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Abstract

Sunlight-driven water splitting allows renewable hydrogen to be produced from

abundant and environmentally benign water. Large-scale societal implementation

of this green fuel production technology within energy generation systems is

essential for the establishment of sustainable future societies. Among various

technologies, photocatalytic water splitting using particulate semiconductors has

attracted increasing attention as a method to produce large amounts of green

fuels at low cost. The key to making this technology practical is the development

of photocatalysts capable of splitting water with high solar-to-fuel energy

conversion efficiency. Furthermore, advances that enable the deployment of

water-splitting photocatalysts over large areas are necessary, as is the ability to

recover hydrogen safely and efficiently from the produced oxyhydrogen gas. This

lead article describes the key discoveries and recent research trends in

photosynthesis using particulate semiconductors and photocatalyst sheets for

overall water splitting, via one-step excitation and two-step excitation (Z-scheme

reactions), as well as for direct conversion of carbon dioxide into renewable fuels

using water as an electron donor. We describe the latest advances in solar water-

splitting and carbon dioxide reduction systems and pathways to improve their

future performance, together with challenges and solutions in their practical

application and scalability, including the fixation of particulate photocatalysts,

hydrogen recovery, safety design of reactor systems, and approaches to

separately generate hydrogen and oxygen from water.
KEYWORDS
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Key points
Fro
• The urgent need for humanity to reduce its dependence
on fossil fuels and shift to renewable fuels has driven
interest in the large-scale implementation of
photocatalytic water splitting using solar energy to
produce green hydrogen.

• Near-perfect conversion yield for photocatalytic water
splitting was achieved under irradiation using ultraviolet
light and the feasibility of scaling up photocatalytic solar
hydrogen production by photocatalyst sheet was
demonstrated using a 100 m2 outdoor prototype panel
reactor system. These breakthroughs provide key steps
toward large-scale implementation.

• Proactive development of visible light-responsive
photocatalysts with high solar-to-hydrogen energy
conversion efficiencies, and improvement and further
scale-up of photocatalytic water-splitting systems, are
priorities for their large-scale deployment to be
competitive with existing fuel production technologies. In
this regard, photocatalyst sheets are a game-changer.

• Safety is of utmost importance when handling
oxyhydrogen gas that can result from photocatalytic
water splitting; risk can be reduced to an acceptable level
by ensuring the safety of the entire process and complying
with relevant laws and regulations. An alternative to the
production of oxyhydrogen gas is the separate generation
of hydrogen and oxygen, which is inherently safe.

• An accrediting organization composed of experts with a
deep understanding of photocatalysis would be
instrumental in streamlining the hydrogen production
process and certifying reported solar-to-hydrogen energy
conversion efficiencies, thereby supporting further scale-
up and implementation of photocatalytic water-
splitting systems.
Introduction

There is a continued growing concern that human activity is

affecting Earth’s climate, which is amplified by the increasing global

energy demand (1). As the industrial sector is one of the largest

consumers of primary energy, derived mainly from fossil resources,

there is societal pressure to reduce the heavy dependence on such

resources to address the climate crisis. Hydrogen (H2) has garnered

increasing interest as a versatile energy carrier and as a fundamental

chemical used, for example, for the hydrogenation of carbon

dioxide (CO2) to hydrocarbons and nitrogen (N2) to ammonia

(NH3). While current technologies largely derive hydrogen from

fossil resources, hydrogen can also be produced renewably from

water, including through sunlight-driven water splitting. Large-

scale societal implementation of this new green fuel production

technology within energy generation systems is essential for the

establishment of sustainable future societies.

A key practical consideration of any new approach is the land area

required for the technology to meet our energy demand. Estimated
ntiers in Science 02
global primary energy consumption in 2021 equates to an average

power usage of 18.9 TW (2). Assuming a solar-to-hydrogen energy

conversion efficiency (STH efficiency) of 10% and a relatively strong

annual solar irradiance of 2000 kWh m−2, the ground surface area

needed to meet this demand would be 8 × 105 km2. This is much

larger than the world’s largest solar power plant in Sweihan, United

Arab Emirates (7.8 km2), and exceeds even the area of Japan (3.78 ×

105 km2) or the United Kingdom (2.44 × 105 km²). Aside from the

challenges of STH efficiency and scalability, solar-driven hydrogen

production processes must meet stringent requirements for total

system cost and service life if they are to be economically feasible.

Assuming a total system cost of US$100 m−2, a service life of

approximately 10 years, and an annual depreciation rate of 4%, the

estimated cost of solar hydrogen is US$3.5 kg−1 (3). As this cost

is higher than that for hydrogen derived from natural gas (US$0.5–

1.7 kg−1) (4), further reductions in costs, improvements in STH

efficiency, and extension of the system service life are needed.

Photovoltaic-assisted electrochemical systems, photoelectrochemical

systems, and photocatalytic systems have each been used to

generate hydrogen via sunlight-driven water splitting (5, 6). An

elaborate laboratory-scale photovoltaic-powered electrolyzer can

exhibit an STH efficiency of 30% (7) and pilot-scale plants based

on this technology have been constructed worldwide. Even so,

large-scale production of solar hydrogen is likely still more

expensive than generating hydrogen from fossil resources (6, 8).

Photoelectrochemical designs probably involve similar challenges in

cost and scalability because current approaches incorporate

photovoltaic-grade materials and/or solar cells to achieve high

STH efficiencies. In addition, suitable reactors and operating

conditions must be discovered to minimize the concentration

overpotential between hydrogen-evolving photocathodes and

oxygen (O2)-evolving photoanodes during scale-up while allowing

them to receive sunlight effectively (9). Systems based on particulate

photocatalysts are potentially much simpler and less expensive and

can also be readily scaled up, although they exhibit lower STH

efficiencies at present. Recently, many researchers have focused on

improving the performance of photocatalysts in sunlight-driven

water splitting (3, 10–13).

This article describes the key discoveries and recent research

trends in photocatalysis using particulate semiconductors and

photocatalyst sheets for overall water splitting (OWS), via one-step

excitation and two-step excitation, or Z-scheme reactions, as well as

for direct conversion of CO2 into renewable fuels through artificial

photosynthesis. We describe the latest advances in water-splitting

systems and pathways to improve their future performance, together

with challenges and solutions in their practical application and

scalability, including fixation of particulate photocatalysts, efficient

recovery of hydrogen from the raw oxyhydrogen gas product, safety

design of reactor systems, and approaches to separately generate

hydrogen and oxygen from water.
Photocatalytic materials and systems

The process of photocatalytic water splitting is considered a

scalable and cost-effective method for producing renewable solar
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hydrogen. However, STH efficiencies are currently insufficient for

practical implementation. Therefore, extensive research has

aimed to enhance the performance of photocatalysts in sunlight-

driven water splitting. This section describes two representative

methods of photocatalytic water splitting: one-step and two-step

excitation systems.

In one-step excitation systems, electrons and holes generated in

the conduction and valence bands of a photocatalyst upon

photoexcitation reduce protons to hydrogen and oxidize water to

oxygen, respectively (14). In this system, in the steady state under

sunlight exposure, electrons and holes must have sufficient

electrochemical potentials to drive the hydrogen evolution reaction

(HER) and the oxygen evolution reaction (OER), respectively (15),

where this OWS reaction is often kinetically rapid when the band gap

of the photocatalyst straddles the hydrogen evolution potential [0 V

versus reversible hydrogen electrode (RHE)] and the oxygen evolution

potential (+1.23 V versus RHE). The one-step excitation system is

simple in components and easily spread over large areas. However, it is

challenging to prepare high-quality particulate photocatalysts that

have a band gap narrow enough to absorb visible light sufficiently

while meeting the aforementioned thermodynamic requirement and

to construct active sites for hydrogen and oxygen evolution on single

photocatalyst particles simultaneously. Consequently, the current STH

efficiency is markedly low, especially when considering visible light-

responsive photocatalysts.

In two-step excitation, or Z-scheme, systems, a hydrogen

evolution photocatalyst (HEP) reduces water to hydrogen and an

oxygen evolution photocatalyst (OEP) oxidizes water to oxygen, and

the holes and electrons remaining in the HEP and OEP, respectively,

recombine via aqueous redox-based or solid-state electron mediators

(14). Therefore, a narrow band gap photocatalyst can be used as a

HEP if conduction band electrons can drive the HER and as anOEP if

valence band holes can drive the OER. Separating the thermodynamic

requirement of OWS between two semiconductors significantly

expands the range of photocatalysts applicable for water splitting to

narrow band gap materials. However, this does not always result in

larger STH efficiencies because use of two semiconductors also

doubles the number of photon needed for OWS. Attention must

also be paid to the need for electron transfer from the OEP to the HEP

and the inclusion of more redox reactions involving electron

mediators during the water-splitting reaction. To achieve highly

efficient water-splitting reactions, it is necessary to find an efficient

way to transfer charge between the HEP and OEP and to control the

selectivity of the reaction.

Photocatalytic water splitting involves many processes that span a

wide range of timescales. Typically, photophysical processes such as

photoexcitation, charge separation, and charge recombination occur

in the nanosecond timespan or shorter, whereas redox reactions at

the surface and chemical reactions occur in the timescale of a

microsecond or longer (16). Therefore, electrons and holes must be

separated spatially by loading photocatalysts with cocatalysts.

Furthermore, charge separation and redox reactions must be

promoted, otherwise charge recombination will be dominant. As

the water-splitting reaction is greatly endergonic, and backward

reactions are thus thermodynamically favored, the reaction
Frontiers in Science 03
selectivity of photoexcited electrons and holes must be controlled.

Moreover, safe and efficient hydrogen recovery methods are essential

because the raw product of photocatalytic water splitting is usually an

explosive oxyhydrogen gas containing water vapor.
One-step excitation systems

Oxide photocatalysts
Photocatalyst materials for splitting water into hydrogen and

oxygen in stoichiometric amounts have been extensively studied

since the Honda-Fujishima effect was reported in the late 1960s

(17). Materials such as titanium dioxide (TiO2) and cadmium

sulfide (CdS) were examined in the 1970s–80s, but many studies

showed a lack of oxygen evolution and extremely low activity, and

most attempts to make TiO2 photocatalysts responsive to visible light

through transition metal doping failed. In the late 1980s,

photocatalysts consisting of d0 metal cations—including zirconium

dioxide (ZrO2), tantalum pentoxide (Ta2O5), K4Nb6O17, and

K2La2Ti3O10—and various mixed oxide photocatalysts consisting of

d10 metal cations, such as gallium (Ga3+), indium (In3+), germanium

(Ge4+), tin (Sn4+), and antimony (Sb5+), were reported. (18). In

particular, layered oxide materials such as K4Nb6O17 (19) and

K2La2Ti3O10 (20) arose as a new photocatalyst family. In the late

1990s, NiO/NaTaO3:La (21) and RhCrOx/Ga2O3:Zn (22)

photocatalysts that gave high quantum yields were found. Moreover,

studies in the 2020s showed that aluminum (Al)-doped RhCrOx/

SrTiO3 (RhCrOx/SrTiO3:Al) exhibited nearly a 100% quantum yield

(23), and silver tantalate (AgTaO3) (24) and Na0.5Bi0.5TiO3 (25)

photocatalysts gave high quantum yields for OWS. Although these

oxide materials only respond to ultraviolet (UV) light owing to their

large band gaps, these studies proved that powdered photocatalysts

can give a high quantum yield for endergonic OWS.

Strontium titanate (SrTiO3) photocatalysts have long been

studied using various approaches to improve their performance,

and this led to important advances toward efficient OWS. Treating

SrTiO3 powder in a molten strontium chloride (SrCl2) flux with an

aluminum oxide (Al2O3) powder resulted in morphology-controlled,

single-crystalline SrTiO3:Al particles with a size of approximately

200–500 nm. The doping of aluminum into SrTiO3 resulted in high

photocatalytic activity. The photocatalytic activity of SrTiO3:Al was

further improved by optimizing the cocatalyst components and

loading methods (23). The stepwise photodeposition of rhodium

(Rh) and subsequent chromium trioxide (Cr2O3) onto SrTiO3:Al

resulted in the formation of a Rh/Cr2O3-core/shell cocatalyst that

enabled higher water-splitting activity (26). The rhodium promotes

both the HER and the oxygen reduction reaction (ORR) as an

undesired back electron transfer process. Cr2O3, however, only

inhibits the ORR without suppressing the HER on the rhodium

core, thus allowing the OWS reaction to successfully proceed.

Finally, the photodeposition of cobalt oxyhydroxide (CoOOH) as

an oxygen-evolving cocatalyst onto the Cr2O3/Rh-loaded SrTiO3:Al

led to an approximately 96% apparent quantum yield (AQY) in the

wavelength region of 350–365 nm and a 0.65% STH efficiency.

Although this efficiency was still lower than that required for
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commercialization, this allowed the fabrication and operation of a

prototype of a solar hydrogen station with a 100 m2 total light-

accepting area (27).

For a practical application of solar hydrogen production using a

powdered photocatalyst, developing visible light-responsive

photocatalysts that split water efficiently under solar irradiation is

indispensable. Although an oxide material is attractive due to its

stability and ease of production, the valence band is usually formed

by O 2p orbitals located at a largely more positive level than the

oxidation potential of water. Therefore, the band gap of the metal

oxide needs to widen to satisfy the reduction potential of water. The

formation of a new sub-valence band operating at an electron donor

level is an effective way to solve the issue. A doping strategy can be

utilized for the design of a visible light-responsive photocatalyst, as

shown in Figure 1 (19). Doping refers to the introduction of a

foreign element at the lattice point of a host material (28). The

element forms an impurity level in a forbidden band of the

semiconductor, enabling a response to visible light. Although a

dopant contributes to the sensitization of a photocatalyst to visible

light, it also introduces a recombination center and thereby

decreases photocatalytic activity. Thus, a suitable combination of

a dopant and a host photocatalyst, and optimization of the doping

concentration, are important.

Various visible light-responsive metal oxide photocatalysts have

been developed by doping transition metal ions such as nickel (Ni),

chromium (Cr), ruthenium (Ru), rhodium, and iridium (Ir) into

wide band gap photocatalysts (29). The impurity levels formed with

Cr3+, Ru3+, Rh3+, and Ir3+ work as a sub-valence band to form a

narrow energy gap for visible light response. SrTiO3 doped with

these metal cations and an antimony codopant shows sacrificial

hydrogen and oxygen evolutions under visible light irradiation. The

Sb5+ codopant provides charge compensation to control the
Frontiers in Science 04
oxidation number of the dopants and suppress recombination

(30). When the chromium-, ruthenium-, rhodium-, iridium-, and/

or antimony-codoped SrTiO3 powders are treated with a molten

SrCl2 flux containing an Al2O3 powder and loaded with RhCrOx

and CoOOH cocatalysts (as done for SrTiO3:Al), they become

active for water splitting into hydrogen and oxygen—responding

to visible light with wavelengths of 540–660 nm as a single

particulate photocatalyst requiring only one-step photoexcitation

(31–33). The RhCrOx/SrTiO3:Ir,Sb,Al/CoOOH shows the highest

activity among them, giving an AQY of 0.73% at 420 nm and an

STH efficiency of 0.33%.

Non-oxide photocatalysts
Metal (oxy)nitrides and oxysulfides have been studied as

photocatalytic materials because they have a band gap suitable for

one-step excitation OWS under visible light (14). The valence band

maximum of these materials is more negative than that of the

corresponding oxides owing to the higher electronegativity of

nitride and sulfide ions, respectively, while the conduction band

minimum (originating mainly from orbitals of metal cations) is

hardly influenced by these anions. Polymeric semiconductors free

from metals, such as carbon nitride (C3N4) and related materials,

have also been shown to function as photocatalysts for OWS. Metal

(oxy)nitrides and oxysulfides are synthesized in non-oxidizing

reaction environments in the presence of nitride and sulfide ion

sources, respectively. However, the products tend to be

inhomogeneous and contain considerable concentrations of

defects and impurities because nitride and sulfide ions are

susceptible to oxidation. In addition, non-oxide photocatalysts

inevitably have lower reaction-driving forces due to their narrow

band gap and tend to exhibit lower quantum efficiencies than wide

band gap oxides. Therefore, recent research on non-oxide
FIGURE 1

Sensitization of a wide band gap photocatalyst to visible light by doping with transition metal(s). Doped elements form impurity levels in the
forbidden band of a wide band gap semiconductor, narrowing the energy gap required for photoexcitation and making it responsive to visible light.
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photocatalysts focuses on devising and improving synthesis

methods for highly crystalline and morphology-controlled

semiconductor particles and on effectively coloading hydrogen

and oxygen evolution cocatalysts, as in the case of the highly-

active SrTiO3:Al photocatalyst (23).

Some wurtzite-type oxynitride solid solutions of typical metals,

such as Ga1−xZnxN1−xOx and Zn1+xGeN2Ox, have been known to be

active photocatalysts for OWS via one-step excitation since 2005

(34, 35). Ga1−xZnxN1−xOx absorbs visible light although gallium

nitride (GaN) and zinc oxide (ZnO) are both responsive only to UV

light. Experimentally, the absorption edge wavelength of Ga1

−xZnxN1−xOx lengthens with increasing ZnO content. However,

the ZnO content is generally low when Ga1−xZnxN1−xOx is

synthesized by thermal nitridation under ammonia flow because

of the volatilization of ZnO, and the absorption edge wavelength of

active Ga1−xZnxN1−xOx had been at most approximately 500 nm

(36). Recently, it was reported that well crystallized Ga1−xZnxN1

−xOx with a high ZnO content and a long absorption edge

wavelength (up to ~600 nm) can be synthesized by heating a

mixture of gallium oxide (Ga2O3), zinc, and ammonium chloride

(NH4Cl) in a sealed evacuated tube (37). The resultant Ga1−xZnxN1

−xOx exhibited OWS activity under visible light via one-step

excitation when loaded with appropriate cocatalysts.

Transition metal oxynitride, mainly tantalum (Ta)-based,

photocatalysts are also active in visible-light-driven OWS. ZrO2−

modified tantalum oxynitride (TaON) and LaMg1/3Ta2/3O2N

absorb visible light with wavelengths of up to approximately 500

nm and 600 nm, respectively (38, 39). Some C3N4-based materials

also exhibit water-splitting activity under visible light. However,

their visible light absorption is weak (40), and materials showing

decent AQYs are currently only responsive to UV light (41). A

feature of the LaMg1/3Ta2/3O2N photocatalyst is that the surface is

coated with an amorphous TiO2 layer after cocatalyst loading. This

effectively suppresses the oxidative decomposition of the oxynitride

and the reverse reaction of water splitting. Most recently, tantalum

nitride (Ta3N5) (42), zirconium-doped TaON (43), magnesium–

doped BaTaO2N (44), and SrTaO2N (45) have also been reported to

be active in OWS under visible light. A reexamination of starting

materials and the coloading of composite cocatalysts played

important roles in these achievements.

Among oxysulfide photocatalysts, to date, only Y2Ti2O5S2 has

been reported to split water into hydrogen and oxygen under visible

light stably (46). Y2Ti2O5S2 absorbs visible light up to

approximately 640 nm and exhibits outstanding thermal and

chemical stability due to the hybridization of the S 3p and O 2p

orbitals. To realize photocatalytic OWS using this oxysulfide, it was

essential to coload a hydrogen evolution cocatalyst [chromium

oxide (Cr2O3)-coated Rh] and an oxygen evolution cocatalyst

(iridium dioxide; IrO2) and to tune the pH of the reaction

solution to between 8 and 9. The absence of IrO2 accelerates the

self-oxidation of the oxysulfide. Moreover, the driving force for

oxygen evolution on this oxysulfide photocatalyst is too small at

lower pH values, whereas the Cr2O3 component required to

suppress the reverse reactions dissolves at higher pH values. The

Y2Ti2O5S2 photocatalyst active in OWS was synthesized by a solid-

state reaction in a sealed evacuated tube. The resultant Y2Ti2O5S2
Frontiers in Science 05
photocatalyst exhibited extremely long photoexcited charge carrier

lifetimes, which should be favorable for the realization of OWS (47).

However, certain defects still exist in the Y2Ti2O5S2 material (48). In

addition, Y2Ti2O5S2 grows into excessively large particles during the

approximately 1 week of heating. To reduce the particle size, short-

time synthesis of Y2Ti2O5S2 was investigated using a flux method

(49) and a sulfurization method using hydrogen sulfide (H2S), (50),

but the resultant Y2Ti2O5S2 products were unable to split water due

to various kinds of defects.

Currently, most narrow band gap non-oxide photocatalysts rely

on cocatalyst components containing precious metals and hazardous

materials. For example, rhodium and ruthenium are used as the

main components of hydrogen evolution cocatalysts, which are

further modified with a Cr2O3 shell using a hazardous Cr6+

species as a precursor, while iridium and ruthenium are

commonly used as the main components of oxygen evolution

cocatalysts to compensate for the low driving force for water

oxidation (37, 43–46). To mitigate the economic and

environmental impact of using these precious or hazardous

elements, abundant and environmentally friendly alternatives have

been investigated, although the performance of these alternative

materials is mostly inferior to that of conventional noble or

hazardous materials. For example, copper species have been

shown to have reasonable performance as hydrogen evolution

cocatalysts (51), while oxides or oxyhydroxides of manganese

(Mn) and cobalt (Co) have been shown to act as oxygen evolution

cocatalysts in OWS similarly to iridium species (52) or often better

in the presence of sacrificial electron acceptors such as silver (Ag+)

cations (53). In addition, a thin layer of some metal oxides such as

TiO2, Ta2O5, and silicon dioxide (SiO2) has been shown to exhibit

permselectivity, suppressing undesirable backward reactions while

retaining the ability for forward reactions (54, 55).

Future directions for improving
photocatalyst performance

Improvements in the preparation of cocatalyst/photocatalyst

composites have enabled OWS under visible light using some

oxide, (oxy)nitride, and oxysulfide photocatalysts. Metal oxides are

an attractive materials class for photocatalysts due to their stability

under operation and ease of mass production. An important issue is

how to form a new valence band above the inherent valence band of

an oxide consisting of O 2p orbitals and confer visible-light activity.

The component forming the new valence band should allow for rapid

tranport of photogenerated holes in the band and not serve as a

recombination center. Metal (oxy)nitrides and oxysulfides are

endowed with adequate visible light absorption capacity. However,

their AQY has been below 1% at 420 nm, and STH efficiency has only

been 0.01% at most (6) (Figure 2). Dramatic improvements in STH

efficiency, regardless of whether oxide or non-oxide, are required to

make this technology useful in the real world. Photocatalytic OWS is

a non-equilibrium phenomenon that occurs under photoexcitation.

Therefore, it is important to deepen our understanding of, and

ultimately control over, charge transfer and recombination

processes to upgrade the reaction efficiency. This can be achieved

by precisely controlling the defect formation and morphology of

particulate photocatalysts, as well as the interface with cocatalysts.
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Materials development may be accelerated by advances in technology

capable of tracking the photophysical and electrochemical processes

occurring on particulate photocatalysts under photoexcitation with

high spatial and temporal resolution (3, 56).
Two-step excitation systems

Suspension Z-scheme systems
Inspired by natural photosynthesis, the concept of two-step

artificial photosynthesis (Z-scheme) was proposed by Bard (57)

and first realized experimentally in 2001 (58). In this system, the

OWS reaction is composed of two stages on two photocatalysts: one

for hydrogen evolution and the other for oxygen evolution, both of

which need to complete an entire photocatalytic process involving

light absorption, charge separation, and surface reactions (Figure 3).

A diffusional aqueous redox couple or solid-state electron mediator

has been used to accomplish the charge transfer between the HEP

and OEP. Compared with the one-step photoexcitation system, the

Z-scheme system not only lowers the thermodynamic requirement

for each semiconductor to drive the photocatalytic process, extending

the available wavelength range, but can also potentially allow in situ
Frontiers in Science 06
separation of hydrogen and oxygen through a separator. The

relaxation of the thermodynamic requirement enables more types

of semiconductors to be candidates for photocatalytic OWS. Thus far,

oxides—especially metal-doped and dye-sensitized oxides—(oxy)

nitrides, and (oxy)sulfides have been employed as HEPs, and

oxides including metal-doped oxides, oxychlorides, and (oxy)

nitrides have been used as OEPs (59). Besides inorganic

semiconductor materials, polymers, metal-organic frameworks, and

some natural photosynthetic enzymes such as Photosystem (PS) I

and PSII membrane fragments have also been explored for the

construction of Z-scheme OWS systems (60–62). The selection of

electron mediators is important to the success of Z-scheme systems,

thus we discuss design guidelines and challenges for two types of

electron mediators: redox-based and solid-state-based

electron mediators.

Redox-based electron mediators

In the redox-based Z-scheme OWS system (Figure 3A), charge

transfer relies on reversible valence changes of the redox mediator.

Up to now, several aqueous redox couples, such as triiodide/iodide/

(I3
−/I−), iodate/iodide (IO3

−/I−), iron-based (Fe3+/Fe2+), [Fe(CN)6]
3−/4−

and [Co(bpy/phen)3]
3+/2+ (bpy = 2,2’-bipyridine; phen = 1,10-
FIGURE 2

Performance of some photocatalysts for overall water splitting via one-step excitation. The apparent quantum yield (AQY) as a function of the
absorption edge wavelength of oxide and non-oxide photocatalysts is shown. The wavelengths at which the AQY values were measured are
indicated in parentheses. The irradiance spectrum of the reference sunlight (AM 1.5G) is also plotted on the right axis for comparison. To achieve
solar-to-hydrogen efficiencies of 5% and 10%, it is necessary to achieve AQYs of 25.3% and 50.6% up to 640 nm, referred to as targets for guidance.
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phenanthroline) have been exploited. Different redox couples often

require different semiconductors to drive them. As far as iodine is

concerned, rutile-type TiO2 and WO3 are chosen as effective OEPs

because of their selective surface adsorption of IO3
– ions and

negligible adsorption of I– ions. In addition, the Z-scheme OWS

system is mainly driven by the HEP when the initial reaction solution

only contains I– ions. For iron-based redox, SrTiO3:Rh is a typical

HEP and the OWS system is mostly constructed in aqueous solutions

containing Fe3+ because the reduction of Fe3+ can be efficiently

inhibited on SrTiO3:Rh. For redox couples based on metal

complexes, such as [Fe(CN)6]
3−/4− or [Co(bpy/phen)3]

3+/2+,

bismuth vanadate (BiVO4) has been predominantly used as the

OEP due to its high oxygen evolving activity in in-situ formed low

concentrations of [Fe(CN)6]
3− and [Co(bpy/phen)3]

3+.

Charge transfer between the redox mediator and OEP is the key

to improving efficiency, and the loading of cocatalysts is important

to accelerate reduction of the redox mediator. For example,

platinum oxides (PtOx), iridium, and RuOx cocatalysts can

activate the reduction of IO3
– to I–, and gold (Au) and iridium

efficiently promote the reduction of [Fe(CN)6]
3−. An efficient Z-

scheme OWS system with an AQY of 12.3% at 420 nm was recently
Frontiers in Science 07
achieved based on site-selective deposition of novel dual-cocatalysts

for synergetic promotion of charge separation in BiVO4 (63).

Another important consideration for the redox-based Z-scheme

OWS is how to inhibit the undesired backward reaction (the dotted

lines in Figure 3A). This is because the reduction and oxidation of

the redox mediator are thermodynamically more favorable than

HER and OER, and so are likely to proceed preferentially. To solve

this problem, the regulation of the adsorption properties of the

semiconductor or cocatalyst surface is particularly significant. For

instance, the modification of rutile-type TiO2 or magnesium oxide

(MgO) on Ta3N5 hinders the access of I– to inhibit its oxidation.

Furthermore, the core/shell-structure of the Cr2O3/Pt cocatalyst

structure prevents IO3
– from reaching the surface of platinum (Pt)

to suppress its reduction as a result of the steric hindrance effect.

Solid-state electron mediators

In the solid-state Z-Scheme OWS system (Figure 3B), physical

contact or a solid electron mediator is applied to complete the

interparticle charge transfer between the HEP and OEP. In early

research, the physical mixture of Ru/SrTiO3:Rh and BiVO4 was

proven active for Z-scheme OWS but the performance was low.
FIGURE 3

A typical model of suspended Z-scheme overall water splitting systems. Systems based on (A) redox mediators and (B) solid electron mediators.
Charge transfer occurs via reversible valence changes of the redox mediator in the former and via charge injection through contacts and junctions
between solids in the latter.
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This demonstrates that the contact interface has a significant

influence on the charge transfer efficiency. Thus, some electrical

conductors (e.g., Ir, Rh, and reduced graphene oxide) have been

used. However, in most cases, the contact between the HEP and

OEP mainly depends on the electrostatic attractive force resulting

from different isoelectric points through the pH adjustment.

High interfacial resistance is a problem owing to loose contact.

Moreover, the backward charge transfer process (whereby photo-

generated electrons from the HEP are injected into the solid

conductor and sequentially recombine with photo-generated

holes from the OEP) must be prevented to avoid a short circuit

effect (the dotted line in Figure 3B). Band bending in the space-

charge layer may help to promote forward charge transfer. In light

of this, the combination of n-type and p-type semiconductors is

an ideal model due to the matched surface band bending direction.

As a special case, a BiVO4–Ru/SrTiO3:Rh (n-type/p-type)

composite was successfully constructed through in situ growth,

which provided suitable contact and consequently demonstrated

higher activity with respect to the physical mixture under neutral

pH conditions (AQY: 1.6% at 420 nm) (64).

Immobilized Z-scheme systems
Photocatalyst sheets producing hydrogen from water

Although Z-scheme systems using redox couples (e.g., Fe3+/Fe2+

and IO3
−/I−) to mediate electron transfer between HEPs and OEPs

have been extensively explored, they have limitations, such as

competitive side reactions and shading of photocatalysts from

incident light (59). Photocatalyst sheet systems were developed to

overcome these hurdles. These comprise two redox-complementary

semiconductor particles embedded in a conductive layer such as gold,

carbon, or indium tin oxide (ITO) (Figure 4A) (65–67). The

conductive layer serves to connect the photocatalytic particles,

facilitating effective interparticle electron transfer and photocatalytic

performance in the Z-scheme OWS reaction, resulting in

an STH efficiency >1%. The standalone and wireless photocatalyst

sheet systems stand out from conventional Z-scheme and

photoelectrochemical systems as they operate in pure water

without the need for pH adjustment, redox mediators, electrolytes,

or buffering agents. Additionally, the photosynthetic activity of

the photocatalyst sheet, achieved by fixing the photocatalyst

powder on a substrate, is scalable and overcomes the constraints of

photoelectrochemical or artificial leaf systems (such as difficulties in

large-scale fabrication and pH gradients under neutral pH

conditions) without solution convection and resistive losses caused

by the electrolyte (68). This is due to the reduction and oxidation

reactions occurring in close proximity on the photocatalyst sheet,

resulting in the suppression of the pH gradient and ohmic potential

drop. Moreover, large photocatalyst sheets can be easily prepared via

a cost-effective and accessible screen-printing technique using the ink

containing photocatalyst powder and gold or ITO nanoparticles as

the conductive mediator (65, 67).

Photocatalyst sheets for selective CO2 reduction

In addition to hydrogen production through the OWS reaction,

artificial photosynthetic systems that use sunlight and water to
Frontiers in Science 08
directly convert CO2 into renewable fuels are of growing interest

and are undergoing rapid development (69). This is because the

utilization of traditional fossil energy sources leads to excessive

anthropogenic CO2 emissions, which accumulate in the atmosphere

and cause severe environmental issues. Photocatalytic CO2

reduction results in the production of various liquid and gaseous

products, including carbon monoxide (CO), methane (CH4),

formate (HCOO−), acetate (CH3COO
−), and methanol (CH3OH).

The conversion of CO2 into liquid fuels, such as formate and

methanol, using intermittent solar energy presents an alluring

opportunity owing to their potential for fuels with high-energy

densities, ease of storage and transportation, and the potential to

support the sustainable production of commodity chemicals in the

post-fossil fuel era (70). It can also prevent the formation of

explosive oxyhydrogen gas from water and allow the spontaneous

separation of CO2 reduction products and oxygen in the liquid and

gas phases, respectively.

The integration of a cocatalyst is commonly required for

photocatalytic CO2 conversion to control the desired catalytic

pathway, induce selectivity into the system, and enhance the

conversion efficiency (71, 72). For example, inorganic metallic

nanoparticles, such as silver and gold, have been widely employed

as cocatalysts on photocatalysts for photocatalytic CO2 reduction to

produce CO and formate (73–75). However, the selectivity and

efficiency of these systems remain constrained by the limited

overpotential that semiconductor light absorbers can provide and

many CO2-reducing solid-state materials rely on precious metals. In

recent years, immobilized molecular catalysts—often containing

inexpensive 3d transition metals—and biocatalysts—including

microorganisms and isolated enzymes—have emerged as

promising cocatalysts in (bio)molecular-semiconductor hybrid

systems owing to their high product selectivity and ability to form

multi-carbon products (72, 76).

Small-molecule catalysts display discrete active sites that can

be readily tuned to improve activity and can thus reduce the

overpotential by stabilizing intermediate transition states between

linear CO2 molecules and the desired product, overcoming kinetic

barriers for the reaction (77). Transition metal complexes are

frequently used as homogeneous catalysts for CO2 reduction as they

can facilitate multi-proton/electron-transfer processes and exhibit

multiple accessible redox states (72). Enzymes are evolutionarily

optimized catalysts that often function with “ideal” performance,

thus delivering high rates of catalysis at a minimal overpotential

(78–80). Immobilization of (bio)molecular catalysts on semiconductor

light absorbers not only provides active sites for selective CO2

reduction but also enables efficient operation in aqueous solutions.

Additionally, immobilization enhances photocatalyst recycling from

the reaction medium (81–85). In recent years, several studies have

demonstrated the effectiveness of molecular catalysts in selective

photocatalytic CO2 reduction in aqueous solutions containing

sacrificial electron donors such as triethanolamine (81, 83, 86–89).

These studies demonstrate the potential of coupling molecular

catalysts with photocatalysts. However, to achieve carbon neutrality

and solar fuel production on a global scale via artificial photosynthesis,

the process must be coupled with the OER, resulting in the release of
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oxygen that can be used as an oxidant for fuel consumption and to

regenerate the initial species (90).

To achieve photocatalytic CO2 reduction without the need for

sacrificial electron donors, a monolithic device was constructed by

immobilizing a CO2 reduction molecular catalyst onto the surface of

a photocatalyst sheet. Specifically, a sheet comprising of SrTiO3:La,

Rh|Au|BiVO4:Mo was utilized to immobilize a phosphonated cobalt

bis(terpyridine) molecular catalyst (CotpyP) instead of using a

deposited hydrogen evolution cocatalyst, leading to conversion of

CO2 to formate with a selectivity of 97 ± 3% and a solar-to-formate

energy conversion efficiency of 0.08 ± 0.01% (Figures 4B, C) (91).

Irradiation with simulated sunlight generated electron-hole pairs in

both SrTiO3:La,Rh and BiVO4:Mo. The gold layer facilitated electron
Frontiers in Science 09
transfer from BiVO4:Mo to SrTiO3:La,Rh. The immobilized

molecular complex on SrTiO3:La,Rh functioned as a CO2 reduction

cocatalyst, reducing CO2 to HCOO−with electrons, while the holes in

BiVO4:Mo oxidized water to oxygen, with RuO2 serving as an oxygen

evolution cocatalyst. Stoichiometric production of oxygen gas during

the oxidation reaction confirms that the conversion takes place

cleanly without the requirement for sacrificial reagents. The

scalability of the hybrid system was demonstrated as the solar-to-

formate energy conversion efficiency was largely maintained (0.06%)

even when the sheet area was increased 20-fold.

Some microorganisms possess the remarkable ability to

synthesize complex compounds from water and CO2 via carbon

assimilation pathways, exemplified by the Wood-Ljungdahl pathway,
FIGURE 4 (Continued)
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Photocatalyst sheets for solar-to-fuel conversion. (A) Photocatalyst sheets for artificial photosynthesis to produce fuels from sunlight, water, and

carbon dioxide (CO2). (B) An energy diagram depicting the photosynthetic CO2 reduction coupled with water oxidation over a CotypP-SrTiO3:La,Rh|
Au|RuO2-BiVO4:Mo photocatalyst sheet. (C) Formate (HCOO−), oxygen (O2), hydrogen (H2), and carbon monoxide (CO) production over a CotypP-

SrTiO3:La,Rh|Au|RuO2-BiVO4:Mo photocatalyst sheet under simulated sunlight (AM 1.5 G, 100 mW cm−2). (D) CH3COO–, O2, and H2 production

over S. ovata|Cr2O3/Ru-SrTiO3:La,Rh|ITO|RuO2-BiVO4:Mo hybrids from water and CO2 under simulated sunlight (AM 1.5 G, 100 mW cm−2).
(E) Sporomusa ovata|Cr2O3/Ru-SrTiO3:La,Rh|ITO|RuO2-BiVO4:Mo for photosynthetic CO2-to-acetate (CH3COO–) conversion coupled with water

oxidation. Mox and Mred represent intracellularly oxidized and reduced redox mediators, respectively.
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a feat that remains challenging to achieve with abiotic cocatalysts

(76, 92). Furthermore, whole-cell microorganisms have the advantage

of self-replication and self-repair, making them robust for long-term

applications. Photocatalyst sheets demonstrate a suppressed pH

gradient during redox reactions and maintain pH-independent

activity within a neutral pH range, thus enabling them to achieve

artificial photosynthesis without pH adjustment or buffer solution

addition (93). This property makes the sheets particularly suitable for

constructing hybrid bio-abiotic systems and performing semi-

artificial photosynthesis as they can achieve high solar-to-fuel

energy conversion efficiency at a biocompatible neutral pH (94).

To create a biohybrid system to produce fuels utilizing sunlight,

CO2, and water, CO2-fixing acetogenic bacteria (Sporomusa ovata)

were combined with an OWS photocatalyst sheet (Cr2O3/Ru-SrTiO3:

La,Rh|ITO|RuO2-BiVO4:Mo) (Figure 4D) (92). Prepared using a

relatively inexpensive and readily accessible drop-casting method,
Frontiers in Science 10
this synthetic sheet achieved photocatalytic OWS to generate

hydrogen. Combining the photocatalyst sheet with S. ovata resulted

in a hybrid prototype that produced CH3COO
– and oxygen in a 1:2

stoichiometric ratio from CO2 and water using sunlight as the sole

energy input, achieving a solar-to-acetate energy conversion

efficiency of 0.70 ± 0.04% (Figure 4D). The hydrogen produced by

the photocatalyst sheet was used by S. ovata to reduce CO2 and

produce CH3COO
– via the acetyl-CoA Wood-Ljungdahl pathway.

Additionally, S. ovata can directly use photoexcited electrons from

SrTiO3:La,Rh to conduct photosynthesis for acetate formation, albeit

at a significantly reduced efficiency (Figure 4E). As CH3COO
–

production is accompanied by oxygen evolution, it is important to

carefully control the concentration of accumulated oxygen in the

reaction system to avoid harm to the anaerobic bacterium.

Furthermore, the CH3COO
– produced by this semi-artificial

photosynthesis system can be fed into a microbial fuel cell—for
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example, comprising an inverse opal-ITO electrode inoculated with

Geobacter sulfurreducens—to generate renewable electricity,

thereby producing power in the dark or upon demand and

turning the CH3COO
– back into CO2 and water (92). These bio-

abiotic hybrid systems thus offer a promising strategy for

sustainably and cleanly fixing CO2 and closing the carbon cycle.
Pathways for advancing the performance of
Z-scheme systems

Various photocatalytic materials—especially those with a long-

wavelength photoresponse—can be efficiently applied to solar-to-

chemical energy conversion reactions using the Z-scheme system.

The development of water-compatible, precious-metal-free

molecular catalysts and their immobilization on semiconductors

enables their operation in water, an environmentally benign solvent,

without the need for organic solvents (72). Furthermore, microbes

can be readily grown and self-repair and self-replicate, while

fuel-producing enzymes employ abundant metals and are

biodegradable. The biocatalysts operate under environmentally

benign conditions, such as moderate temperatures and around

neutral aqueous pH, although special buffer and anaerobic

conditions may be required (95).

The STH efficiency and the solar-to-fuel energy conversion

efficiency of CO2 reduction are still approximately 1% at most,

which is below the practical target. In addition, the long-term

durability of the system using molecular catalysts and biocatalysts

has not been extensively examined. Therefore, research and

development are still needed to improve the performance of the

Z-scheme system. Regardless of whether redox mediators or solid-

state electron mediators are used for electron transfer, high

performance in suspension Z-scheme OWS systems depends on

transferring electrons and holes to the surface and driving the

forward reactions (namely, HER, OER, and CO2 reduction) in a

highly selective manner, in addition to improving the efficiency of

light absorption and charge separation. Most current research

focuses on the exploration of new redox mediators and

semiconductors, and little attention has been paid to the

suppression of undesired backward reactions. New strategies for

achieving efficient charge separation and promoting forward

reactions are highly desirable. Photocatalyst sheets have proven

to be efficient and scalable in their ability to drive OWS and

convert water and CO2 into valuable chemicals and fuels under

simple reaction conditions. Moreover, molecular catalysts and

biocatalysts can be easily assembled on the sheets, making it

possible to construct organic-inorganic and bio-abiotic hybrid

systems. This versatility allows for the production of a wide range

of solar fuels and chemicals in the future by combining various

molecular catalysts, biocatalysts, and semiconductors. Such

hybrids inherit both the high light-harvesting efficiency of

semiconductors and the superior catalytic performance of

molecular catalysts and biocatalysts. One of the key challenges

with this approach is to understand and manipulate the hybrid

interface for effective electron transfer, which represents the next

frontier of research.
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Reaction systems and processes

The previous section described laboratory-scale studies of

particulate photocatalysis, where photocatalysts are exposed to an

artificial excitation light source under well-controlled conditions in

a dedicated reactor, and typically trace amounts of products are

separated and quantified using dedicated analyzers. However, even

if particulate photocatalysts are developed that efficiently split water

into hydrogen and oxygen in such an environment, this does not

mean that the hydrogen produced is immediately available for use:

it must be recovered and purified to a usable level. In particular, the

crude product of the OWS reaction is explosive oxyhydrogen gas,

which requires careful handling for safety reasons. Therefore, in

addition to the development of photocatalytic materials and their

composite systems, it is necessary to develop systems and processes

that enable the large-scale application of photocatalysts and the safe

and efficient recovery of the products. This section presents a panel

reactor system as an example of a large-scale application of water-

splitting photocatalysts and the latest technology for the separation

and recovery of hydrogen from the oxyhydrogen gas produced. A

concept for producing hydrogen and oxygen separately from water,

from the outset, is also discussed.
Photocatalyst sheets and panel reactors

Scaling up photocatalytic water splitting
Supplying low-cost hydrogen globally by photocatalytic OWS

would require a photocatalyst reactor system on a scale of at least 1

ha to 1 km2 per plant (3). Thus far, photocatalysts have primarily

been evaluated under specific experimental conditions, e.g., for light

irradiation intensity, reaction temperature, and pressure. Obviously,

it is exceedingly difficult to implement photocatalysts under ideal

conditions in plant operations in the natural environment. For

example, the irradiation intensity varies significantly between dawn

and dusk, ranging from nearly 0 to 1 kW m−2, and the reaction

temperature varies considerably between winter and summer.

Therefore, to scale up the ideal small-scale laboratory experiments

to a practical scale it is critical to conduct outdoor experiments on a

specific scale and gain knowledge from them.

Multiple options may exist for photocatalyst reactor structures.

Domen et al. constructed an array of panel reactors, using a

particulate SrTiO3:Al photocatalyst, measuring 100 m2—the largest

scale reported among photocatalytic solar hydrogen production

systems—and operated the system for several months (27, 96).

The study specifically focused on developing a reactor structure

that was simple. One crucial factor to consider is how to introduce

photocatalysts into the reactor system. While it is feasible to use the

photocatalyst slurry utilized in small-scale laboratory experiments,

maintaining a uniform slurry in large-scale systems is challenging

(97). First, it is difficult to minimize the cost of the reactor being able

to sustain large amounts of water. For example, even at a depth of

only 1 cm, the mass of water in a reactor can reach 10 kg m−2. As a

result, reactors tend to be bulky and unfeasibly costly on a large
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scale—the maximum allowable cost of an entire hydrogen production

system is estimated at ~$US100 m−2 (3). Second, the particulate

photocatalyst settles to the bottom of the reactor and cannot

effectively receive incident light unless the reactor is completely

level or stirred. Third, collecting the suspended photocatalyst

powder by filtration or centrifugation is both energy- and time-

consuming. Given the large footprint of photocatalytic water-splitting

systems, the processes associated with replacing spent photocatalysts

should be simpler. The use of fixed particulate photocatalysts can

solve all of these problems. Therefore, in the aforementioned system,

the photocatalyst was immobilized on a suitable substrate and

introduced into a large-scale reactor. The lifetime of photocatalysts

is also critical in the development of photocatalytic reactors and

systems, as it takes a long time to build and test large-scale

photocatalytic plants. The SrTiO3:Al photocatalyst is ideal in this

regard because it was able to maintain STH efficiency for over 1600 h

under continuous exposure to simulated sunlight (27).

The SrTiO3:Al photocatalyst was produced in large quantities

using the SrCl2 flux method (27). Cocatalysts were applied by

impregnating the photocatalyst in an aqueous solution of

Na3RhCl6, Cr(NO3)3, and Co(NO3)2, followed by calcination in

the air (27, 97, 98). Photocatalyst sheets were fabricated by spraying

a slurry of modified SrTiO3:Al mixed with chained colloidal silica

and calcium chloride onto glass sheets and heated at 90°C with a

relative humidity of 50% for 4 h. The loading of modified SrTiO3:Al

was controlled to 0.89 mg cm−2 (27). The silica matrix was

embedded with SrTiO3:Al particles with a diameter of a few

hundred nanometers. The photocatalyst layer was ~10 mm thick.

Note that at the end of the photocatalyst life cycle, the whole

photocatalyst can be processed for recycling rhodium, the precious
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cocatalyst material, in standard industrial noble-metal

recovery methods.

The photocatalyst sheet was arranged into a panel reactor

(625 cm2), which was tested under UV light (l = 365 nm)

produced by a light-emitting diode array. It was found that the

oxyhydrogen gas generated by OWS was smoothly discharged from

the reactor even when the gap between the photocatalyst sheet and

the panel window was merely 0.1 mm. The 48-panel reactor units

were then combined into a module with a light-receiving area of

3 m2 supported by a single scaffold (27). The racks for the reactors

were tilted towards the equator (southward in Japan) at an angle

of 30°. An operational photocatalytic panel reactor system with a

100 m2 light-receiving area was completed by arraying these 3 m2

modules (Figure 5).

The oxyhydrogen product gas was transferred from each reactor

unit via a Teflon tube (inner diameter 1.6 mm) and subsequently

passed through polyurethane tubes (8.6 mm) using daisy-chained

plastic connectors across the entire panel reactor. The outgoing gas

flow was measured using a soap film gas flowmeter and a mass flow

meter combined with a membrane gas dryer. The STH efficiency

measured over 30 min reached 0.76% at the end of summer in

Japan, a value somewhat higher than that measured using simulated

sunlight irradiation in the laboratory. This is because the SrTiO3

photocatalyst could use a larger fraction of UV light from whole

solar radiation in the summer, as compared with standard

simulated sunlight. The voluminous size of this system enabled it

to achieve an outstanding solar hydrogen output. The application of

plastic materials for the major parts of the reactor panel arrays,

namely, photoreactor vessels and fluid tubing, is essential for the

rational lifecycle operation of the plant in the future. A certain part
FIGURE 5

Aerial view of an operational 100 m2 photocatalyst array system for solar hydrogen production. The system uses 1,600 panel reactor units (each 625
cm2), where 48 panel reactor units are integrated to fabricate a 3 m2 module, and 33 and one-third (33 + 1/3) modules are linked to form one
system. The panel reactor is connected to a gas separation facility.
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of the product hydrogen can be dispensed for the synthesis of

olefins from CO2, and the olefins can be converted to polymeric

materials to embody the plant. The CO2 fixation ability of the whole

plant will be rationally higher than the CO2 exhaust of the waste

plastic from the plant components after combustion. This

mechanism of self-regeneration will be a characteristic feature of

photo-reaction devices of this type. As for the operational safety of

the 100 m2 plant generating oxyhydrogen, no instances of

autonomous product gas combustion were observed during its

operation for approximately 3 years, confirming the safety and

capacity of an appropriately designed large-scale photocatalyst

system for further practical deployment (27). The results of this

experiment demonstrate that it is theoretically possible to scale up

solar hydrogen production using photocatalysts safely without

reducing their efficiency. Nonetheless, when designing an

oxyhydrogen-generating system, it is necessary to incorporate

devices and design tactics to prevent system destruction caused

by accidental ignition.

Handling of oxyhydrogen gas
Since the photocatalytic water-splitting panel reactor can safely

evolve and transfer the stoichiometric mixture of oxyhydrogen by

photocatalytic OWS onsite and is suitable for scaling up, the next

key question is whether hydrogen can be recovered safely and

efficiently from oxyhydrogen. Oxyhydrogen is explosive, thus

supporting why there are few studies on its use and handling (99).

Oxyhydrogen has a low ignition threshold energy (100), ignites by

itself in a region of high temperature and high pressure, and ignition

leads to detonation (propagation of a combustion shock wave),

depending on the size and shape of the containing vessel. The

safe operation of OWS photocatalysts therefore requires the

establishment of design criteria for gas-handling equipment to

avoid ignition/explosion, and to limit the damage to equipment

caused by occasional explosions.

Domen et al. have assessed the damage caused by intentional

ignition/explosion of oxyhydrogen confined in the parts of

photocatalytic reactors, gas transfer tubes, gas reservoirs, and gas

filter modules—component by component (27). The safety design

criteria gained from these experiments for oxyhydrogen at 1 atm

are: (a) ignition in a small compartment does not destroy the vessel,

either completely sealed or open to the air; (b) ignition in a small-

diameter, long tube causes no damage, whereas if the vessel is three-

dimensionally extended (e.g., cubes, boxes, and cylindrical vessels) a

destructive explosion may occur, even at a volume of a few hundred

cm3; and (c) ignition in soft containers, such as those made of soft

polyvinyl chloride (PVC) or polyurethane, will not cause a

destructive explosion. These criteria were reflected in the design

of the aforementioned 100 m2 photocatalytic reactor arrays and the

hydrogen filtering apparatus (27) to avoid the hazards of incidental

explosions. Notably, (b) is related to the one-dimensional

propagation of the supersonic detonation of oxyhydrogen without

a destructive explosion. An ignition experiment in a 100 m soft PVC

tube (inner diameter 10 mm) exhibited propagation of a flame at

2,800 m s−1, recorded by a high-speed video camera. However, the

tube was undamaged, and the flame was arrested at the end of the
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tube which was immersed in water. In the 100 m2 photoreactor

experiment, hydrogen gas was produced safely for approximately

3 years without any accident by spontaneous ignition.

Extracting hydrogen from oxyhydrogen
The extraction of hydrogen from oxyhydrogen is an essential

engineering aspect. Hydrogen can be separated from oxyhydrogen by

gas filtration driven by input gas pressure at a relatively low energetic

cost compared with liquefaction/distillation or pressure-swing

adsorption processes. The material used for the gas filter element

should be highly permeable to hydrogen gas and minimally

permeable to oxygen. Commercial filter modules containing

polyimide hollow tubes (101) can be used. Crucially, these tubes

can withstand the moisture contained in oxyhydrogen—the product

gas of OWS has 100% relative humidity. Their permeability ratio for

hydrogen/oxygen is ~10 or more, and the filtrate hydrogen is

anticipated to be concentrated by more than 90% by applying a

transmembrane pressure to the filter element. According to the

principle of entropy, gas separation costs a certain amount of

energy to keep the operational pressure and the speed of gas flow.

Moreover, the filtering element requires optimum pressure and flow-

speed conditions for good efficiency. The gas filter module exhibits a

trade-off in the filtrate hydrogen purity and recovery ratio of

hydrogen in the filtrate. If the feed gas flow rate is high, the filtrate

hydrogen purity will be high but the hydrogen recovery will be low. If

the feed gas flow rate is low, hydrogen purity decreases but the

recovery ratio increases. The feed gas flow ratemust therefore be fixed

at a value providing the desired filtrate hydrogen purity and recovery.

In a test operation of hydrogen reparation and recovery from

moist oxyhydrogen gas from the 100 m2 scale photocatalytic water-

splitting reactor, a vacuum pump maintained the filtrate pressure at

nearly zero and released the hydrogen-enriched gas at 1 atm (27).

This allowed for a steady-state enrichment of hydrogen in the

filtrate gas flow and oxygen in the residue gas flow. Under these

real-world conditions, the constantly changing weather resulted in a

variable rate at which oxyhydrogen was produced. Therefore, in

order to control and optimize the filtration feed rate, the

oxyhydrogen was stored in an intermediary vessel: once this was

full, the gas was discharged into the filter at an optimal, high flow

rate, controlled by a throttle valve. The oxyhydrogen vessel should

be carefully designed following the safety design criteria to avoid

destructive explosions. This recovery system has undergone whole-

daytime tests in the photoreactor array under variable weather

conditions. The filtrate hydrogen purity was >92%, and the

hydrogen recovery was ~73% during early development (27). The

hydrogen purity can be further improved by catalytically quenching

the remaining oxygen with hydrogen to exceed the explosion limit

(102). Notably, atmospheric hydrogen recovered from the

photocatalytic panel reactor can be used directly for CO2

methanation when connected to a methanation catalyst (Figure 6)

(102). Such a reaction system received the highest evaluation in the

Horizon Prize competition on “Fuel from the sun: artificial

photosynthesis” organized by the European Innovation Council

(103). The competition entry involved automated operation of

integrated photocatalytic OWS using a panel reactor, hydrogen
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FIGURE 6

A mini-pilot system for green methane (CH4) production. (A) Schematic and (B) photograph of the system. The system consists of (i) a water-splitting
photoreactor to produce oxyhydrogen gas from water, (ii) a hydrogen (H2) separator to recover purified H2 from oxyhydrogen, an oxygen (O2)
quencher to increase the H2 purity, and (iii) a CH4 synthesizer to convert carbon dioxide (CO2) to methane. The methane produced is recovered in
(iv) a balloon. Byproduct H2O of the CO2 methanation is discharged. CO2 is supplied externally.
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separation and recovery using a separation membrane module, and

catalytic CO2 methanation, all performed outdoors under natural

sunlight for 3 days. It was possible to power a Stirling engine with

the crude methane produced.

Prospects for optimizing reactor systems and
safety measures

The societal-level implementation of large-scale solar-powered

hydrogen production plants will require low-cost, large-scale

reactor systems equipped with highly active photocatalysts. The

panel reactors described above were manufactured for academic

research purposes and are robust enough to withstand long-term
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outdoor operation without considering manufacturing or operating

costs. However, a practical solar fuel production system must be

cost-competitive with existing fuel production technologies.

Simpler reactors, made of lighter and less expensive materials

while ensuring safety and durability, need to be developed.

Technical advances necessary for the safe handling of

oxyhydrogen and efficient separation/purification of hydrogen are

(i) the development of high-performance gas-filter materials for

better purity and recovery ratio of hydrogen; (ii) measures allowing

energy-saving operation of the ancillary devices in the plant, such as

pumps, valves, and temperature control; and (iii) application of soft,

low-cost plastic materials that can tolerate detonation within the gas
FIGURE 7

Separation processes at the device level during tandem solar water splitting. (A) Dual-compartment Z-scheme photocatalysis, with a membrane for
selective transport of redox mediator species, is shown here for a soluble iron-based redox couple (Fe(III)/Fe(II)). (B) Dual-photoelectrode
photoelectrochemistry, with a membrane for selective transport of ions, such as protons (H+) or hydroxides (OH–).
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tubes and vessels. The risk of hydrogen explosions in photocatalytic

panel reactors for solar-driven OWS and associated hydrogen

separation and recovery systems can likely be reduced to

acceptable levels. However, because safety is critical, it is

recommended that in the research of oxyhydrogen handling,

operators stay away from areas where oxyhydrogen is collected

and that all operations be remotely commanded and monitored for

safety. In addition, newly developed units should be inspected and

approved by chemical engineering safety specialists to ensure

compliance with safety and liability requirements.

Once hydrogen is separated and recovered, it can be combined

with various catalytic reactions to synthesize useful and easy-to-

handle chemicals and fuels (e.g., CO2 to methane, nitrogen to

ammonia, and toluene to methylcyclohexane.). Such product

materials are more realistic in terms of safe handling and ease of

transportation compared to hydrogen as the final product. The key to

this process is a catalyst that can operate at low temperatures.

Hydrogen is produced intermittently and in smaller quantities in

sunlight-driven photocatalytic OWS reactions than in conventional

chemical industrial processes. In particular, no hydrogen is produced

at night. Solar energy is inherently limited, and ancillary energy for

the chemical processes, such as pumping and heating, must be as

small as possible. Therefore, the development of highly active and

durable catalysts that can withstand daily start-up and shut-down

operations will become increasingly important in establishing solar-

to-chemical energy conversion technologies.
Separate production of hydrogen
and oxygen

Most uses of hydrogen require that it be of ultra-high purity and

great care must be taken to ensure any produced oxyhydrogen gas

mixtures do not contain >5% oxygen in hydrogen, which is explosive

(104). These purity demands support rational design and control over

product separation during solar water splitting. For example, in

photoelectrochemical designs, an ion-permeable (ion-exchange)

polymer electrolyte membrane is often positioned between sites of

light-driven oxidation and reduction, such that initial redox events

inherently generate separated chemical products (6) (Figure 7A).

More generally, ion-permeable membranes are used commercially in

electrochemical devices to carry ionic current as charge equivalents to

complete the electrochemical circuit, while attenuating the mixing of

chemical products. However, photoelectrochemical designs

containing an ion-exchange membrane are unlikely to meet the

technoeconomic targets necessary for the implementation of large-

scale renewable energy storage systems (8, 105). Alternatively,

downstream product separation and purification is possible, as

explained in the previous section.

Any separation step to enrich product purity requires additional

energy (106), and thus designs with inherent product separation are

particularly attractive from a cost perspective (107, 108). On the scale

of the single sub-ten-micron-sized particles used in photocatalytic

water splitting, it is cost-prohibitive to position an ion-permeable

membrane between each site of oxidation and reduction. Instead, in
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dual-compartment Z-scheme designs, redox mediators store

oxidizing equivalents from HEPs and shuttle them to OEPs for

their reduction. In this case, a membrane permeable to redox

mediator species replaces the membrane permeable to ions in

(photo)electrochemical designs (Figure 7B). Using cationic redox

mediators, the commercial Nafion™ cation-exchange membrane

has been demonstrated for use in dual-compartment Z-scheme

photocatalytic water splitting (109) and CO2 reduction (85, 92, 110).

Redox mediator properties
Redox mediator species are large compared to hydrogen and

oxygen. Thus, it is difficult to engineer fast rates of permeation for

redox mediator species, yet slow rates of permeation for product

hydrogen and oxygen in an aqueous solution. An additional concern

is the pressure differential that forms due to the 2:1 molar

stoichiometry of gaseous hydrogen and oxygen produced from

water splitting, which, if poorly controlled, can result in hydrogen-

or oxygen-saturated water transport across the membrane, and

ultimately an explosive mixture of gases (111). Thus, control over

the transport of species in aqueous solutions is a critical consideration,

challenging the feasibility of large-scale implementation of porous

separators (111). Notwithstanding, the solubility of hydrogen and

oxygen in water is poor, which limits concentrations to <1 mM and

slows entropically-driven diffusive crossover. In comparison, redox

mediators can exist at concentrations exceeding 1 M, meaning that if

partitioning and diffusion—and thus permeability—are the same for

hydrogen, oxygen, and both redox states of the redox mediator, the

use of 100 mM redox mediator will result in only 2% Faradaic

crossover of undesired species, thus circumventing an explosive

mixture of gases. Dual-compartment Z-scheme photocatalytic water

splitting has been demonstrated using a microporous separator (112)

and using a two-stage process where the solution of aqueous redox

mediators was cycled (113–115).

Choices for redox mediators are often historical. Both the dye-

sensitized solar cell community and, more recently, the redox flow

battery community have developed highly soluble molecules to store

and transport redox equivalents. Yet requirements for photocatalysis

differ (e.g., significant sunlight transparency) therefore requiring

disparate redox mediator needs. For example, dual-compartment Z-

scheme photocatalytic water splitting often requires transport

distances of ~1–10 cm. This is approximately three orders of

magnitude larger than transport distances in dye-sensitized solar

cells, where redox mediators can be used that exhibit significant

sunlight absorption, rather slow diffusion, and/or short-lived

stability in one oxidation state, e.g., I3
–/I– or those based on large

coordination compounds of cobalt or copper (116). Insight from

energy storage molecules used in redox flow batteries is also limited,

because some common molecules (e.g., quinones) are generally

unstable in the presence of water and/or oxygen (117), two species

necessarily present in photocatalytic reactors for solar water splitting.

Notwithstanding, vanadium-based redox mediators common in redox

flow batteries have been demonstrated for use in dual-compartment

Z-scheme photocatalytic water splitting (113, 115).

Tradeoffs in the aforementioned properties suggest that IO3
–/I–

can result in large STH efficiencies in dual-compartment Z-scheme
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designs (118), where IO3
−/I− has near-ideal energetics (119) and

near-zero parasitic absorption of sunlight (120). Notably,

demonstrated aqueous iodine redox in photocatalysis (IO3
–/I–)

differs from that used in nonaqueous dye-sensitized solar cells

(I3
–/I–), due to the use of near-neutral or weakly alkaline aqueous

electrolytes, which results in the predominance of the 6-electron,

6-proton redox couple (121). Large diffusivity, optical transparency,

and stability aside, redox mediators for use in dual-compartment

Z-scheme photocatalytic water splitting must undergo highly

selective and stable redox reactions, or else converted solar energy

is undesirably dissipated as heat. There are two dominant means by

which this occurs, both in the light and in the dark: (i) Faradaic

interfacial charge-transfer reactions at solid|liquid interfaces and

(ii) bulk redox reactions.

Designing hydrogen and oxygen redox selectivity
and stability

Process (i) can be slowed using surface chemical modifications or

membrane coatings (122–124) that impart species-selective

permeabilities. Photodeposition of coatings from soluble molecular

precursors allows their spatial positioning at sites where they are

needed the most (26, 39, 54, 55). These interfacial surface

modifications serve the purpose of an ion-exchange membrane,

akin to those used in photoelectrochemical designs. However,

these surface modifications must exhibit exceptional redox

selectivity—defined as the ratio of the desired to total photocurrent

—because of the small operating photocurrent densities at the single-

particle level, even for highly efficient photocatalysts (125). The

impact of operation at low current densities is a research area that

is underexplored and will likely present new challenges and

unanswered questions that do not apply to photoelectrochemical

designs, such as the impact of low concentrations of impurities and

stochastic photon absorption events (126, 127). Process (ii) can be

slowed using mediators that exhibit sluggish redox kinetics, e.g.,

those with multiple proton-coupled-electron-transfer reaction steps

such as IO3
–/I–. Sluggish redox kinetics will slow reactivity in bulk

solutions, but may then also necessitate the use of cocatalysts to

catalyze desired redox mediator reactivity at particle surfaces.

Prospects for reactor-level demonstrations of the
separate production of hydrogen and oxygen

The separate generation of hydrogen and oxygen is inherently

safe when scaling up because no oxyhydrogen is made and the risk of

an explosion is small. However, irrespective of the process,

membranes and cocatalysts are important for solar water-splitting

designs. Membranes should prevent hydrogen-oxygen crossover

while allowing rapid transport of redox mediator species and

cocatalysts must exhibit high selectivity for redox reactions. The

next key step to validate the feasibility of a dual-compartment Z-

scheme design that inherently produces separated hydrogen and

oxygen is to build and test a reactor that is beyond the benchtop

scale. While technoeconomic analyses and lifecycle assessments

support the future cost-effectiveness of such an approach (107,

108), unexpected challenges in overall system and reactor designs

should be identified early. Demonstration systems are possible today
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using off-the-shelf components and model photocatalyst particles

(e.g., SrTiO3, TiO2, and BiVO4) under multi-sun irradiance to mimic

high-efficiency solar water-splitting operation.
Conclusion

Photocatalytic OWS is one of the simplest reactions that can

produce hydrogen from water in an environmentally friendly

manner. This reaction can be further combined directly or

indirectly using thermal/biocatalytic reactions at a later stage with

the reduction of CO2. Societal-level implementation of this new green

fuel production technology will be indispensable for the

establishment of a sustainable and fossil-fuel-free society in the

future. We have described the status of photocatalytic OWS for

large-scale solar-to-chemical energy conversion from the perspective

of materials, reaction systems, and processes. Photocatalysts have

been developed that split water into hydrogen and oxygen without

recombination losses in the near-UV region, revealing favorable

structural and functional properties of cocatalyst/photocatalyst

composites for OWS. In addition, several photocatalytic materials

have been shown to split water into hydrogen and oxygen under

long-wavelength visible light irradiation up to approximately 600 nm,

although their AQY is still low owing to the difficulty in controlling

material properties. Methods have also been developed to effectively

utilize long-wavelength visible light for Z-schemeOWS by combining

multiple different photocatalysts. Moreover, reactors suitable for

large-scale deployment and processes to recover pure hydrogen

from hydrogen/oxygen mixtures saturated with water vapor are

under development. Most of these important and symbolic

advances have been made in the past decade. Such rapid

developments hold promise for further progress toward large-scale

solar and chemical energy conversion through photocatalytic OWS

reactions. However, many challenges remain regarding the practical

application of this technology.

Technoeconomic evaluations of photocatalytic water splitting

suggest that an STH efficiency of at least 5% is required for this

technology to be impactful in the real world. In addition, to produce

solar fuels in sufficient quantities, it is necessary to develop low-cost

mass-production technologies for photocatalyst preparation and

reactor construction, as well as energy-efficient processes for

hydrogen separation and recovery (128). Regrettably, photocatalytic

materials exhibiting such high STH efficiency have not yet been

developed, and it appears that only a few researchers are pursuing

scaling up in a serious manner. This may be due in part to the lack of

standardization in the implementation of photocatalytic hydrogen

production and the evaluation conditions for STH efficiency.

Particulate photocatalysts are inherently heterogeneous due to their

powdery nature, making standardized evaluation difficult. As a result,

researchers have developed materials under overly customized (often

impractical) and incomparable conditions on a very small scale. This

situation underscores the need to establish an efficiency accreditation

organization comprising well-regarded researchers with a thorough

understanding of the mechanisms of photocatalysis (129). In

developing and introducing new technologies, ensuring the safety
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of the entire process and compliance with laws and regulations must

also be considered. Governments should take the lead in establishing

clear and reliable international frameworks for green fuel-related

technologies, including laws, regulations, and licensing procedures

(130), which will help ensure compatibility among technologies,

avoid market fragmentation, and allow smooth technology

development and societal deployment. However, photocatalytic

green fuel production is still technologically underdeveloped, with

low STH efficiencies, high product costs, and many uncertainties in

its development. Given that most efforts are consistent with a low

technology readiness level, it is first necessary to standardize STH

efficiency measurements under the initiative of leading photocatalyst

researchers. For example, we propose that the STH efficiency of

photocatalytic water splitting should be determined by quantifying

the product gases of the reaction by the upward water displacement

method using a panel reactor that is inherently suitable for large-area

application (131).

Innovative and unconventional approaches will be needed to

overcome these various problems. The authors hope that this lead

article, in conjunction with the global movement toward carbon-

neutral energy policies and sustainable development, will encourage

experts from various fields to participate in photocatalysis research

and jointly push the development of photocatalysts for large-scale

solar-to-chemical energy conversion via OWS reactions.
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