. used fluid mechanics simulation software to
design the fluid body of a PEC reactor to optimize the electrolyte
flow.** Following a stepwise approach by changing the diameter
and location of inlets and outlets, the authors developed an
electrolyte inlet manifold incorporating several diffusers that
allowed reaching an optimized electrolyte upward flow. When
subjected to continuous recirculation at 0.5 L min ', the PEC
reactor with a photoelectrochemically active area of 200 cm”® was
demonstrated to effectively maintain a desired operating tem-
perature and dissipate excess heat under concentrated sunlight,

This journal is © The Royal Society of Chemistry 2024
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Table 6 Overview of thermal management strategies that can be used in large-scale PEC devices
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Thermal
management
strategy

Brief description

Pros/benefits

Cons/challenges

Liquid cooling

Nanofluid cooling

Evaporative cooling

Heat spreaders

Integrated
thermoelectric
generators (TEG)

Heat pipes

Air cooling

at ca. 18-suns. Khan et al. have also demonstrated that electrolyte
recirculation was sufficient to dissipate heat in a tailor-made PEC
reactor operating under 42-suns.

Apart from optimized electrolyte recirculation, there are
many different thermal management strategies that can be
used for PEC applications. Rashidi et al. have reviewed some

The simplest and most used strategy.
Consists of using the electrolyte flow
inherent to a PEC device to cool it.
The reactor is designed for having an
electrolyte flow that assures proper
heat dissipation.

Use of nanofluids, consisting of
liquids containing uniformly
distributed nanoparticles.

Refers to phase-change cooling
processes, including boiling and
evaporation. Heat of vaporization is
the basis of the cooling process.

Heat is first transferred by conduction
and subsequently it is dissipated by
forced or free convection. Heat
spreaders act as heat sinks. Heat
spreaders that have high thermal
conductivity are employed near the
feeding channel.

An array of p- and n-type doped
semiconductors are assembled
electrically in series and thermally in
parallel to form a thermoelectric
generator. A steady temperature
gradient is sustained via passive heating,
by conveniently placing the commercial
TEG between a hot PEC reactor and a
room-temperature medium.

Similar to a heat exchanger, heat
pipes with a recirculating thermal
fluid are used to promote heat
exchange.

An air flow is promoted perpendi-
cular to the PEC reactor to remove
excess heat.

281
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- Highly effective

- Simple integration

- Also promotes an effective collection
of evolved gases

- Great versatility and adaptability to
electrolytes and absorber materials

- The required cooling area can be
reduced by about 10%

- Significant improvement of thermal
conductivity and diffusivity

- Can be an upgrade to standard
liquid cooling

- Decreased coolant flow rate

- Simpler and more compact reactor
layout
- Use of latent heat of phase change

- In large stacks, it reduces the size of
the cooling system.

- Low-cost graphite-based materials
can be used as heat spreaders.

- Compact design
- Waste heat can be used for
generating additional bias potential

- Allows integrating either single or
tandem light absorbers with the TEG
in a single optical light path

- Highly effective

- Thermal management can be
performed in a separate unit,
allowing for more accurate control

- Cooling can be optimized separately

- Fluids with high thermal conduc-
tivity can be used, independently
from the electrolyte properties.

- Thermal management can be
performed in a separate unit,
allowing for more accurate control

- Cooling can be optimized separately

- No special material requirements
are needed, namely corrosion
resistance

- Requires a tailor-made manifold design
- May require a high electrolyte flow rate
- High simulation efforts

- Nanoparticles increase the viscosity of the
liquid

- Nanoparticles can cause light trapping and
react with the electrolyte

- Nanoparticles may represent additional
challenges to the recirculation equipment,
namely pumps

- Requires the use of a vapor-phase
electrolyte

- Two-phase flow instabilities

- Not suitable for all photo absorber
materials

- May increase degradation

- Complex design

- The thermal conductivity of the cooling
plates has to be very high

- Difficult integration in conventional PEC
device architectures

- Complex design

- The energy levels required for overall water
splitting limit the choice of materials to a
small selection of wide bandgap
semiconductors

- Complex design

- As the heat pipes need to pass through the
reactor, the pipe materials have to be
resistant to the electrolyte

- Depending on their location, the inclusion
of heat pipes might disturb evolved gas
collection and might cause shadowing

- Passing pipes through the reactor can add
sealing challenges

- Added maintenance efforts

- Since air has poor thermal conductivity, a
high flow rate must be used, increasing
power consumption

- Colling is promoted from the outside;

if the reactor embodiment comprises
materials with poor thermal conductivity,
such as most polymers, dissipating heat
from the inside of the reactor will be difficult
- Added maintenance efforts

of the most used thermal management strategies in fuel cells,
electrolysers and supercapacitors.”®> From the many different

options, those that can be potentially interesting for new PEC

Chem. Soc. Rev,, 2024, 53, 2388-2434 |

devices are summarized in Table 6.
It is important to note that operating under high sunlight
concentration requires both thermal and power management
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solutions.?®”

Since the energy required for promoting the water
electrolysis is much higher than the thermodynamic value
related to the energy of the reaction, mainly due to high ohmic
losses, associated with various components of the cell, i.e. the
electrodes, the electrolyte, and the membrane, which increase
linearly with the generated current but decrease with tempera-
ture, thermal management is essential for minimizing perfor-
mance losses. Tembhurne et al. developed a 2-D multi-physics
model to investigate and simulate CIPEC devices subjected to
highly concentrated sunlight, working at high temperatures and
currents.”®* It was concluded that the performance decreased
due to the faster degradation of light absorber materials and
catalysts in two distinct zones, one corresponding to a low
operating current density zone, mostly affected by temperature,
and the other corresponding to a high operating current density
zone, characterized by mass transport limitations, significantly
affected by the maximum power point. The underlying degrada-
tion mechanisms can be controlled and counterbalanced with
proper thermal and power management, by controlling the
electrolyte flow and by installing a power control unit; the
authors reported that a 12% degradation in STH efficiency could
be compensated by increasing the mass flow rate of the electro-
lyte by seven times. Tembhurne et al. also demonstrated that the
recirculation of the aqueous electrolyte solution allows the
dissipation of heat from the illuminated semiconductor, pre-
venting photopotential losses."”

One of the most interesting approaches for efficient thermal
management in PEC water splitting under concentrated sunlight
was disclosed by Pornrungroj et al.*** The authors reported an
integrated thermoelectric (TE)-PEC design for overall water split-
ting under concentrated solar radiation, where single or tandem
light absorbers and heat-harvesting thermoelectric generator
(TEG) are assembled in a single optical light path. Moreover,
waste heat can be used to generate additional photopotential to
accomplish unassisted solar water splitting. A stable temperature
can be achieved through passive heating, by placing the TEG
between the heated PEC reactor and a room-temperature med-
ium. The fundamental concept relies on assembling electrically
in series p- and n-type doped semiconductors, but thermally in
parallel to form a thermoelectric generator. The authors were
able to report unassisted water splitting under 2-sun by wiring a
BiVO, PE to a thermoelectric element. Also, the photocurrent
of a thermoelectric-perovskite-Fe,O; system was enhanced
29.7 times under 5-sun. Still, the authors also reported that
scalability might be a challenging issue to address for these
systems, as in-plane parasitic effects were already noticeable in
the reported 6 cm?® device.

Hence, commercial PEC-H, production must consider the
use of concentrating solar technologies and thermal management
for increasing H, production and decreasing performance losses.
Therefore, full-scale PEC-H, should comprise key elements, as
follows: (i) an electrical power station; (ii) a water pre-treatment
unit, including filtration systems, reverse osmosis, and a mixing
system for adding the electrolyte; (iii) the PEC devices coupled with
solar concentrators; (iv) gas-liquid separation systems, one for H,
and another for O, (When O, is considered a valuable by-product;
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the remaining liquid, should be sent back to the PEC units); and
(v) an H, purification system, including de-oxidizer and drying
sub-systems.?** Fig. 10 shows a schematic of a hypothetical CPEC-
H, production plant.

5. Use of biomass derivatives in PEC-
H, production

The use of biomass derivatives has been pointed out as a clever
approach to boost H, generation in PEC devices, allowing them
to overcome thermodynamic and kinetic constraints of conven-
tional PEC water splitting systems and to fulfil circular economy
requirements. In these systems, the Gibbs free energy is smaller
than that for the water splitting, as the redox potentials of the
biomass derivatives are much more negative than that of water,
indicating that they are more easily oxidized, making this process
more efficient from a thermodynamic point of view.**> The
operating principles of PEC-H, production from biomass deriva-
tives and water consist of (i) generation of electron-hole pairs; (ii)
movement of electrons from the PE to the CE through an external
circuit; (iii) water reduction at the cathode; and lastly (iv) oxida-
tion of biomass by the photogenerated holes to form simpler
organic intermediates and CO,.”°° The last step (iv) is equivalent
to the donation of electrons from the biomass to the PE to
consume the photogenerated holes. Overall, the fundamental
mechanism of PEC-H, production from biomass-derived oxyge-
nates (denoted as C,H,0;) and water can be simplified as follows:

C,H,0, + (2x — 22)H,0 — xCO, + (2x — 2z + (y/2))H,

®)

In this case, the performance of the PEC cell is projected to
rely on the efficient separation of charge within the PE, on the
biomass capability to exchange electrons with the PE, and on
ion transport through the electrolyte. Therefore, the addition of
organic molecules to the electrolyte started to be explored in
the PEC-H, field, since it boosts electron transfer due to the
smaller activation overpotentials.”®” For PEC devices that use
biomass derivatives, H, production strongly depends on the
properties of the PE, which should fulfil similar key require-
ments as those of conventional devices: (i) suitable band edge
positions; (ii) strong light harvesting ability; (iii) efficient
charge transport; (iv) chemical and photoelectrochemical sta-
bility; (v) high selectivity and tolerance to poison-species; (vi)
low overpotentials for the reduction-oxidation reactions; and
(vii) low-cost and abundance. Among the several materials
studied for PEC-H, using biomass derivatives and water, o-
Fe,0; has been pointed out as one of the most promising
materials. This classical semiconductor meets several funda-
mental requirements, namely a suitable bandgap energy of 1.9-
2.2 eV, ideal for solar spectrum harvest, appropriate valence
band edge towards water and organic oxidation, and chemical
stability in alkaline environments, apart from the well-known
abundance, low-toxicity and low-cost. However, it comprises
some detrimental features such as low optical absorption due
to its indirect bandgap and high recombination rates leading to

This journal is © The Royal Society of Chemistry 2024
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a short hole diffusion length (ca. 5 nm). As o-Fe,O; is the
benchmark in stability, but seems to be limited in perfor-
mance, in the pathway for a highly efficient biomass-driven
PEC-H, generation device, spinel complex ferrites based on
non-CRMs, such as ZnFe,O, and CuFe,O,, have also been
studied - Fig. 11(a). Both zinc and copper ferrite compounds
have favourable bandgap values of ca. 2.0 eV and 1.9 eV,
respectively, and they can generate higher photocurrent den-
sities under back-side illumination, ideal in a near-zero-gap
design. Nonetheless, high recombination rates and low carrier
diffusion lengths are critical challenges that have been difficult
to overcome. Therefore, upscaled systems should consider
clever design features, such as multilayer tailored arrange-
ments, passivation tunnelling, as well as innovative contact
architectures, assuring field effect passivation, suitable band
alignment, and improved oxidation and reduction processes.
From an environmental point of view, these systems are
more competitive than traditional ones, as several biomass by-
products, such as methanol and glycerol, are regarded as
renewables.>*® Moreover, transforming wastewater and sun-
light into green-H, breaks the high verticalization of the H,
market by directly turning an energy consumer into a prosu-
mer. Glycerol is an important by-product of biodiesel and soap
production. Particularly in the biodiesel industry, the largest
residue is washing wastewater.>*® Biomass-derived biodiesel
waste streams can contain glycerol at ca. 50% of purity, along

This journal is © The Royal Society of Chemistry 2024

with methanol and organic acids. Also, conventional crops used
for glycerol production present a high environmental impact
mainly arising from significant land use, especially in the cases
of palm oil, soybean oil rapeseed oil and sunflower 0il.>*” N-type
spinel oxide PEs based on MCo,0, have shown promise, like
CuCo,0,;% still, as Co is listed as CRM, CuFeO, PEs could be
more interesting for this application. However, another study on
glycerol oxidation on bare catalyst-free a-Fe,O; photoanodes did
not result in the production of formate but originated a variety
of products, indicating selectivity challenges.**® Methanol
(MeOH) is another common pollutant in the wastewater from
wood pulp, paper, and pharmaceutical industries.’> Also, the
conversion of CO, into methanol, a process with particular
interest for the upcoming years, usually produces large volumes
of wastewater containing trace amounts of MeOH, but enough
to prohibit its reuse for electrolysis or as a cooling fluid.
Although MeOH is valuable, it is difficult to recover from dilute
waste streams, becoming a cheap and valuable resource for
PEC-H, production. Bare a-Fe,0; has been demonstrated to be
active for both glycerol and methanol oxidation. Likewise, Zn
and Cu ferrites comprise structural motifs that make them
promising candidates for biomass oxidation, especially regard-
ing their catalytic activity, as their valence band positions
present sufficient thermodynamic driving force.

Nonetheless, using wastewater as an electrolyte in PEC
devices is challenging, namely because of the harsh chemical

Chem. Soc. Rev., 2024, 53, 2388-2434 | 2417
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environment created (like in the case of MeOH) and added
viscosity and clogging (like in the case of glycerol). These
challenges can be tackled by (i) using tailored catalyst layers,
providing the surface of the PE with “self-cleaning” and anti-
sticking capabilities, (ii) optimizing fluid flow, preventing
stagnant zones and facilitating the removal of organic deposits,
and (iii) using concentrated sunlight, favouring the degradation of
organics, both by intensifying photocatalysis and by increasing the
thermal load.*® Fig. 11(b) schematically shows the combination of
strategies that should be implemented to achieve high-performing
PEC-H, production from biomass derivatives and water. As con-
cluded by Huang et al., apart from understanding photocatalytic
mechanisms and kinetics at the fundamental level and developing
new advanced materials, designing novel photo-reactors able to
optimize mass transfer, photon transfer, light utilization, and
ready for upscaling is of utmost importance.’** Moreover, the
authors also concluded that optimizing the reactor operating
conditions, including photocatalyst loading, light intensity,
pressure, pH (liquid phase), reactant feed ratio, etc. is equally
important for efficient PEC-H, production from biomass-
derived products. This vision is accompanied by Luo et al., as
the authors highlight that the rational design of semiconductor-
cocatalyst systems based on Earth-abundant elements is essential
for assuring high efficiency and selectivity for a given by-product
used as feedstock.”®”

Complementarily, the system as a whole requires a tailored
optimization, where reaction parameters should be carefully
chosen, namely temperature, feedstock concentration, electrode
distance and electrolyte flow. Also, to improve the environmen-
tal performance of these systems, the development of a mature
market for oxidation products is essential. Another interesting
approach has been explored by the research group of Reisner.
The authors have been demonstrating the materialization of
different circular economy approaches by combining waste

2418 | Chem. Soc. Rev,, 2024, 53, 2388-2434

photodegradation with solar fuel production in PEC devices.**>%

In this case, particulate photocatalysts are often considered, which
is not the focus of this review. Nevertheless, Bhattacharjee et al. have
successfully used perovskite PEs for this purpose.''® Additionally,
the authors have also addressed one of the most important
environmental problems of the present, which is the contam-
ination of water resources with plastics;*” here, plastics can be
seen as a raw material for boosting H, production in PEC
devices. As an example, the authors reported a perovskite-based
PEC device capable of simultaneously producing H, and reform-
ing soluble biomass and plastic derived, using a novel Cuz,Pd5,
oxidation catalyst, achieving 60-90% product selectivity and
sustaining unassisted photocurrents of 4-9 mA cm ™2 for plastic,
biomass, and glycerol conversion, in either a two-compartment
or integrated ‘‘artificial leaf” configuration.

6. Overview of techno-economic
analysis and life-cycle assessment on
H, production

Selecting the appropriate H,-production technology for indus-
trial applications is a massive challenge. At present, green-H, is
produced mainly using mature technologies, such as conven-
tional electrolysers, which are often operated with electricity
from the grid. There are few available wide comparative studies
on H, production methods that combine life cycle and techno-
economic indicators, which are essential for understanding
how PEC-H, production performs from an all-inclusive point
of view. Indeed, for PEC-H, production, which is at an early
stage of development, adopting a holistic approach is vital for
improving its competitiveness, regarding both environmental
and economic metrics.

This journal is © The Royal Society of Chemistry 2024
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Life cycle assessment (LCA) is the most widely used tool for
assessing the environmental impacts attributed to a product or
a service, comprising three major stages: (i) goal and scope
definition, including the selection of life cycle boundaries; (ii)
inventory data collection on material and energy flows, where
emissions and consumption of resources are identified and
quantified; and (iii) estimation of the environmental impacts of
each life cycle step, normalization of the impact category indica-
tors and grouping by weighting or significance.>”® The most
common type of LCA is the cradle-to-grave approach, which
considers all steps of the life cycle, from the extraction of raw
materials until the disposal/end-of-life. For energy systems, due
to their complexity, a cradle-to-gate approach is more effective,
usually including only the production and distribution stages.
Particularly for PEC-H,, since commercial large-scale PEC devices
are not available yet, LCA studies are based mainly on assump-
tions and extrapolations from existing devices, which were devel-
oped for laboratory purposes. This can result in values with no
practical significance and are unfairly detrimental to the PEC
water splitting technology. Sathre et al. performed a close
approach to what could be an ideal prospective life-cycle inven-
tory for PEC water splitting devices.”*>*% Based on the detailed
inventory, the authors were able to calculate relevant techno-
economic indicators: large-scale PEC-H, production with a 10%
STH efficiency and a life span of 20 years (considering 1 GW per
year, equivalent to 610 ton of H, per day) would have an energy
payback time (EPBT) of 8.1 years, an energy return on energy
invested (ERoEI) of 1.7, and a life-cycle primary energy balance of
5.0 x 10" J, considering 40 years of projected service life. If the
STH efficiency is increased to 20%, the EPBT can be further
reduced to 3 years.”*> Although Sathre’s study focused on net-
energy parameters, it was possible to identify the most relevant
components of the life cycle inventory: (i) fabrication of active
materials; (ii) production of the materials used in the embodi-
ment; (iii) assembly of the cell; (iv) assembly of the module;
(v) operation of the module (including auxiliary equipment); and
(vi) end-of-life. The STH efficiency and the life span of the PEC
cells remain critical parameters, since they affect the net energy
balance, whereas the balance of system (BOS) parameters, such
as the construction and operation of liquid and gas infrastruc-
tures, present a lesser significance. However, the most limiting
factor of comparative analyses based on LCA studies is the
multiplicity of reported impact categories and the lack of stan-
dardization in the way results are presented. Following, the
comparative outlook presented here considers only the global
warming potential (GWP, kgco,eq kgu, ') and acidification
potential (AP, gso eq. kg, ') as categories of environmental
impacts, since they are the most addressed indicators; the
functional unit is 1 kg of generated H,.

Similar to environmental performance, assessing the eco-
nomic viability of H, production methods is crucial for having a
holistic view of their competitiveness, and especially for under-
standing how competitive PEC-H, is against the other
options.>”*® Due to the lack of standardization of results and
ambiguities in the definition of variables and criteria for
quantifying economic performance, the payback time and the

This journal is © The Royal Society of Chemistry 2024
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levelized cost of hydrogen (LCOH) were the economic indicators
selected for the comparative analysis presented here. In short,
the payback time indicates the duration for which a facility
needs to be operated to produce an amount of H, equivalent to
the energy required for its manufacturing, construction, and
decommissioning; it is calculated as the ratio between the fixed
energy input and the annual net energy output under full-scale
steady-state operation.*> This parameter is not suitable for
classification as a life-cycle metric, since it does not consider
the energy generated after reaching the payback time; therefore,
the service life of the facility is not included in the calculations.
The LCOH usually refers to the ratio between the net present
value of the total cost of constructing and operating an H, plant
and the total H, production over its lifetime. As so, it can be
assumed as the total cost needed to bring an H, production
facility to a commercially operational status, combining indivi-
dual purchase costs with installation factors, indirect costs (i.e.
engineering, construction, contingency costs, taxes, etc.) and
maintenance during the lifetime of the facility.

Finally, it is essential to choose the H,-production technol-
ogies that should be compared with PEC water splitting. At
present, there is no specific taxonomy for grouping H, produc-
tion methods, but one can assume a logical categorization
depending on the main energy input, being classified as fossil
fuel- or renewable-based.>'*'! Fossil fuel-based technologies are
more mature, widely developed and account for almost 95% of
current H, production.>'*> Among them, steam methane reform-
ing (SMR) and underground coal gasification (UCG) are the most
widespread; others include hydrocarbon pyrolysis and autother-
mal reforming. Despite accounting for only 5% of current H,
production, renewable-based technologies are more diverse but
essentially comprise (i) water splitting based technologies, which
include electrolysers (alkaline — AEC, proton exchange membrane -
PEM, and solid oxide electrolysis cells - SOEC, supplied with
electricity from the grid or from wind, hydro or solar-PV plants),
photoelectrochemical (PEC) water splitting and high-temperature
electrolysis (HTE), and (ii) bio- and thermochemical processes,
where biomass and organic matter are degraded, generating H,,
which can be assisted or not by solar radiation (direct and
indirect bio-photolysis, photo and dark fermentation).>"* A new
way of classifying H, production methods has emerged in recent
years, consisting basically of a colour code.*"* This colour cate-
gorization started when H, production based exclusively on
renewable sources became unanimously recognized as ‘“green
hydrogen”. However, given the diversity of H, production tech-
nologies, there was a need to create a colour code that could also
encompass other technologies, distinguishing the working prin-
ciple, the primary resources, and the generated emissions. Even
so, this colour code is not unanimous and, depending on the
literature, some colours might have different definitions, thus
making the classifications imprecise. For instance, yellow-H, can
easily be found as referring to PV-electrolysis or grid-fed electro-
lysis. Fundamentally, there are three colours that are widely used
and accepted, and whose definition is not controversial: (i) grey,
produced by steam methane reforming, partial oxidation, or
autothermal reforming; (ii) blue, produced from fossil fuels,
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but with carbon capture, utilization, and storage; and (iii) green,
produced by water electrolysis using exclusively electricity from
renewable sources. Fig. 12 schematizes the adopted taxonomy for
H, production based on renewability and on the H, colour code.
Although the colour code considered in Fig. 12 might seem
something trivial or of little importance, the truth is that it has
become extremely relevant in the H, market, since this classifica-
tion has been directly influencing the value of products made
from H,, such as synthetic fuels, ammonia, methanol, among
others. Furthermore, the inconsistency and dynamics of the CO,
market®'>*'® have played a crucial role in the H, price, boosting
the choice for processes that are based on renewable sources and/
or have a neutral or very low carbon footprint.*’” Given the
evident trend of increasing taxes and penalties for the emission
of greenhouse gases (translated into tons of CO, eq.), this has
become the present determining criterion for choosing a H,
production technology. In fact, presently the economic competi-
tiveness of H, production processes relies more on the cost of
CO, emissions rather than on the cost of raw materials.>'®3%°
Furthermore, this discussion often leads to existentialist ques-
tions such as “how green electrolysis really is ?” If one considers
only the H, production process, water electrolysis does not
generate CO, emissions, but if one considers, for instance, the
life cycle of PV panels, the CO, balance may not be so green. On
the other hand, methane decomposition results in the produc-
tion of turquoise H, which, if based on natural gas, can have a
neutral CO, balance, but if biomethane is used, the CO, balance
can be negative. Therefore, it becomes imperative to assess the
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Fig. 12 Grouping and categorization of H, production methods: (a) based on renewability; and (b) based on colour code.

environmental performance of a certain H, production process
based on its life cycle, particularly regarding its global warming
potential, as it will strongly influence the LCOH.

For the present comparative overview, a brief description of
each H, production method, as well as its pros and cons,
benefits and challenges, is summarized in Table 7. Only H,
production technologies for which it was possible to collect
enough data to perform a reasonable comparison were con-
sidered, as detailed in Table 8. The comparative outlook of
environmental impact categories and production costs of the
selected H, production method is presented in Fig. 13.

The obtained results clearly show that UCG is the H,
production technology with the worst environmental performance,
with a GWP of 18.0 kgco, eq. kgiy,”* and an AP of 34.1 gso_ eq. kgiy,
Nevertheless, AEC grid presented the highest GWP, with a total of
24.6 kgco, eq. kgHz’l. It is important to note that this GWP value
comes with a significant error, which is due to the highly variable
nature of electricity from the grid; in many countries, the grid is
supplied by fossil-fuel-powered plants, which significantly hin-
ders the environmental performance of AECs.****”® On the
other hand, wind-electrolysis presented the lowest GWP con-
tribution, with 1.0 kgco, eq. kgHz’l, while PEC water splitting had
the lowest associated AP, with 1.3 gso, eq. kgp, . Overall, PEC
water splitting is the H, production method with the lowest
environmental impact, which is consistent with other compara-
tive studies.>*® As an example, Karaca et al. performed a cradle-
to-gate LCA study considering PEC-H, production based on
an 870 cm?® PEC reactor that generated 3.15 mA cm 2%

This journal is © The Royal Society of Chemistry 2024
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Table 7 Brief description, key benefits and challenges of the H, production processes selected for the comparative study

Technology/
abbreviation

Brief description

Pros/benefits

Cons/challenges

Underground coal
gasification/UCG**°

Steam methane
reforming/
SMR321:322

Biomass

gasification/BG***

Biogas reforming/
BGR324

Steam methane
reforming with
carbon capture and
storage/SMR-CCS

Methane splitting/
MSSZS

High-temperature
electrolysis/HTE**®

Alkaline electrolysis
via electricity from
the grid/AEC-grid*”’

Photovoltaic
electrolysis/
PV-EC322:328

Still, one of the most used processes to
produce H,. Coal is subjected to high
temperature and pressure conditions in
the presence of a controlled amount of
O, (or steam), being broken down into
syngas, i.e. carbon monoxide (CO),
hydrogen (H,), and methane (CH,).

Methane is first catalytically reformed at
high temperatures, producing carbon
monoxide and a syngas mixture. H, is
further produced through the water-gas
shift reaction.

One of the main routes for the
thermochemical conversion of biomass,
occurring at higher temperatures than
pyrolysis (700-1200 °C), in the presence
of an oxidizing agent, originating
mainly gaseous products (syngas,

i.e. H, and CO).

Similar to fossil fuel-based SMR, but
biogas is used as a renewable resource
for producing H, (usually 55-65% CHy,,
and 30-45% CO,).

The same technology as conventional
SMR, but with a carbon capture and
storage unit downstream.

Methane decomposition, also known as
methane pyrolysis or methane cracking,
is an endothermic process (that occurs
typically at 700-1100 °C) where CH, is
decomposed in the presence of a
catalyst, generating H, and solid carbon.
Water splitting occurs at high
temperatures (700-1000 °C) and the
primary source (nuclear, concentrated
solar power) generates both thermal and
electrical inputs. Solid oxide electrolysis
cells (SOECs) are a commonly used
process.

Electric current is provided to two
electrodes immersed in a liquid
electrolyte, usually concentrated KOH,
resulting in the production of H, at the
cathode and O, at the anode. The two
electrodes are separated by a selective
gas diaphragm.

Solar panels generate electricity, feeding
an electrolyser (PEM or alkaline) with the
appropriate potential to split water.

This journal is © The Royal Society of Chemistry 2024

- One of the most mature
technologies for H, production
- Low payback time

- Low water footprint

- Cleaner and more effective than
coal combustion (if power
generation is considered)

- Currently the most common and
cost-effective method for H,
production.

- Abundant, renewable, and
cheap feedstock.

- It is a renewable process

- Promotes forest cleaning,
reducing the forest fuel and
preventing wildfires

- Possibility of also using
municipal waste in the process.

- Biogas is a renewable source of
methane

- Coupling with commercial
digesters, landfills, or wastewater
treatment plants.

- Despite using fossil fuels, the
whole carbon balance can be
almost zero

- Mature process

- H, is easily purified

- If bio-methane is used, the
carbon balance might be negative

- Absence of GHG emissions

- Coupling to existing nuclear
power plants allowing large-scale
production

- Free of GHG emissions.

- Combined heat and gas
generation

- Mature and reliable technology
- Already optimized for large-scale
operation

- Required constant power
supply, preventing intermittent
operation.

- Comprises two mature
technologies already optimized
for large-scale operation

- The main energy source is
renewable and clean.

Chem. Soc. Rev., 2024, 53, 2388-2434

- High emissions of GHG

- High acidification potential

- As it uses a fossil fuel, the generated H,
is not renewable

- If carbon capture is not considered, the
high carbon taxes may undermine
cost-effectiveness

- High emission of GHG

- High capital costs

- Coke deposition during the reaction.

- Formation of tar aerosols and ash
(leading to slagging, fouling and
agglomeration)

- As the process generates CO and/or
CO,, the resulting H, is considered
brown-H,.

- Expensive separation and purification
units

- Not suitable for intermittent operation
- Substrate pre-treatment is crucial

- It can generate undesirable
subproducts

- Feedstock quality

- Carbon capture and storage

- Low tolerance for impurities.
- Increased capital cost

- It is still non-renewable

- Carbon capture is quite expensive

- Still at low TRL; few commercial
solutions available

- Innovative catalysts and reactors are
needed for the reaction to occur at lower
temperature

- Few chemically stable materials for
high temperature and highly reducing/
oxidizing environment.

- It carries all the well-known problems
of nuclear energy, such as safety issues,
hazardous waste handling, and the
discussion of whether it is renewable
or not.

- High capital cost
- Corrosive operational environment

- Operation at high potential (1.8-2.4 V)

- Not necessarily green

- Need for ultrapure water (leading to the
formation of a concentrated wastewater
stream)

- Two separate devices are required to
drive water splitting (PV unit and
electrolyser)

- Single-bandgap PV cell

- Considerable land footprint
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Technology/

abbreviation Brief description

Pros/benefits

Cons/challenges

Wind electrolysis/ Wind power plants (grid-connected or

- The main energy source is

- Comprises two mature technol-

- Intermittence of sunlight
- Intermittence of wind

- High capital cost

ogies already optimized for large-
scale operation

- Possibility of using concentrated

- Aesthetic impact and noise.
- Still at an early development stage

Wind-EC**® autonomous) feed the electrolyser renewable
(directly or through batteries).

Photoelec- The electrodes are in contact with an

trochemical/ electrolyte in a single device where, at sunlight

PEC**%7 least, one is photoactive. H, and O, can

be produced in the same compartment
(divided by an ionic exchange
membrane) or in physically separate
compartments.

- Low-cost materials
- Operation at low temperature

- Scalability and stability of PEs
- Operation in a corrosive environment
(strong alkaline or acidic media).

- Operation at low potentials
- Plenty of room for optimization.

Table 8 Average values of global warming potential (GWP), acidification potential (AP), energy payback time (EPBT), cost and efficiency for each H,
production method, obtained from a literature survey on LCA and techno-economic studies

GWP AP EPBT LCOH Efficiency

Kgco, eq. kg, ! 850, eq. kg, " Years kgy, %
UCG 18.0330-333 34.1330,331 6.9334 0.933° 79,330,335
SMR 16.614,336-343 16.614:337,339,341-343 4.6344 1.5329,337,342,345-347 65.5348:349
BG 4.3326,350-352 91.9330,351-354 4.83%0 3.5330,355-357 45.0330:350
BGR 7-6337—340 4.93453358,359 . 360 3. 337,347,361 44.3347
SMR + CCS 0.3311,330,362 16.8%%% 7.5363 1.6311,330,362,364 65.8330
MS 543657367 14,7365 na. 0.4325,366-368 58.0%6°
HTE 1.4326,339,342,351,352,370 3.5339,342,351,352,359,370 10371 4.5330,342,372,373 82.0330:374,375
AEC-grid 24,6341,376-379 1,9330,353,376 3.1380 7.0327,342,346,352,357,372 74.0341,352
PV-EC 3.414:337,342,351,352,381 9,(14:337,342,351,352 10.0%82 .5279,330,337,373 12.3277,383
Wind-EC 0.914:337,339,341,342,352,381,384 3,714:337,339,341,342,352 6.4385:386 5.1329,337,342,347,386,387 31.0347:358
PEC 1.029-330,343,351,352 9,(330,343,351,352 5.4232,309,388 6.929,330,352,373,389 16.184232

The results obtained for PEC-H, production were compared
with other three H, production processes, namely SMR, PV-EC,
and wind-driven PEM water electrolysis. It was concluded that
PEC water splitting is the most environmentally friendly tech-
nology, namely considering the GWP and AP impact categories.
This study also reveals that the PEC reactor and the membrane
are the components with greater contribution to the total
environmental impact, which confirms the importance of using
non-toxic, abundant, and highly recyclable materials in device
design.

As solar-based AEC is the currently available industrial
technology that is closer to PEC-H, technology, a parallel com-
parison between LCA studies can provide key information on
which components and which lifecycle stages have a higher
contribution to the environmental impacts of future PEC-H,
plants. In an LCA study conducted by Palmer et al on PV-
electrolysis, the authors found that most of the normalized
environmental impact of the complete system came from the
PV panels, mainly related to the production of metallic silicon.>**
Hence, PEC devices can be competitive, as they are not so
dependent on metallic silicon and can incorporate photo-absorb-
ing electrodes that are made from Earth-abundant materials and
do not require such energy-intensive manufacturing processes. In
another LCA study on alkaline water electrolysis, Koj et al.

2422 | Chem. Soc. Rev., 2024, 53, 2388-2434

concluded that the anode and the cathode have the highest
contribution to the acidification potential (AP), while the infra-
structure and the electrodes contribute equally to the GWP.>"®
This reinforces the need for choosing non-toxic, abundant, and
chemically stable materials for PEC water splitting, produced via
clean and non-complex fabrication techniques. It was also found
that operating an AEC-H, plant for 5 years has an impact on AP
and GWP that is 9 times higher than the construction stage; as
so, optimizing the operating parameters, such as maximum solar
harvesting and thermal and power management, becomes criti-
cal for reducing the environmental impact of future PEC-H,
production plants. In terms of economic performance, SMR
remains the most competitive option, with a payback time of
4.6 years and a production cost of 1.5 $$ kgHZ’l, although AEC-
grid has the lowest payback time, averaging only 3.1 years.
However, it is important to note that these results are based on
studies that do not consider sudden events that can strongly
affect the price of fossil fuels and, particularly, the price of
natural gas; as an example, in a timeline of only a few months
during 2022, the price of natural gas increased by more than
200%, reaching values as high as 315 € MWh ™', which can ruin
the competitiveness of SMR.*** In this scenario, and based only
on the cost of thermodynamic energy, SMR would produce H, at
a cost of 21 USD kg™, and renewable-based H, production would

This journal is © The Royal Society of Chemistry 2024
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become much more competitive. Nevertheless, and based on a
“so-called standard scenario”, AEC-grid achieves the lowest pay-
back time; indeed, it is the first H, production technology,
studied over two centuries. On the other hand, HTE has the
highest payback time, mainly because it is commonly associated
with nuclear power plants, which require a large initial invest-
ment. This comparative analysis also shows that PEC water
splitting generates H, at one of the highest costs, averaging
6.9 $$ kgHzfl. This result can be attributed to its early develop-
ment stage, resulting in considerable expenses for producing and
replacing PEs (which still have a low lifespan) and for manufac-
turing PEC panels (which still require the use of expensive and
scarce materials, i.e. highly resistant polymers, noble metals).

After quantifying the environmental and economic perfor-
mance of each H, production method, normalization was made
using the following equation:***

max — p.;
X,i %

Ranking(methodi) = 10 (4)

max — min
where p, ; is the average value of parameter x of the H, production
method i; ranking equal to 0 translates to the poorest perfor-
mance and 10 indicates the best performance (zero-cost and zero-
emissions). The normalized results are presented in Fig. 14. PEC
water splitting remains a promising option for sustainable H,
production, scoring a remarkable environmental performance,
but lacking economic arguments. It is important to note that the

This journal is © The Royal Society of Chemistry 2024
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Fig. 14 Overall performance comparison of H, production processes.

use of biomass derivatives as feedstock for PEC-H, production
can significantly improve the environmental performance com-
paratively to conventional PEC systems, as the oxidation of
biomass shortens the pathway towards carbon neutrality and
circular economy, also being quite interesting from an economic
perspective.

On the other hand, more mature and widespread technologies,
such as UCG and SMR, are financially safer, and more appealing to
investors and H, consumers. So far, steam methane reforming
with carbon capture and storage is the H, production technol-
ogy that assures the best compromise between environment and

Chem. Soc. Rev,, 2024, 53, 2388-2434 | 2423
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economics. Nevertheless, due to the geographically dispersed
availability of primary renewable energy sources, i.e. wind, solar,
and water resources, each case has to be analyzed separately,
independently from the environmental and economic ranking;
as an example, one can assume that wind-powered electrolysis
would be a preferable option over PV-electrolysis for Nordic
countries, such as Denmark, and solar-power electrolysis would
be recommended for desert regions, such as North Africa or the
Arabian peninsula. Overall, water electrolysis technologies offer
more room for achieving a better environmental performance
whereas fossil fuel-based technologies allow for a better eco-
nomic performance.*>***°° However, the margin for reducing the
environmental impact of fossil fuel-based technologies is very
small, while the margin for improving the economic perfor-
mance of renewable-based H, production processes is huge,
which represents a vital endorsement for future investments in
green-H, production.

7. Conclusions, closing remarks and
future opportunities

PEC water splitting celebrated its 50th anniversary in 2022.
Over 50 years, and side-by-side with a never-before-seen devel-
opment in materials and technologies, PEC water splitting has
been the subject of numerous publications and the forerunner
of several discoveries and advancements in semiconductors,
catalysts, nanostructures, and many others. Almost inexplicably,
PEC-H, never left the lab and remains at a low TRL, still far from
commercialization. Fortunately, the current global situation
became a unique opportunity for the development of technolo-
gies that promote decarbonization, with a particular focus on the
production of green fuels, where green-H, has clearly assumed
the status of a hot topic. Indeed, the third decade of the 21st
century witnessed sudden events that greatly affected the energy
market dynamics, with a subsequent brutal impact on energy
prices. World-leading countries started to question if the result-
ing economic turmoil could muffle their willingness to imple-
ment key changes in the energy market, endangering ambitious
carbon neutrality goals, namely through green-H, production.***
By 2022, fossil fuels supplied ca. 95% of the global H, production,
more specifically 48% produced from natural gas, 30% from oil,
and 18% from coal, which undermines the “green” labeling that
H, is ambitioning.*'**%* Surprisingly, many private and govern-
ment institutions interpreted the current situation as a great
opportunity to implement drastic changes in the energy market,
attributing to green-H, a prominent position in the financial
packages to be distributed.’*> For example, in the European
Green Deal, green-H, is a priority for achieving carbon neutrality
by 2050. It is mentioned that the large-scale deployment of green-
H, is mandatory for reducing GHG emissions towards 55% by
2030, requiring research and innovation efforts, manufacturing
capabilities for supplying H, to large consumers, and especially,
it is necessary to accelerate the development of promising
technologies at low TRL, such as PEC water splitting.****°” For
instance, within the European context, the latest update of the

2424 | Chem. Soc. Rev,, 2024, 53, 2388-2434
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Renewable Energy Directive (RED III) stipulates that the utiliza-
tion of Renewable Fuels of Non-Biological Origin (RFNBOs),
where renewable gaseous H, is included, will result in a carbon
credit bonus for meeting the European targets mandated by the
directive. As such, low-carbon fuels, particularly those whose
production relies on green-H,, are currently witnessing unpar-
alleled and distinctive valorisation, which is translated into a
unique opportunity for PEC water splitting, as the technology is
expected to have one of the lowest carbon footprints among H,
production technologies. Sustainable energy production based
on renewable sources and diversified technologies is essential to
avoid sudden and steep fluctuations in energy prices due to
unpredictable events, especially in countries where fossil fuel
imports account for a considerable market share.**®

There is no doubt that green-H, has gained the reputation of
“key player” in future energy systems; still, a critical question
remains: would PEC water splitting be able to compete with
other green-H, production technologies? The simple answer is
yes. Although in terms of thermodynamics and kinetics, the best
PEC-H, systems can only hope to match the best PV-EC;**° the
differentiating competitive factor relies on the environmental
and functional advantages of PEC water splitting, as PEC devices
benefit from the integration of light absorbers with electrolysis
technologies in a single unit, with no peripheral electronics.*?
LCA studies show that, among currently available H, production
processes, PEC water splitting has the lowest environmental
impact, despite coal gasification and steam methane reforming
remaining the more financially appealing options to investors
and H, consumers, due to their economy of scale and maturity.
This reinforces that scalability is one of the most critical chal-
lenges for turning PEC water splitting economically viable in the
upcoming years.">>”?”” With state-of-the-art photoelectrodes, to
reach a similar H, output as PV-EC, the active area of PEC devices
must be at least 50 times larger, which means in the range of a
few hundred centimeters."® Therefore, the commercial viability of
PEC-H, production strongly relies on the successful upscaling of
energy-efficient PEs,'®® namely on achieving the benchmark
values of the three-pillar criteria for commercialization, ie. an
active area of 100 cm?, 2920 h of stable performance (8 h over 365
days with a decrease of max. 10% of the initial current density)
and a current density of 10 mA ¢cm >, Complementarily to the
successful upscaling of efficient PEs, using concentrated sunlight
is a simple and clever way to boost H, production. For that, solar
concentrators must be compatible with PEC device restrictions,
and PEC devices must be compatible with the specifications of
solar concentrators. No matter the concentrating solar technol-
ogy, adopting thermal management strategies is essential to
avoid performance losses due to the added thermal load. Finally,
the competitiveness of PEC water splitting can be further
enhanced using biomass derivatives, which allows overcoming
thermodynamic and kinetic constraints of conventional systems
and meeting circular economy requirements, by using waste-
water as an electrolyte.

During the upcoming years, the field of PEC-H, production
shall experience an unparalleled economic and research stimu-
lus, which will allow for bridging lab-scale research with

This journal is © The Royal Society of Chemistry 2024
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commercial interests. The best way forward is to accept, at first,
that PEC devices will need to operate very close to their funda-
mental thermodynamic limits, at large scale."*®*°® This will
require a solid convergence between academics and industry
and research efforts should be directed to: (i) build and demon-
strate large-scale PEC devices assembled in a highly recyclable
embodiment, incorporating clever design features and CRM-free
electrodes and catalysts; (ii) demonstrate high STH efficiency
values for large-area PEs that are in the same range as the PV
cells; (iii) develop preparation techniques for large-area PEs that
can be easily implemented on an industrial scale; (iv) enhance
the chemical stability of PEs targeting tens of thousands of hours;
(v) investigate and develop new approaches for coupling solar
concentrators with PEC devices; (vi) find suitable organic com-
pounds for PEC-H, production systems, with the corresponding
ideal PEs, catalysts and membranes; and (vii) reach consensual
standardized methods for evaluating PEC devices, based on
environmental and techno-economic metrics.

If these targets are not met in the next decade, the feasibility
of PEC-H, production will be seriously compromised and the

This journal is © The Royal Society of Chemistry 2024

topic could tend to become another subject without practical
application for society. Nevertheless, investment in research on
PEC devices should move forward, especially given the quest for
decarbonization. Moreover, PEC devices are finding other
applications beyond water splitting, such as in solar redox flow
cells.®®*°! Overall, the incorporation of PEC-H, production into
the energy market should be a gradual process and should not
aim at dethroning existing technologies, but aspire instead to
be part of a symbiotic integration (Fig. 15).

Abbreviation

AE Auxiliary electrode

AEC Alkaline electrolysis

AEM Anion exchange membrane
ALD Atomic layer deposition

AP Acidification potential

ATO Antimony-doped tin oxide
AZO Aluminium-doped zinc oxide
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BESS
BG
BGR
BHJ
BIPV
BOS
BPM
CAPEX
CCM
ccs
CE
CEM
CIPEC
CL
CPC
CPEC
CPVE
CRM
CZTS
DLR

DSSC
EC
EIS
EPBT
EROEI
ETCO
EU

FL
FTO
FOM
GHG
GLAD
GWP
HER
HTE
IPEC
ITO
LCA
LCOH
LFR
LSC
MEA
MOFs
MS
OER
PCE
PDC
PE
PEC
PEEK
PEM
PET
PFSA
PMMA
PS
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Battery energy storage system
Biomass gasification

Biogas reforming

Bulk heterojunction
Building-integrated photovoltaic
Balance of system

Bipolar membrane

Capital Expenditure

Catalyst-coated membranes

Carbon capture and storage
Counter-electrode

Cation exchange membrane
Concentrator-integrated photoelectrochemical
Convex lenses

Compound parabolic concentrator
Concentrated-photoelectrochemical
Concentrated photovoltaic electrolysis
Critical raw material

Copper zinc tin sulfide

German Aerospace Centre (Deutsches Zentrum
fiir Luft- und Raumfahrt)
Dye-sensitized solar cell
Electrolysis/electrolyser
Electrochemical impedance spectroscopy
Energy payback time

Energy return on energy invested
Embedded transparent conductive oxide
European Union

Fresnel lenses

Fluorine-doped tin oxide
Figure-of-merit

Greenhouse gases

Glancing angle deposition

Global warming potential

Hydrogen evolution reaction
High-temperature electrolysis
Integrated photoelectrochemical
Indium tin oxide

Life cycle assessment

Levelized cost of hydrogen

Linear Fresnel reflector

Luminescent solar concentrator
Membrane electrode assembly
Metal-organic framework-based materials
Methane splitting

Oxygen evolution reaction

Power conversion efficiency

Parabolic dish concentrator
Photoelectrode

Photoelectrochemical

Polyether ether ketone

Polymer electrolyte membrane
Polyethylene

Perfluorinated sulfonic acid
Poly(methyl 2-methylpropenoate)
Polystyrene
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PSC Perovskite solar cell

PTC Parabolic trough collector

PV Photovoltaic

PV-EC Photovoltaic-electrolysis

QD Quantum dot

RE Reference electrode

RFNBO Renewable fuel from non-biological origin
RHE Reversible hydrogen electrode
SMR Steam methane reforming
SOEC Solid oxide electrolyser cell
SP Spray pyrolysis

STH Solar-to-hydrogen

TCO Transparent conductive oxide
TE Thermoelectric

TES Thermal energy storage

TEG Thermoelectric generator
TRL Technological readiness level
UPORTO University of Porto

UCG Underground coal gasification
Us United States

uv Ultraviolet

WE Working electrode

WS Working sense
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