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Abstract 
Solar hydrogen production from water is a sustainable alternative to traditional hydrogen 

production route using fossil fuels. However, there is still no existing large-scale solar 

hydrogen production system to compete with its counterpart. In this Review, recent 

developments of four potentially cost-effective pathways towards large-scale solar hydrogen 

production, viz. photocatalytic, photobiological, solar thermal and photoelectrochemical 

routes, are discussed, respectively. The limiting factors including efficiency, scalability and 

durability for scale-up are assessed along with the field performance of the selected systems. 

Some benchmark studies are highlighted, mostly addressing one or two of the limiting factors, 

as well as a few recent examples demonstrating upscaled solar hydrogen production systems 

and emerging trends towards large-scale hydrogen production. A techno-economic analysis 

provides a critical comparison of the levelized cost of hydrogen output via each of the four 

solar-to-hydrogen conversion pathways. 

 

KEYWORDS: sustainable hydrogen, solar fuels, large-scale, hydrogen production, water 

splitting 
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1. Introduction 
Hydrogen is industrially utilized for methanol production, hydrocracking in petroleum 

refinery and ammonia synthesis for fertilizer production.1 New markets are also emerging for 

vehicles powered by hydrogen fuel cells that combine hydrogen and oxygen from the air in 

an electrochemical reaction to generate electricity, as well as fuel cell home heating 

systems.2-3 Furthermore, to alleviate environmental problems caused by fossil fuels during 

traditional hydrogen production routes such as methane reforming and coal gasification, solar 

hydrogen production from water has attracted intensive research interest as a promising 

pathway to a sustainable energy future of the planet.4 Through this process, solar energy and 

earth-abundant water are converted into a storable fuel that is suitable for seasonal storage.5 

Over the last few decades significant progress has been made to improve the solar-to-fuel 

efficiency and stability of the solar-driven water splitting systems. However, this method still 

cannot compete with its counterparts that have been employed for large-scale hydrogen 

production of 50 million tonnes per year worldwide from fossil fuels.6  

Water splitting into hydrogen and oxygen is a thermodynamically uphill reaction with free 

energy change ΔGo of +237 kJ per mol of H2 under standard conditions (25 oC, 1 atm 

pressure). This must be supplied, in this case, by the energy from sunlight to drive the water 

splitting reaction. Based on the forms of intermediate energy, the solar hydrogen production 

can be categorized into different production routes. Notably, a solar hydrogen production 

plant will be energy-positive only if the hydrogen-generating facilities meet certain efficiency 

and durability criteria.7-8 Ongoing research is focusing on improving performance, increasing 

lifetime and reducing cost towards eventual large-scale implementation.9-12  

In this review, we examine four approaches to achieve solar-driven hydrogen production, 

viz. photocatalytic, photobiological, solar thermal and photoelectrochemical hydrogen 

production, emphasizing upscaled systems and emerging trends towards large-scale hydrogen 
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production. Regarding each of the four solar hydrogen production routes, we discuss its 

reaction mechanism, materials development, system configuration, benchmark laboratory 

demonstration and field performance. In the last section, recent techno-economic studies are 

summarized to evaluate the levelized cost of hydrogen output via each production route, 

which can guide research investments to achieve commercially viable solutions.  

2. Photocatalytic water splitting 
First reported in 1977 with TiO2 powders,13 the simplest configuration of photocatalytic 

water splitting consists of a single type of semiconductor particles in contact with water 

(Figure 1a). Upon excitation by an incident photon with a higher energy than the bandgap of 

the semiconductor (Eg), an electron in the valence band (VB) can be promoted to the 

conduction band (CB) and leave behind a hole. The electron and hole have to separate 

spatially and diffuse to the surface of the semiconductor to participate in the hydrogen 

evolution reaction (HER) and oxygen evolution reaction (OER), respectively. For the 

simultaneous hydrogen and oxygen evolution, known as overall water splitting (OWS), to 

occur in this single semiconductor configuration, stringent requirements on the electronic 

structure of the semiconductor has to be met. At the thermodynamic limit, the OWS is 

reversible, the conduction band minimum (CBM) should match the redox potential of the 

H+/H2 pair and the valence band maximum (VBM) should match that of the O2/H2O pair, 

setting the theoretical minimum of Eg for OWS in the single semiconductor configuration at 

1.23 eV. The theoretical limit for STH in the single semiconductor configuration has been 

calculated to be 31%,14 and considering inevitable losses associated with state-of-the-art 

materials, a practical limit for such system has been estimated to be 11%.15 
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Figure 1. Simplified mechanism of photocatalytic water splitting in (a) the single-

semiconductor and (b) the Z-scheme configurations. “Red.” and “Ox.” denote the reduced 

and oxidized forms of the redox mediator, respectively. 

In practice, however, STH rarely exceeds 1% in photocatalytic OWS especially in the 

absence of UV radiation. One of the most important reasons is that only semiconductors with 

significantly larger Eg than 1.23 eV have exhibited OWS activity, some of the well-known 

examples being TiO2, SrTiO3, NaTaO3, Ga1−xZnxN1−xOx, and g-C3N4.16-20 The large Eg of 

these materials prevents the utilization of all near-infrared and most visible light in solar 

radiation. Difficulties in exploiting narrow-bandgap semiconductors arise in three main 

aspects. First, extra energy in the photo-generated electrons/holes is required to overcome the 

activation barrier of OER/HER before water splitting occurs experimentally. The magnitude 

of the extra energy is determined by surface chemistry of the photocatalyst.21 It adds to the 

required VBM/CBM and hence minimum Eg. Second, it is difficult to predict, measure, and 

tune the VBM and CBM separately. Often the VBM of a semiconductor is positive enough to 

drive the OER but the CBM is not negative enough to drive the HER, vice versa. As a result, 

most photocatalysts can only produce H2 or O2 at the expense of sacrificial electron donating 

or accepting chemicals, respectively. Third, many narrow-bandgap semiconductors are 

unstable in photocatalytic OWS conditions due to photochemical corrosion. The issue is 

typically more significant in materials consisting of anions other than O2−, e.g. S2−, Se2−, and 



7 

N3−.22-24 These anions are oxidized at potentials more negative than that of the OER, making 

it thermodynamically more favorable for the photo-generated holes to oxidize the 

photocatalyst than to oxidize water.   

Another prominent factor in the low STH is recombination of photo-generated electrons 

and holes. Instead of reacting with water, the electrons and holes can recombine to emit light 

(by radiative recombination) or heat (by non-radiative recombination), dissipating the energy 

they carry. The carrier diffusion length, which measures the average length a charge carrier 

travels in a semiconductor before recombination, offers an intuitive comparison of the extent 

of recombination. It ranges from over one millimeter for lightly doped silicon wafers25 to just 

a few nanometers for TiO2, the common photocatalyst.26 The short carrier diffusion length 

limits the photocatalytic efficiency, as electrons/holes generated deeper in the photocatalyst 

particle do not contribute to the surface reactions. An indication of the effect of charge carrier 

recombination is internal quantum efficiency (IQE), defined as: 

IQE = %&'()*	,-	).)/0*,%1	,*	2,.)1	*)3/0)4	5602	530)*
%&'()*	,-	72,0,%1	3(1,*()4 × 100%     (1) 

Larger deviation of IQE from 100% signifies heavier impact of recombination.  

Before the hydrogen and oxygen produced on the photocatalyst can be recovered, a final 

obstacle has to be overcome, which is the reverse reaction of OWS. Just as water can accept 

and donate electrons in HER/OER, the produced hydrogen can react with photo-generated 

holes (in the hydrogen oxidation reaction, HOR) and the oxygen with photo-generated 

electrons (in the oxygen reduction reaction, ORR). These reverse reactions are exothermic 

and occur at room temperature, dissipating the chemical energy stored by OWS as heat and 

lowering the STH. While the impact of reverse reactions is difficult to quantify, it is 

encompassed, together with the effect of incomplete light absorption, by the commonly 

reported apparent quantum efficiency (AQE) which is more easily measured than IQE. AQE 

is defined as: 
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	AQE = =>
? × 100%          (2) 

where n is the number of electrons transferred for the evolution of unit amount of product, r 

is the rate of hydrogen/oxygen evolution, I is the rate of incident photons. In single 

semiconductor OWS, n = 2 for HER and n = 4 for OER. A detailed review on the theoretical 

aspect of the various physical processes affecting AQE is found elsewhere.27 

Since the discovery of photocatalytic water splitting activity, enormous efforts have been 

made to improve the solar-to-hydrogen (STH) efficiency. The majority of the work has been 

focused on the design of the photocatalyst. To circumvent the strict requirement on the 

alignment between VBM/CBM and OER/HER potentials and hence allow for a wider choice 

of semiconductor materials, a double semiconductor water splitting system was proposed 

which was inspired by biological photosynthesis also known as the Z scheme.28 Its first 

demonstration was reported much later in 2001 and today STH exceeding 1% has been 

achived.29-30 In Z-scheme OWS as illustrated in Figure 1b, the photo-generated holes in the 

oxygen evolution photocatalyst (OEP) drive the OER while the electrons generated in the 

hydrogen evolution photocatalyst (HEP) drive the HER. Charge transfer between the two 

photocatalysts is achieved by either direct contact, a metallic mediator, or a redox couple in 

the electrolyte. This only requires the VBM of OEP to be more positive than the OER 

potential, CBM of HEP more negative than the HER potential, and CBM of OEP more 

negative than VBM of HEP. Therefore in theory, IR radiation less energetic than 1.23 eV can 

be utilized. However, it should be noted that in Z-scheme OWS the number of required 

photoexcitation and charge transfer events is double that of the single semiconductor OWS 

for the evolution of the same amount of hydrogen/oxygen. It follows that for the calculation 

of AQE (Equation 2), n = 4 for HER and n = 8 for OER. In addition, the kinetic barriers and 

reverse reactions associated with the charge transfer processes between the OEP and HEP 
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complicate the OWS system. As a result, Z-scheme OWS has not shown significant 

advantages over single semiconductor systems in terms of STH.31  

Due to low capital and operating costs, photocatalytic water splitting has been frequently 

suggested as a promising method of solar hydrogen production.32 The viability of 

photocatalytic OWS as a commercial technology, however, faces several great challenges at 

the current stage. The most important issues are its low STH, fire hazards of oxyhydrogen 

mixture, and limited/unknown stability of catalysts which still pose significantly higher cost 

compared with that of methane steam reforming catalysts.33 In the following subsections, we 

discuss the research progress in improving the practicality of photocatalytic hydrogen 

production by dividing the literature in two broad categories focused on the catalyst and 

reactor/system design, respectively. The last subsection will present notable demonstrations 

of the technology beyond the laboratory scale. 

2.1. Photocatalysts 

So far the dominant focus of studies on water splitting photocatalysts has been their activity. 

The strategies for optimization of photocatalytic activity are briefly summarized herein, as 

up-to-date reviews under this topic can be readily found.34-39 Potential methods for large-

scale production of photocatalysts which form the focus of this section are discussed 

afterward in detail. 

2.1.1. Strategies for photocatalyst design 

First of all, bandgap engineering has been frequently involved to maximize the utilization 

of visible radiation. The two most successful strategies to achieve such bandgap tuning are 

probably doping wide-bandgap semiconductors with heteroatoms and preparing solid 

solutions of different semiconductors.40 They have led to some OWS photocatalysts 

responsive to visible light with the longest wavelengths.41-42 The first demonstration of 

visible light-driven OWS also employed the GaN-ZnO solid solution.43 In doping 



10 

photocatalysts, donor states are introduced near the VBM and acceptor states near the CBM 

while in the electronics industry the opposite is usually true. This is because the main purpose 

of doping photocatalysts is narrowing the bandgap instead of generating thermally excited 

charge carriers which would greatly promote recombination. Nevertheless, the introduction of 

heteroatoms does promote recombination by disrupting the regularity of the host lattice. The 

degree of doping has to be carefully controlled such that the benefit of increased visible light 

absorption is not overwhelmed by the enhanced recombination. 

After photons have been captured to generate electron-hole pairs, the competition between 

charge carrier separation and recombination becomes important, which has received 

considerable attention. Charge carrier separation is improved by an electric field. In 

photocatalytic systems where no external circuit is connected, the electric field can be 

generated by anisotropy of the photocatalyst’s crystal structure or formation of 

semiconductor-semiconductor junctions.44 Positive effects of junctions both between 

semiconductors of different chemical compositions and between different crystallographic 

phases with the same chemical composition have been demonstrated.45-46 On the other hand, 

recombination caused by presence of defects including lattice dislocation, interstitial filling, 

vacancies, and surface states can be suppressed by increasing the crystallinity of the 

photocatalyst and excluding contaminants.47 Appropriate annealing, for example, is desirable 

in this regard.48 Alternatively, the photocatalyst can be prepared in the form of nanoparticles 

to shorten the diffusion pathways of the charge carriers and hence their probability of 

recombination, as has been commonly carried out.36 However, excessively small particles 

have poor optical absorption and are rich in surface defects that promote recombination.  

Another main body of work on water splitting photocatalysts has been focused on the 

surface chemistry. Compared with the generation and diffusion of charge carriers, the surface 

reactions (HER/OER) occur over a longer timescale and are the rate determining steps in 
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most water splitting systems.44, 49 The surface of semiconductors optimized for light 

absorption usually has high HER/OER overpotential. To facilitate the surface reactions, co-

catalysts with lower overpotentials have been used since the earliest studies on photocatalytic 

OWS.50 Anchored to the surface of the light-harvesting semiconductor, they are the actual 

reaction centers for HER/OER. For many photocatalysts including the most studied TiO2, co-

catalysts are in fact necessary for any measurable OWS activity. 

As water electrolysis closely parallels photocatalytic OWS, electrocatalysts for the former 

can serve as co-catalysts for the latter. In practice, a single co-catalyst for HER/OER or two 

co-catalysts for both half reactions can be introduced to a photocatalyst as illustrated in 

Figure 1. For example, Pt and other platinum-group metals are well known for their low HER 

overpotential and most frequently adopted as the HER co-catalyst.47 In recent years novel 

materials based on earth-abundant elements including first-row transition metal phosphides51, 

chalcogenides52, and biomimetic molecular catalysts53 for this purpose have gained 

increasing attention. For OER, oxides of Mn, Co, Ni, Ru, and Ir are commonly used as the 

co-catalyst.47 The synergistic effect of applying both HER and OER co-catalysts to the same 

photocatalytic system has been demonstrated, affording up to twofold increase in AQE 

compared with using one co-catalyst.54-55 With appropriate alignment between the band 

energy of the light absorber and the co-catalyst, the latter acts as an electron trap to suppress 

recombination and increase quantum efficiency.56 Furthermore, co-catalysts exhibiting 

surface plasmonic resonance (SPR) can facilitate the generation of electron/hole pairs 

regardless of Eg of the photocatalyst.57 If the SPR occurs at a lower energy than Eg, then the 

range of operable wavelength for the photocatalyst can be extended by incorporating the co-

catalyst. Visible light-responsive Au- and Ag-based systems are notable examples.58 

On the other hand, most noble metal co-catalysts e.g. Pt also catalyze the reverse reactions 

of water splitting and reduce the amount of recoverable hydrogen/oxygen. To inhibit the 
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reverse reactions, deposition of an amorphous metal oxyhydroxide nanolayer on the co-

catalyst has been found effective.59-60 It was proposed that the nanolayer impedes ORR by 

selectively blocking diffusion of oxygen towards the co-catalyst surface. Finally, excessive 

loading of co-catalysts can prevent effective absorption of incident light by the photocatalyst. 

For a balance between the positive and negative effects as well as economic considerations, 

the typical loading of co-catalysts is below a few percent by weight. 

Since the 2000s energy crisis which stimulated interest in the commercial potential of solar 

water splitting, there has been increasing research on replacing the noble metal components 

of photocatalysts with less expensive materials. Figure 2 shows that many elements 

commonly used in photocatalysts/co-catalysts such as Cd, Se, Pt, Bi, Ru and Ir are not only 

costly but also scarce in nature. Extensive consumption of these elements in a future energy 

industry built on solar H2 production would be unsustainable if not impossible. In this context 

many earth-abundant metals/metal oxides have been found to be efficient co-catalysts with 

activity comparable to noble metals,61-62 and completely metal-free photocatalysts have 

emerged as another promising system.63 Notably, a C3N4 catalyst loaded with carbon 

nanodots has shown a STH of 2% and stable performance over 200 days in OWS.64 Despite 

these successes, relatively little attention has been paid to scaled-up photocatalyst synthesis. 

It is well recognized that the preparation of nanomaterials, which accounts for the majority of 

studies on photocatalytic water splitting, is a kinetically controlled process and highly 

sensitive to the history of the physicochemical environment.65 Accurate size and 

morphological control over the product in large scales is challenging due to temperature and 

concentration inhomogeneity. As production of catalysts with reliable quality in industrially 

relevant throughputs is essential to the viability of the technology, research efforts to this end 

are discussed herein. 
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Figure 2. Annual production, abundance, and cost of common elements. Adopted with 

permission from Ref. 9, copyright (2019) the Royal Society of Chemistry. 

2.1.2. Large-scale batch synthesis of photocatalysts 

To date batch-wise wet chemical processing has remained the dominant method of 

laboratory catalyst synthesis. It requires minimal investment in equipment and is supported 

by extensive knowledge in open literature. However, to achieve accurate control over size 

and morphology of nanocatalysts which is crucial to their catalytic performance, highly 

diluted reaction mixtures are most frequently involved. As separation of the nanocatalysts 

usually requires energy-intensive centrifugation instead of filtration methods, such processes 

have significantly higher operating cost than those for conventional particulate products, and 

the energy penalty is further aggravated by the large volume of reaction mixtures. Given the 

low productivity of the diluted reaction system and narrow margin of profit in water splitting, 

the same strategy for size/morphology control in laboratory is likely to be prohibitive in an 

industrial setting. In one example, hydrothermal synthesis of Cd0.5Zn0.5S nanocrystals with a 

production rate of ~0.8 kg per batch has been performed in a 13 L stirred tank reactor.66 The 

self-contained apparatus also consisted of reagent storage, product separation, and waste gas 

treatment units as shown in Figure 3. Remarkably, the nanocrystals were separated by 

ultrafiltration which demands less energy input than centrifugation at the expense of 

automation. The catalyst exhibited an energy conversion efficiency of up to 4.3% and an 
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AQE of 40.5% at 425 nm, which almost equals the activity of a similar catalyst synthesized 

in a 130-fold smaller batch. However, the particle size distribution and catalytic activity are 

noticeably worse than in a 2-fold diluted, laboratory-scale synthesis requiring no stirring67, 

highlighting the difficulty in process intensification of nanomaterials synthesis in batch-wise 

wet chemical systems. 

 

Figure 3. Schematic diagram of a pilot plant for hydrothermal synthesis of Cd0.5Zn0.5S 

nanoparticles in batch mode. Reproduced with permission from Ref. 66, copyright (2018) 

Elsevier Ltd. 

Besides increasing batch size, it is also possible to improve the throughput of batch-wise 

synthesis by shortening the processing time. Completion of reactions has to be still ensured 

for reasonable yield, which can be achieved by more efficient heating methods such as 

microwave heating. A type of dielectric heating in nature, it does not depend on any 

thermally conductive medium, and heat is generated evenly in the reaction mixture as long as 

it is homogeneous within the reach of the radiation, reducing the effects of convection. So far 

microwave heating has primarily been used to accelerate wet chemical synthesis.68 For 

example, 200 nm α-Fe2O3 particles have been prepared in a 5 L microwave-heated 
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hydrothermal reactor with a production rate claimed to be comparable to 2.1 m3 conventional 

reactors.69 Many nanomaterials with photocatalytic water splitting activity have been 

prepared by similar methods where the required reaction time, typically a few to a few tens of 

minutes, was an order of magnitude lower than in conventional hydrothermal methods.70 

However microwave-assisted synthesis of photocatalysts has not exceeded the gram scale in 

laboratory research. The main reason is probably the limited penetration of 2.45 GHz 

microwave generated by most commercial equipment.71 To heat the internal volume of large 

reactors, heat transfer from the outer layer accessible to microwave is the only channel, which 

offsets the benefits of microwave heating to some degree. Deeper penetration of microwave 

energy can be achieved by nonstandard lower frequency equipment, but the cost is much 

higher.  

Laser and direct current have also been used to deliver heat efficiently to reactants. In the 

former case, the optical energy is converted to localized heat at the point of contact, 

melting/vaporizing the starting material which is then cooled by and react with the reaction 

medium.72 Considering that examples of laser-assisted synthesis of water splitting 

photocatalysts are rare, it is remarkable that CoO nanoparticles synthesized by femtosecond 

pulsed laser ablation of CoO microparticles in water have exhibited the highest recorded 

unassisted photocatalytic OWS activity at a STH of 5%.73 Similar to laser, a high voltage 

applied to the solid-liquid interface can also generate localized heat through plasma discharge, 

which has been exploited for one-step synthesis of TiO2−x with visible light sensitivity.74-75 

Briefly, high voltage pulses were applied to Ti electrodes immersed in an NH4NO3 or HNO3 

electrolyte. It was proposed that metallic Ti melted/vaporized by the plasma at the cathode 

was quickly quenched by the relatively cold electrolyte while being oxidized, resulting in the 

partially oxidized product. In the two aforementioned synthesis methods, the amount of 

materials converted by each laser/electrical pulse is microscopic, but the reaction is usually 
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completed within the millisecond scale due to extreme temperatures. As most of the input 

energy is delivered to the solid-liquid interface instead of the bulk of the mixture, they are 

also energy-efficient and hence have potential for scale-up, provided that economic processes 

for product recovery are developed. 

Compared to wet chemistry, solid-state synthesis allows for much higher precursor 

concentrations and hence more efficient use of reactor volume. Pyrolytic synthesis of g-C3N4, 

for instance, has been scaled up from 5 g to 500 g of urea as precursor, producing up to ~28 g 

of g-C3N4 per batch.76 Constant yield was obtained and 90% of H2 evolution activity was 

maintained after the scale-up. While strictly speaking the pyrolysis of urea occurs in the 

liquid (molten) phase, some of the most efficient photocatalysts such as doped SrTiO3, 

NaTaO3, and GaN-ZnO solid solutions have indeed been produced by conventional solid-

state reactions.17-18, 48 Due to sluggish diffusion and interaction of solid precursors which 

necessitate high temperature for acceptable reaction rates, such syntheses are slow, energy-

intensive, and accompanied by severe sintering. The as-synthesized products are typically 

micrometer-sized particles with low specific surface area limiting the amount of available 

catalytic sites. But on the other hand, the high temperature facilitates the removal of structural 

defects from the semiconductor crystals and improves the carrier diffusion length. The 

negative effects of small surface area may be compensated for by increased number of charge 

carriers reaching the catalytic sites, resulting in enhanced activity with particle size. 

Furthermore, the method is well-established in industrial production and the yield is close to 

100% on a metal basis. Despite the fact that the throughput in research works has been 

limited to several grams, we believe that solid-state synthesis has great potential for 

production of photocatalysts in larger scales. 

 Similar to wet chemical methods, solid-state synthesis of photocatalysts has adopted 

microwave heating. However, the efficiency of heating is sensitive to electrical properties of 
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the material being processed, which is greatly buffered by the copious amount of solvent 

present in wet chemical systems but not in solid-state synthesis. Microwave heating is 

therefore non-uniform in solid-state mixtures due to their inhomogeneity. Nevertheless, 

microwave-assisted synthesis of g-C3N4 from urea, melamine, cyanamide, or thiourea has 

been reported with a maximum of 2 g of product produced per batch.77 CuO was used as the 

heating medium to deliver heat to the reaction mixture as it strongly absorbs microwave 

radiation. Although this affects the uniformity of heating, the reaction time was reduced to 18 

min from the 3-4 h required by conventional heating. The product even exhibited 50% 

improvement in photocatalytic hydrogen evolution compared with g-C3N4 synthesized in a 

furnace, with a higher crystallinity cited as the main factor.  

In solid-state synthesis, the reaction can be accelerated by not only efficient heating but 

also addition of flux which melts during the synthesis, e.g., molten salt, and acts as a solvent 

to promote local diffusion of reactants. It is well-established industrial practice to add flux up 

to a few percent of the total feed. Recently, the method has been developed further by 

increasing the amount of flux so that a significant fraction if not all of the precursors are 

dissolved during synthesis.78 The resulting process, namely molten salt synthesis, allows for 

controllable formation of nanocrystals as nucleation and growth of crystals are more uniform 

than in conventional solid-state synthesis. In this sense, it parallels wet chemical processing 

albeit with significantly higher reactant concentrations. Sr-doped NaTaO3 nanocubes with 

sizes of 20-60 nm, for example, have been synthesized from Na2CO3, SrCO3, and Ta2O5 in 

molten NaCl-KCl and exhibited remarkable OWS activity under UV radiation.79 

2.1.3. Large-scale continuous synthesis of photocatalysts 

Batch-wise synthesis requires evacuating and recharging of reactors which inevitably leads 

to long downtime and batch-to-batch variations due to highly non-linear heat/mass transport 

involved, particularly in wet chemical processes. As a result, continuous processes are 
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preferred in industrial production. There has been considerable research on continuous 

hydrothermal flow synthesis (CHFS) of inorganic nanomaterials since the 1990s, a 

comprehensive review of which has been published recently.80 In contrast to laboratory-scale 

batch synthesis where the reaction mixture is usually heated for several hours at up to 200 °C, 

the studies aimed at industrial production adopt reaction temperatures of 200-400 °C to 

reduce the required residence time to a few seconds or minutes. In order to achieve the high 

temperature in an even smaller timescale before the product starts to form, the precursor 

solution is often heated by directly mixing it with supercritical water. Using this method, 

production of <100 nm metal oxide, hydroxide, sulfide, and phosphate nanoparticles in the 

kg/h scale has been readily realized. Figure 4 shows a representative schematic diagram of a 

CHFS system. 

  

Figure 4. Schematic diagram of a typical continuous hydrothermal flow synthesis (CHFS) 

set-up. Adopted and modified with permission from Ref. 81, copyright (2015) Elsevier Ltd.  

While many photocatalytically active materials including TiO2, ZnO, CdS, α-Fe2O3, WO3, 

etc. have been synthesized using this method, reports on their photocatalytic water splitting 

activity are scarce. Starting from TiOSO4 and KOH, Makwana et al.81 synthesized anatase 

TiO2 nanoparticles with tunable sizes of 5-18 nm and tested their water splitting activity after 

sputter coating pelletized TiO2 particles with Pt. The Ti precursor were processed at 6 mol/h 

with a residence time of ~5.5 s in the hot section of the reactor.82 More recently, 5 nm Ti3+-
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doped TiO2/C composite was synthesized in a smaller scale where the throughput of Ti 

precursor was 45 mmol/h.83 It showed a hydrogen evolution activity 49 fold higher than that 

of commercial P25 TiO2 evaluated in the same conditions. Similar activity was achieved with 

K2Ti6O13 nanofibers in an earlier work.84 The material was synthesized with a residence time 

of ~2 s and a production rate of 0.3 g/h. Admittedly the throughput of CHFS still faces the 

bottleneck of the dependence on time-consuming centrifugation processes for product 

separation, as is the case in most laboratory studies on nanomaterials. 

Although not well known in the field of chemistry, gas-phase synthesis is by far the most 

established method for commercial production of nanomaterials. Today the majority of 

nanoparticle commodities including carbon black, fumed silica, and the benchmark 

photocatalyst P25 TiO2 are produced by a type of gas-phase process, namely flame aerosol 

synthesis (FAS), first commercialized in the 1940s.85 In FAS, the precursors and supporting 

fuel in the form of either vapors or atomized liquid are introduced continuously into a flame. 

The precursors are pyrolyzed in the flame to form nanoparticles entrained by the exhaust 

which can be recovered by cyclone separators or filters.  

Due to the few unit operations and energy-efficient separation techniques involved, FAS is 

suitable for large scale production. The number of nanomaterials successfully synthesized by 

FAS is enormous, covering the oxides of almost all the metal elements in the periodic table 

up to the 6th period and all the noble metal particles.86 However, while common metal oxide 

photocatalysts have mostly been prepared by FAS, their activity in water splitting has been 

seldom reported.87 To the best of our knowledge, TiO2 has remained the only FAS-derived 

material tested for water splitting activity. A majority of such works have been reviewed.88  

As an example, a series of F-doped 1% Pt/TiO2 was synthesized in one step by liquid-fed 

FAS, and exhibited high hydrogen evolution activity from mixed methanol and water 

vapors.89 The schematic diagram of typical liquid-fed FAS equipment is shown in Figure 5a, 
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where a solution of metal precursors in flammable solvent is atomized by and burnt in 

oxygen. Due to the heat released by combustion of the fuel, the temperature of the precursor 

droplets quickly rises to >1000 °C, enabling its complete vaporization before pyrolysis 

products reach super-saturation. As a result, particle formation can mainly proceed by 

homogeneous nucleation and lead to nanometer sizes. In this case, XRD analysis showed that 

the TiO2 consisted of ~90% anatase and ~10% rutile with average crystallite sizes of 15-20 

nm.  

 
Figure 5. Schematic diagrams of (a) liquid-fed flame aerosol synthesis, reproduced with 

permission from Ref. 90, copyright (2003) Elsevier Science Ltd. (b) vapor-fed flame aerosol 

synthesis, reproduced with permission from Ref. 91, copyright (2018) American Chemical 

Society, and (c) ultrasonic spray pyrolysis, reproduced with permission from Ref. 92, 

copyright (2016) American Chemical Society. 

Recently, our group demonstrated a photocatalytic H2 evolution AQE of 39.4% at 360 nm 

in methanol solution using a FAS-derived 10-20 nm TiO2 photocatalyst with 0.1% of Pt co-

catalyst.91 Different from the study mentioned earlier, the TiO2 was synthesized by feeding 
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vaporized titanium(IV) tetraisopropoxide together with ethylene, oxygen and argon to a flat 

flame stabilized on the surface of a rotating collection disk as shown in Figure 5b. 

Interestingly, the TiO2 II phase that had only been synthesized at extreme pressures was 

obtained in open atmosphere in this work, possibly due to fast quenching of metastable 

intermediates before rutile crystallized.93 The presence of TiO2 II/anatase/rutile junctions may 

be beneficial to charge carrier separation and hence the photocatalytic activity.  

Apparently, a flame is not the only possible heat source for gas-phase synthesis of 

nanomaterials. As depicted by Figure 5c, in the so-called ultrasonic spray pyrolysis process, 

conventional tube furnace is used to continuously dry and pyrolyze fine droplets of precursor 

solution without involving combustion. A number of titanates and tantalates active in 

photocatalytic water splitting have been synthesized using this method, the performance of 

which is summarized in Table 1. Compared with FAS, the ultrasonic spray pyrolysis does not 

afford heating of the precursors as fast. The vaporization of droplets is therefore incomplete 

before significant amount of product forms, and the resulting particles retain the shape of the 

precursor droplets in the form of polycrystalline aggregates. It has been noted, however, that 

despite the large potential of gas-phase nanomaterials synthesis for commercialization, the 

short residence time of particles prevents healing of their structural defects which 

compromises the photocatalytic activity.94 Combination with a following annealing step or 

wet chemical treatment95 may be necessary to achieve desirable results. In addition, adsorbed 

species on nanoparticles and their effect on morphological control during FAS have been 

poorly understood. Unlike in wet chemical synthesis where a large variety of surface capping 

agents can be applied to control particle growth on specific crystal facets, in FAS the harsh 

environment limits such control. As a result, FAS-derived nanocatalysts with sophisticated 

structural features, for example crystal facets of high Miller indices, have not been reported.  
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Table 1. Photocatalytic water splitting performance of catalysts synthesized by ultrasonic spray 
pyrolysis 
Photocatalyst Co-catalyst AQE* Ref. 
NaTaO3 NiO 50.9% @ 254 nm 96 
C/NaTaO3 - ~30% @ 254 nm 97 
g-C3N4 / SrTiO3:Rh Pt 5.5% @ 410 nm 98 
SrTiO3:Ni,Ta,La Pt 3.6% @ 420 nm 99 
SrTiO3:Rh,Ta Pt 8.4% † 100 
Sr1−2xNa2xTi1−xMoxO3 Pt 1.8% † 101 
SrTiO3:F Pt 0.74% † 102 
SrTiO3:Mo Pt 2.3% † 103 

*The activity was measured in aqueous methanol. 
†The apparent quantum efficiency (AQE) was measured at an unstated wavelength. 

 

2.2. Reactor/system Design 

In the majority of studies on photocatalytic water splitting, the measurement of activity is 

carried out in a magnetically stirred tank reactor where the catalyst slurry receives irradiation 

through a quartz/glass window and the gaseous product is sampled by a manifold connected 

to the reactor. Typically the volume of slurry is below 1 L with less than 1 g of the 

photocatalyst, producing no more than several millimoles of hydrogen per hour. For 

industrial applications that require production on a large scale (cubic meters per hour), at 

least 1000-fold scale-up is necessary. As the low activity of photocatalysts has been generally 

considered the main obstacle to practical use of the technology, little attention has been paid 

to the engineering aspect of the problem which in our view, however, is as important and 

complex. Research on the design of photocatalytic water splitting reactors has been partially 

reviewed,104-106 and the following discussion aims to complement these reviews while 

providing necessary background information. 

2.2.1. Safety 

For OWS reactors, one of the critical issues of scale-up is the fire/explosion hazard of 

oxyhydrogen mixtures because hydrogen and oxygen are generated simultaneously. It has 

been suggested that the hydrogen be diluted with an inert gas, for example nitrogen or carbon 

dioxide, until its concentration is below the lower flammability limit, and be separated by 
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selectively permeable membranes from the hydrogen-oxygen-inert gas mixture.107-108 

However, considering hydrogen’s lower flammability limit of only 4% (in air/oxygen, normal 

temperature and pressure), the large amount of required diluent poses heavy burden to the 

process. Even though the flammability range of hydrogen is significantly narrowed by the 

suppressing effects of carbon dioxide, the optimal specific cost of 99% hydrogen has been 

estimated at 6.40 $/kg compared with 2 $/kg for the established methane steam reforming 

process.108 In addition, no experimental demonstration of such systems has been reported.  

On the other hand, selective membranes can render Z-scheme OWS intrinsically safe by 

separating the HEP and OEP in two compartments, so that hydrogen and oxygen are not 

mixed at any point.109-110 Figure 6 illustrates that in such a system, an ion exchange 

membrane allows aqueous redox mediators (in this case Fe2+/Fe3+) to cross and complete the 

HEP-OEP charge transfer while blocking the diffusion of hydrogen/oxygen to a large extent. 

Although it was claimed that the reactions were not limited by mass transfer resistance across 

the membrane, the rate of gas evolution (0.48 μmol/h for H2 and 0.25 μmol/h for O2, with 0.3 

g of HEP and OEP each, 500 W halogen lamp) is low.110 

 
Figure 6. A twin reactor for Z-scheme water splitting with the HER and OER chambers 

separated by cation exchange membrane. Reproduced with permission from Ref. 110, 

copyright (2009) Elsevier Ltd. 
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In fact, similar function can also be realized by non-selective membranes. Using a 

membrane filter with 10 μm pore size as the separator, Sasaki et al. obtained hydrogen at 4.9 

μmol/h from 0.1 g of Ru/SrTiO3:Rh and oxygen at 1.9 μmol/h from 0.3 g of BiVO4 

simultaneously.111 About 4% of the hydrogen inevitably crossed the membrane and 

contaminated the oxygen, but as a side product the hydrogen-contaminated oxygen could be 

diluted and purged by air to eliminate the hazard. Importantly, upscaling of the porous 

medium-separated Z-scheme OWS to full-size plants has been examined with the outlook of 

achieving practical success.112-113 The proposed reactor is composed of low-cost polymer film 

“baggies” containing photocatalyst slurries as illustrated in Figure 7. The flexibility of the 

polymer film allows for expansion of the baggies as a temporary storage method for H2 and 

O2, thus simplifying the pneumatic system. Safety advantages of separate production of H2 

and O2 (Figure 7b) over generation of H2/O2 mixture (Figure 7a) are apparent, given the 

volume of gases to be dealt with in such scales. 
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Figure 7. Large-scale flexible photocatalytic water splitting reactors using suspended 

particulate photocatalysts for (a) spatially unseparated and (b) spatially separated generation 

of H2 and O2. Adopted with permission from Ref. 113, copyright (2013) the Royal Society of 

Chemistry. 

2.2.2. Hydrodynamic design and suppression of reverse reactions 

During laboratory evaluation of photocatalyst powders, care is always taken to ensure even 

distribution of the catalyst in the slurry through vigorous magnetic stirring. The role of 

stirring in maximizing hydrogen production rate has been recognized and attributed to 

enhancement of light absorption and mass transfer.114-115 In large-scale operation, however, 

mechanical stirring is uneconomical in photoreactors due to the large energy penalty 

associated. Although the amount of studies on water splitting photoreactors has been too 

small to provide an empirical guideline for the hydrodynamic design, major reactor designs in 

the closely related and more developed field of photocatalytic waste water treatment have 

exclusively been of the continuous flow type, among which tubular reactors coupled to solar 

concentrators have seen the most success in pilot- or larger scale applications.116 This is 

largely a result of knowhow accumulated through extensive research on solar thermal 

engineering. Similar designs can in principle be applied to water splitting but it should be 

taken into consideration that water splitting requires more gas-tightness for hydrogen 

recovery and no routine separation of photocatalyst. Indeed, tubular reactors form the heart of 

most pilot-scale works on photocatalytic water splitting. Homogeneous distribution of 

catalyst particles in such reactors is achieved by recirculating the slurry in the tubes under 

fully turbulent conditions.  

In the laboratory scale, flow regimes other than that of the tubular reactors have also been 

investigated for water splitting. For example, a shallow funnel-shaped photoreactor without 

active stirring was demonstrated to achieve similar STH as was an ordinary stirred tank 

photoreactor.117 Figure 8a,b show the structure of the reactor where the slurry was introduced 
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tangentially to induce turbulence and hence mixing. Notably, in a more recent study 44% 

improvement in AQE was demonstrated using Pt/TiO2 catalyst beads in a fluidized bed 

reactor compared with using recirculating suspension of Pt/TiO2 nanoparticles.118 The system 

also included a sparger in the downstream of the reactor to extract the hydrogen and oxygen 

with a N2 carrier gas, as illustrated by Figure 8c. Through computational modelling, it was 

proposed that efficient mass transfer and fast removal of the product gases were key factors 

in the high AQE because they suppressed the reverse reactions.119 However, fluidized bed 

reactors require photocatalysts in the form of millimetre-sized beads which significantly 

increases the mass of solids to be handled. The upright positioning of the reactor also poses 

difficulty in sunlight collection. 

 
Figure 8. (a) Schematic diagram and (b) photo of a laboratory-scale flow reactor system: 1, 

photoreactor; 2, gasket; 3, flange; 4, window; 5, inlet port; 6, outlet port. Reproduced with 

permission from Ref. 117, copyright (2010) Elsevier Ltd. (c) Schematic diagram of a fluidized 

bed reactor system for photocatalytic water splitting: 1, fluidized bed reactor; 2, UV lamp; 3, 

gas-liquid separator; 4, pump; 5, flow control valve; 6, flow meter; 7, mass flow controller 
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for N2 sparging; 8, outlet to GC. Reproduced with permission from Ref. 118, copyright (2017) 

Elsevier Inc.  

Also to control reverse reactions, an interesting method was reported where dissolved 

oxygen in a photocatalyst slurry was removed through an immersed oxygen-selective 

membrane by flowing argon as purge gas on the dry side of the membrane.120 More than 

100% improvement in hydrogen evolution rate was achieved thereby. In fact, measures to 

prevent reverse reactions have been routinely taken in laboratory studies, albeit without being 

realized and/or properly acknowledged sometimes. For example, most commercially 

available apparatus for photocatalytic water splitting experiments allow the system to be 

evacuated and operated under subatmospheric pressure. The low pressure leads to decreased 

solubility of hydrogen/oxygen which not only suppresses the reverse reactions but also 

enhances desorption of the products from the catalyst surface. Moreover, sacrificial 

electron/hole scavengers such as Ag+, S2O82−, S2−, methanol and triethanolamine have been 

frequently used to render the water splitting reaction irreversible.  

From an engineering point of view, low pressure operation in large scales causes heavy 

energy penalty to the process, and unless the sacrificial reagent is a waste or regenerated 

using renewable energy, production of hydrogen as a basic feedstock at the expense of the 

downstream chemicals cannot be justified. In this connection, a hybrid photocatalytic-solar 

thermal cycle has been proposed.121 In the model, photocatalytic hydrogen evolution occurs 

together with oxidation of aqueous (NH4)2SO3 to (NH4)2SO4 by photo-generated holes. The 

(NH4)2SO4 then goes through a metal oxide-assisted multistep solar thermal process to 

regenerate (NH4)2SO3 and produce oxygen. However, the energy required to vaporize all the 

remaining water after the photocatalytic step presents an issue for the overall efficiency of the 

hybrid cycle. 
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2.2.3. Optical design 

Compared with ordinary reactors, the design of photoreactors is complicated by the need to 

maximize exposure of catalyst particles to incident solar radiation. In the simplest form, a 

photoreactor can be a flat panel-type container as shown in Figure 9a, which has been proven 

a cost-effective solution to water treatment.116 The entire surface of the reactor can receive 

both direct and diffuse light, so the incident angle of sunlight does not affect photocatalytic 

performance as strongly as it does to tubular reactors with solar concentrators which will be 

discussed in more details. For water splitting, however, the reactor has to be sealed with a 

transparent cover and the capital cost increases. The issue is aggravated by the fact that few 

structural materials exhibit good transmission of UV radiation which is most efficiently 

utilized and for many wide-bandgap photocatalysts, the only usable part of solar radiation. 

Laboratory works usually adopt quartz glass as the cover which is too costly for large 

reactors. While thin borosilicate and soda lime glass can have satisfactory transparency to 

terrestrial UV, in large areas their thickness has to be increased to support their own weight 

and the UV transmission decreases. Some engineering polymers have been suggested as 

alternatives,117 but their reliability under constant exposure to direct sunlight is questionable. 

For these reasons, tubular glass reactors have become the midway solution as a compromise 

between transparency and mechanical strength. Nevertheless, flat panel reactors were adopted 

by recent pilot-scale trials of photocatalytic water splitting as elaborated further in Section 2.3, 

which is most possibly due to the low cost and ease of reactor construction in such scales.122-

123  
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Figure 9. Photos of typical (a) flat panel photoreactor, adopted with permission from Ref. 124, 

copyright (2017) Elsevier Ltd. (b) tubular photoreactor with parabolic trough collector and 

(c) tubular photoreactor with compound parabolic collector, adopted with permission from 

Ref. 125, copyright (2015) Elsevier Ltd. 

To fully utilize the surface area of the tubular reactors, light reflectors of various 

geometries have been designed to illuminate the underside of the reactors. Originated from 

solar thermal engineering, the oldest type of reflectors had a single parabolic profile. This 

configuration known as a parabolic trough collector (Figure 9b) can only reflect incident light 

that is perpendicular to its aperture to the reactor tube at the focus and wastes all the diffuse 

light.126 Despite having some success in waste water treatment, its use for water splitting has 

not been reported. Most of the reflectors used for water splitting experiments are compound 

parabolic collectors (CPCs) that allow some diffuse light to reach the reactor tube (Figure 9c). 

As shown in Figure 10a, its profile consists of two joint parabolas. Apparently, the ray traces 

show highly concentrated irradiation on the two sides of the reactor tube. To improve the 

uniformity of illumination on the tube surface, a new type of reflector geometry has been 

developed recently, named the surface uniform collector (Figure 10b).127  
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Figure 10. Cross-sectional views of (a) compound parabolic collector, reproduced with 

permission from Ref. 128, copyright (2018) Elsevier Ltd. and (b) surface uniform collector, 

reproduced with permission from Ref. 127, copyright (2016) Elsevier Ltd.  

Optimization of the different reflector geometries has been performed, the theory of which 

is described in detail elsewhere and beyond the scope of this review.129-130 The reflectors 

facilitate concentration of solar radiation, i.e. higher irradiance on the surface of the reactor 

than that of natural sunlight, which allows for the use of less photocatalyst and smaller 

reactor sizes compared with flat panel designs for unconcentrated sunlight. However, the 

quantum efficiency of the photocatalyst can decrease with irradiance because the increased 

charge carrier density also promotes recombination. In addition, in CPCs the amount of 

usable diffuse light decreases as the concentration factor increases. It is in principle possible 

to optimize the concentration factor of the reflector with respect to a certain catalyst, but 

research in this direction is scarce and difficult due to the complex kinetics of photocatalytic 

water splitting.131 

2.3. Progress in pilot tests 

Pilot-scale demonstration of photocatalytic water splitting has been limited due to low 

efficiency of catalysts, difficulties in engineering large reactors in a laboratory setting, and 
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economic considerations among other factors. As no commercial projects have been reported 

so far, we define the pilot-scale demonstration as any experiment that involves an illuminated 

geometric area exceeding 100 cm2 or a total volume of slurry exceeding 1 L with natural 

sunlight only. The criteria were chosen as such because studies in smaller scales are readily 

performed using commercially available apparatus without particular engineering concerns. 

Table 2 summarizes the basic features and performance of the pilot plants. 

The first pilot plant for photocatalytic water splitting was demonstrated in 2009.132 It 

consisted of four tubular glass reactors connected in series, each coupled to a CPC with an 

illuminated area of 0.6 m2. Optimized hydrogen production of 1.88 L/h corresponding to a 

STH of 0.47% was achieved. A unique feature of this pilot plant was its large solar 

concentration factor of ~4 in contrast to the typical value of ~1 in water treatment plants, 

which also characterized subsequent works from the same group.127, 133-135 The difference 

between the design criteria of water splitting and water treatment plants, i.e. high rate of 

hydrogen production per unit reactor volume for the former and large throughput of waste 

water per unit plant area for the latter, was highlighted and contributed significantly to the 

decision of using the large light concentration factor. The water splitting process could 

therefore be intensified with less catalyst required. However, fast consumption of the 

sacrificial agents was found a problem that affected hydrogen production in extended 

experiments.  

For further process intensification in a larger scale (32.4 m2 of illuminated area in total), the 

CPC was redesigned to reduce its space requirements and stirring was facilitated by 

periodically bubbling compressed gas through the reactors instead of continuously 

recirculating the slurry by a pump.133 Despite a high catalyst loading, the STH was 

remarkably lower than in the first example (Table 2). A similar design was adopted in the 

largest-scale study so far, involving a total illuminated area of 103.7 m2 and 720 L of 
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photocatalyst slurry.134 Figure 11 shows the structure of the plant. While the purpose of the 

design was to take maximal advantage of natural convection for the stirring of the 

photocatalyst slurry, forced recirculation had to be performed in the middle of the experiment 

due to severe sedimentation which was cited as the main reason for the low STH of 0.087%. 

Nevertheless, this attempt remains closest to a practical solar water splitting plant in terms of 

its scale and duration of test (6 h). The amount of hydrogen produced, 26.7 L/h, is remarkable. 

The same group also achieved a STH of 0.48%, the highest among pilot-scale experiments so 

far, with the surface uniform collector.135  

Interestingly, in the abovementioned series of experiments better performance was obtained 

with forced recirculation. As reverse reactions were made insignificant by the use of 

sacrificial hole scavengers, the main mechanism of this performance enhancement seems to 

be more related to the efficiency of light absorption and/or transport of hole scavenger 

species near the catalyst surface. 
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Figure 11. Schematic diagram and photo of a pilot plant for photocatalytic water splitting. 

Reproduced with permission from Ref. 134, copyright (2017) Elsevier Ltd.  

Pilot tubular reactors with solar concentrators have also been used with organic hole 

scavengers. A few studies carried out in Plataforma Solar de Almería, Spain since 2013 

demonstrated photocatalytic hydrogen evolution from aqueous formic acid, methanol, 

glycerol and organic wastewater.136-138 The pilot plants had been designed for water treatment 

and thus, as discussed earlier, had solar concentration factors of ~1 to maximize the 

utilization of diffuse sunlight. The relative effectiveness of the hole scavengers were found to 

depend on the type of the catalyst, but in all cases the hydrogen evolution from wastewater 

was at least an order of magnitude slower than in the presence of other hole scavengers. Note 
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that in these works solar power was measured by radiometers only responsive to part of the 

solar spectrum, i.e. λ < 400 nm or λ < 550 nm, making it difficult to directly compare the 

performance with most literature data. Considering the contribution of the measured part to 

the total irradiance in a standard AM1.5G spectrum, the STH based on total solar irradiance 

is 3.8 and 22 times lower than the value reported based on λ < 550 nm and λ < 400 nm 

irradiance, respectively. While solar hydrogen evolution with concurrent wastewater 

treatment was proven possible, the low reaction rate along with peculiar consumption of 

already formed hydrogen and catalyst deactivation138 renders the potential of the technology 

unclear for commercial hydrogen production. 

As an alternative to the sophisticated solar concentration reactors, flat panel photoreactors 

have received efforts for scale-up due to their simplicity. The first pilot scale demonstration 

of this type was reported in 2014 using a Pt/g-C3N4 catalyst.139 The photocatalyst slurry 

containing triethanolamine as sacrificial hole scavenger was recirculated by a pump between 

a reservoir and the reactor which had an illuminated area of 1 m2 and a cavity thickness of 

8 mm. Despite the continuous pumping, aggregation of the catalyst particles which could not 

be re-dispersed was observed during the experiment. This as well as the low UV 

transmittance of the reactor cover made of polycarbonate was believed to negatively affect 

the performance, resulting in only up to 0.08 L/h of hydrogen produced. To counter the 

problems, the reactor cover material was changed to poly(methyl methacrylate) for its better 

UV transparency and the catalyst immobilized on stainless steel supporting plates.140 The 

pilot plant which was otherwise the same as that used in the previous work is shown in 

Figure 12. The rate of hydrogen production was improved by a factor of 2 even though the 

illuminated area was reduced. Regardless of the low average STH of 0.06%, it has been the 

longest running pilot-scale experiment (28 days) without replacement of catalyst in between. 
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Figure 12. Schematic diagram and photo of a panel recirculation reactor system for 

photocatalytic hydrogen production with an immobilized Pt/g-C3N4 catalyst: 1, inlet of 

reactor; 2, reaction chamber; 3, light sensor; 4, storage tank for reaction medium; 5, camera 

for monitoring of hydrogen volume; 6, thermocouple; 7, pump; 8, gas line; 9, gas collection 

apparatus; 10, purge valve; 11, computer. Reproduced with permission from Ref. 140, 

copyright (2015) Wiley-VCH.  

In all the examples introduced so far, sacrificial electron donors were consumed to facilitate 

hydrogen evolution, which significantly reduced the gain of chemically stored energy in the 

overall reaction compared with OWS. The only pilot-scale realization of pure water splitting 

was reported recently at the scale of 1 m2 and reached a STH of 0.4%, which is remarkable 

considering that the photocatalyst (RhCrOx/SrTiO3:Al) was only sensitive to UV.141 The 

reactor module is rather simple in design and is in theory readily scalable, as shown by 

Figure 13. Unfortunately, the test only lasted for 30 min and improvement of long-term 

stability, although achieved with laboratory-scale (25 cm2) devices, was not demonstrated. It 
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is worth mentioning that the same group has developed equally or more efficient Z-scheme 

OWS devices by screen printing, an industrially established manufacturing process, but the 

performance was only measured with 25 cm2 samples despite 100 cm2 and 900 cm2 examples 

being shown.142-143 Apparently, the scale-up of unassisted photocatalytic OWS is much less 

studied than the already underdeveloped pilot-scale sacrificial photocatalytic hydrogen 

evolution. 

 
Figure 13. Schematic diagram and photo of a photocatalytic overall water splitting panel 

with an immobilized RhCrOx/SrTiO3:Al catalyst. Adopted and modified with permission 

from Ref. 141, copyright (2017) Elsevier Inc.  



37 

Table 2. Pilot-scale demonstrations of photocatalytic water splitting. 
Reactor Catalyst Catalyst 

loading 
Illuminated 
area (m2) 

Total 
volume 
(L) 

Sacrificial 
agent 

Test 
duration 

Average 
H2 rate 
(L/h) 

Max 
STH 

Average 
STH 

Ref
. 

Flat panel Pt/g-C3N4  13 g/m2 0.756  - 
 

TEOA 28 d 0.17 0.12% 0.06% 140 

Flat panel Pt/g-C3N4  0.62 g/L 1 11 L TEOA 1 d 0.08 - - 139 
Flat panel Pt/g-C3N4  0.62 g/L 1  11 L TEOA 3 d 0.04 - -  
Flat panel RhCrOx/SrTiO3

:Al  
8 g/m2 1  - None 30 min 1.02 - 0.4% 141 

Tubular CPC Pt/CdS  0.56 g/L 2.4  11.4 L Na2SO3, Na2S  6.5 h ~0.3 - 0.07% 132 
Tubular CPC Pt/CdS  1 g/L 2.4  11.4 L Na2SO3, Na2S  - 1.88 - 0.47% 132 
Tubular CPC CdxZn1−xS  0.5 g/L 1.53  75 L Na2SO3, Na2S  5 h ~1.3 ~0.4% 0.35% 127 
Tubular SUC† CdxZn1−xS  0.5 g/L 1.53  75 L Na2SO3, Na2S  5 h ~1.8 ~0.48% 0.38% 127 
Tubular CPC NiS/CdxZn1−xS  0.25 g/L 103.7  720 L Na2SO3, Na2S  6 h 26.7 ~0.13% 0.087% 134 
Tubular CPC CdxZn1−xS  2.77 g/L 32.4 207 L Na2SO3, Na2S  3.5 h 10.3 - 0.12% 133 
Tubular SUC NiS/CdxZn1−xS  0.5 g/L 1.53  70 L Na2SO3, Na2S  3 h 2.15 ~0.5% 0.48% 135 
Tubular CdxZn1−xS/TiO2  0.5 g/L - 1 L S2− waste 

water, Na2SO3 
1.5 h 0.12 - - 144 

Tubular CPC Pt/TiO2:N  0.2 g/L 1.375 25 L HCOOH 5 h ~0.34 2.5% 
<400 nm 

- 136 

Tubular CPC Pt/CdxZn1−xS  0.2 g/L 1.375 25 L HCOOH 5 h ~0.16 1.6% 
<400 nm 

- 136 

Tubular CPC Pt/CdxZn1−xS  0.2 g/L 1.375 25 L Municiple 
waste water 

5 h ~0.02 - - 136 

Tubular CPC Au/TiO2  0.2 g/L 2.1 25 L HCOOH 5 h 0.73 1.8% 
<550 nm 

- 137 

Tubular CPC Au/TiO2  0.2 g/L 2.1 25 L Municiple 
waste water 

5 h ~0.002 - - 137 

Tubular CPC Cu/TiO2  0.2 g/L 2.1 25 L CH3OH  5 h 0.04 - - 138 
Tubular CPC Cu/TiO2  0.2 g/L 2.1 25 L Glycerol  5 h 0.14 2.6% 

<400 nm 
- 138 

Tubular Pt/TiO2  1 g/L 0.036 1.2 L Pure CH3OH 4 h - - - 145 
†SUC: surface uniform collector 
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3. Photobiological hydrogen production 
Photobiological generation of molecular hydrogen was first reported in 1942.146 Due to 

benign biochemical reaction conditions and theoretically negative carbon footprint, it has 

received increasing attention as a potential technology for commercial hydrogen production 

particularly in the past two decades. Photobiological hydrogen evolution activity has been 

mainly observed with microalgae, cyanobacteria, and purple non-sulfur bacteria (PNSB), 

following different mechanisms.147 Microalgae and cyanobacteria exhibit direct biophotolysis 

of water through a process that overlaps with the light-dependent stages of photosynthesis.148 

As illustrated by Figure 14, electrons are extracted from water and transferred to the redox 

mediator ferredoxin, driven by photocatalytic reactions on photosystem 2 and 1 (PS2 & PS1), 

respectively. Instead of fixing CO2 through the light-independent reactions of photosynthesis, 

the reduced ferredoxin donates electrons to hydrogenases which catalyze reversible HER 

using the protons derived from water. 

In microalgae the enzyme responsible for HER, [FeFe] hydrogenase, is the most active type 

with turnover rates of up to 1000 s−1 and near zero overpotential.149 However, due to extreme 

oxygen sensitivity of [FeFe] hydrogenase, the HER is quenched within minutes by the 

oxygen produced on PS2.150-151 As the deactivation is irreversible and regeneration of [FeFe] 

hydrogenase requires strict anaerobic induction,152 the process has limited practicality. A 

different enzyme, [NiFe] hydrogenase, catalyzes HER in cyanobacteria. It is constitutively 

expressed and reversibly deactivated by oxygen,152 but less active than [FeFe] hydrogenase 

by a factor of ~100.153 In some cases light-driven HER occurs with electrons and protons 

supplied by catabolism of stored organics that are photosynthesized by the same organism 

previously (Figure 14). This process of hydrogen production is named indirect biophotolysis. 

Although the theoretical maximum of STH can reach 14% for biophotolysis,154 

experimentally measured efficiency has usually been below 3%.155 In light-limiting 
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conditions and purged with inert gas, continuous biophotolysis has been reported at energy 

efficiencies up to 24% based on photosynthetically active radiation, which is equivalent to 

approximately 10% STH.153, 156 However, the practicality of hydrogen production in such 

conditions is remote at the best. 

 
Figure 14. Simplified illustration of hydrogen-related metabolic pathways in green algae. 

Abbreviations; [FeFe] H2ase: [FeFe] hydrogenase, PSII: photosystem II, PSI: photosystem I; 

PQ/PQH2: plastoquinone pool, Cyt b6f: cytochrome b6f, PC: plastocyanin, Cyt c553: 

cytochrome c553, Cyd: quinol oxidase, Fd: ferredoxin, FNR: ferredoxin-NADP reductase, 

SDH: succinate dehydrogenase, NDH-I: NADPH dehydrogenase (complex I), Cyt ox: 

cytochrome c oxidase, OPP: oxidative pentose phosphate pathway, Rubisco: Ribulose-1,5-

bisphosphate carboxylase oxygenase. Reproduced with permission from Ref. 148, copyright 

(2017) Elsevier Ltd.  
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Besides hydrogenases, nitrogenases also produce hydrogen as a by-product of nitrogen 

fixation. Catalyzed by the most commonly occurring Mo nitrogenase, one hydrogen molecule 

is produced with fixation of each nitrogen molecule (Equation 3). In the absence of nitrogen, 

only hydrogen is formed (Equation 4). Nitrogenases are responsible for hydrogen generation 

by nitrogen-fixing cyanobacteria and PNSB.  

N2 + 8H+ + 8e− + 16ATP → 2NH3 + H2 + 16(ADP + Pi)    (3) 

2H+ + 2e− + 4ATP → H2 + 4(ADP + Pi)      (4) 

Due to the large amount of required energy input from ATP, the process is irreversible but 

on the other hand less efficient than hydrogenase-based biophotolysis.157 Similar to 

hydrogenases, nitrogenases are inhibited by oxygen and in addition by fixed nitrogen sources 

particularly in the form of ammonia/ammonium, thus demanding careful supply of nutrition 

for optimal hydrogen production.158 Moreover, to recycle the energy stored in hydrogen, 

hydrogenases that only catalyze HOR (known as uptake hydrogenases) are co-expressed with 

nitrogenases and reduce the efficiency of hydrogen production further.157 

3.1 Photobiological strategies 

Various genetic, metabolic, and reaction engineering strategies have been studied to 

improve the efficiency of photobiological hydrogen production, which include but are not 

limited to 1) selecting mutant species with deficiency in uptake hydrogenase or CO2 fixing 

enzymes, 2) modifying the hydrogenase structure for enhanced oxygen tolerance, 3) starving 

the microorganism of sulfur to impede its PS2 function, 4) choosing appropriate 

carbon/nitrogen sources, 5) continuous culturing, and 6) cell immobilization.159-164 The 

detailed approaches and mechanisms which have been extensively reviewed are drastically 

different from those of physicochemical processes, and thus beyond the scope of this article. 

In general, PNSB have led to the most practical success because of their flexible nutritional 

requirement and anoxygenic metabolism that avoids inhibition of nitrogenase by autogenous 
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oxygen, although they cannot oxidize water and depend on electron donors such as alcohols, 

carboxylic acids, and sugars for hydrogen production.165-166 Taking acetic acid and glucose as 

model substrates, the process known as photofermentation can theoretically yield 4 and 12 

moles of hydrogen per mole of substrate, respectively: 

CH3COOH + 2H2O → 4H2 + 2CO2  ΔH0 = +129 kJ/mol  (5) 

C6H12O6 + 6H2O → 12H2 + 6CO2              ΔH0 = +361 kJ/mol  (6) 

3.2 Photobiological demonstrations 

It should be noted that although the photofermentation reactions have large energy gain 

nominally, the actual hydrogen yield is much lower due to competitive metabolic pathways. 

Therefore for the technology to be economically viable, increasing efforts have been made to 

utilize low cost substrates such as food processing wastes and crop residues instead of pure 

chemicals.167-169 Benefitting from development of photobioreactors for algal biorefinery, pilot 

studies on photofermentative hydrogen production have been more common and in larger 

scales than those on other methods of hydrogen production. Herein we highlight a few recent 

and notable pilot-scale examples, the operating conditions and performance of which are 

summarized in Table 3. 
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Table 3. Selected pilot-scale examples of photobiological hydrogen production. 
Reactor Microorganism Substrate Max. H2 

production rate 
(mmol/L·h) 

Average H2 
production rate 
(mmol/L·h) 

H2 purity Substrate 
conversion 

Duration (days) Ref. 

Panel 1.4 L 
recirculation 

Immobilized R. 
capsulatus YO3 

Sugar beet 
molasses 

0.79  0.6  - 50% 40 
(recharged every 4 days) 

170 

Tubular 20 L 
recirculation 

R. capsulatus 
YO3 

Molasses 
 

0.47  0.07 82.8%  - 17 
(fed 3 times) 

171 

Baffled 4 m3 
continuous flow 

Mixed PNSB Hydrolyzed 
corn stalk pith  

6.17 
 

- 42-50% 81% - 172 

Tubular 9 L 
recirculation 

R. capsulatus 
YO3 

Molasses 
 

0.31 0.11  32.6% 
 

~100% 8 
(fed every day) 

173 

Panel 1.4 L 
recirculation 

Immobilized R. 
capsulatus YO3 

Sucrose, 
glutamate 

0.87 0.62  - 45% 20 
(replaced every 4 days) 

174 

Baffled 4 m3 
continuous flow 

Mixed PNSB Glucose 3.96 - 43-47% ~95% - 175 

Baffled 8 m3 
continuous flow 

Mixed PNSB Hydrolyzed 
corn stover, 
CH3COONa 

- 8.0 68% - 30 176 
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Similar with the case of photocatalytic water splitting, tubular flow reactors are often 

adopted in photobiological hydrogen production. In the example shown in Figure 15a, the 

bacteria were cultured in a recirculating hydrogen production medium which was regularly 

and partially replaced with fresh medium for feeding.173 Solar concentration was not used, as 

photosynthesis microorganisms exhibit low tolerance towards heat and high irradiance. While 

the operation of such systems is simple, they suffer from unstable hydrogen production. 

Typically hydrogen production is most efficient in the exponential growth phase of the 

bacteria. It is difficult to maintain the growth phase at fluctuating temperature and irradiance 

in outdoor environments, and hydrogen production diminishes after the growth stops. In 

addition, the increasing biomass concentration reduces light penetration, also affecting 

hydrogen production. Flow reactors with constant feed/effluent to maintain the spatial 

distribution of culture density are thus preferred.  

Recently, sustained photobiological hydrogen production in m3-scale reactors has been 

reported. As illustrated in Figure 15b, bacterial inoculum and hydrogen production medium 

were constantly fed to the reactor. Stable hydrogen production of up to 1.5 kmol/day for 30 

days has been demonstrated with an 8 m3 photoreactor.176 In this case, a dark fermentative 

hydrogen production stage preceded the photoreactor to convert carbohydrates to fatty acids, 

the preferred carbon source of photosynthesis bacteria, which has been proven to enhance the 

efficiency of hydrogen production. However, meticulous control of reaction conditions in 

such reactors is critical to the prevention of washout and the stable hydrogen generation. In 

the present example the operating temperature was maintained by a solar thermal water 

heater. A sophisticated illumination system consisting of fiber optics coupled to a solar 

concentrator and photovoltaic battery-powered light-emitting diodes was adopted to keep the 

illumination constant throughout the day. In contrast to photocatalytic water splitting, the 

solar radiation was diluted to 3000 lux to suite the need of bacterial growth (direct sunlight 
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has ~100000 lux). The accessory equipment significantly increases the capital cost of the 

system. To enhance the stability of the reactor and thus circumvent the complexity of control 

system, immobilization of the bacterial culture has been suggested as a solution. Figure 15c,d 

shows that the photosynthesis bacteria, fixed by agar, were anchored to a fabric support for 

use in a panel-type photoreactor.174 Under direct sunlight without irradiance control, 

sustained hydrogen production for 40 days has been demonstrated. The substrate conversion 

efficiency was also significantly improved over tubular flow reactors involving suspended 

bacterial culture.  
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Figure 15. (a) Schematic diagram of a tubular recirculation photobiological hydrogen 

production set-up. Reproduced with permission from Ref. 173, copyright (2016) Elsevier Ltd. 

(b) Schematic diagram of a pilot plant for continuous flow photobiological hydrogen 

production: 1, control center; 2, peristaltic pump; 3, hydrogen producing medium tank; 4, 

photosynthesis bacteria tank; 5, fiber-optical solar import plant; 6, solar water heater; 7, gas 

tank; 8, gas flowmeter; 9-12, reaction chambers; 13, thermal insulation; 14, circulation pump; 

15, hot water storage tank. Reproduced with permission from Ref. 175, copyright (2017) 

Elsevier Ltd. c,d) Photos of (c) fabric support for bacteria immobilization and (d) 

immobilized bacteria culture. Reproduced with permission from Ref. 174, copyright (2017) 

Elsevier Ltd.  



46 

4. Solar thermal water splitting 
Solar thermal water splitting (STWS) involves concentrated solar radiation, which is used 

to maintain high temperature in a chemical reactor to drive chemical reaction, viz. water 

splitting, towards the production of storable and transportable hydrogen fuels (Figure 16). 

Various types of solar collectors and receivers have been developed and commercialized 

during the last few decades to serve for the solar thermal plants worldwide.177-182 Therefore, it 

would be viable to simply integrate a thermochemical water splitting system into the existing 

solar collectors and receivers for large-scale hydrogen production.  

 
Figure 16. Schematic of solar thermal energy conversion into fuels. 

4.1 Multistep cycles 

Compared to direct thermolysis of water at above 2700 °C with low fraction of H2 in the 

mixed products,183 hydrogen and oxygen gases can be produced separately during a two-step 

or multistep water splitting process at lower temperatures with faster reaction kinetics.184 

Multistep cycles, e.g. sulphur-iodine process and hybrid copper chloride cycle, operate at 
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temperatures below 850 °C and commonly suffer from environmental issues, such as usage 

of harsh acids/bases and heavy metals.185-186 However, a completely recyclable manganese-

based thermochemical cycle has been reported without involving any toxic or corrosive 

components (Figure 17).187 This system demonstrated good recyclability of at least 5 cycles 

and >90% yield for both hydrogen and oxygen evolution. By using manganese oxide 

nanoparticles instead of bulk material, lower operation temperature and faster hydrogen 

production rate were achieved.188 

 
Figure 17. Schematic of the Mn-based multi-step thermochemical cycle for water splitting. 

Reproduced with permission from Ref. 187, copyright (2012) National Academy of Sciences. 
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In a typical two-step STWS, the first step (temperature Tred) is a reduction step, in which a 

metal oxide is reduced to the lower oxidation state under low oxygen partial pressure. 

Oxygen is generated at the same time during this endothermic step, as shown in the 

Equation (7). This reaction happens at a high temperature achieved by heating with 

concentrated sunlight. In the second step (temperature Toxd), the reduced metal oxide reacts 

with water vapor that re-oxidizes the material and releases a stoichiometric amount of 

hydrogen, as shown in the Equation (8). This oxidation step normally requires a lower 

temperature than that for reduction step,189-190 as Tred > Toxd is the thermodynamic driving 

force of the two-step process to make it thermodynamically favourable Equation (9). 

is the Gibbs free energy change of H2O formation. The entropy of O2 is referred to as . 

As  increases with increasing Tred, small values of ΔT are thermodynamically achievable 

at high Tred.191 

MOx → MOx–δ + !"O2                                                         (7) 

MOx–δ + δH2O → MOx + δH2                                            (8) 

ΔT = Tred – Toxd =                                          (9) 

It is worth noting that CO2 can also be reduced to CO during the second step, which is the 

well know water-gas shift reaction. Ideally, a mixture of water vapor and gaseous carbon 

dioxide with optimized ratio will be utilized as reactants. The generated synthesis gas mixture 

can be catalytically converted to liquid hydrocarbon fuels such as gasoline, diesel and 

kerosene, through industrially available technologies (e.g. Fischer-Tropsch synthesis).192-193 

Two-step redox cycles can be generally divided into two categories – volatile and non-

volatile. With respect to volatile redox cycles, the metal oxides undergo gas-solid phase 

transitions. In contrast, metal oxides during non-volatile cycles maintain in the solid state. 

Non-volatile metal oxide redox cycles consist of two subcategories – stoichiometric and non-
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stoichiometric cycles.194 Several commonly investigated materials for two-step redox cycles 

are shown in Table 4. 

Table 4. Common two-step metal oxide redox pairs.  

Category Cycle 
material Reduction reaction Ref. 

Volatile Zinc oxide ZnO(s) → Zn(g) 195-197 
Tin oxide SnO2(s) → SnO(g) 198 

Non-volatile 
(stoichiometric) 

Iron oxide Fe3O4 → FeO 199-204 
Ferrite MxFe3–xO4 → xMO + (3–x)FeO 205-207 

Hercynite Fe3O4 + 3Al2O3 → 3FeAl2O4 
MxFe3–xO4 + 3Al2O3 → (3–x) FeAl2O4–x + xMAl2O4 

208-210 

Non-volatile  
(non-stoichiometric) 

Ceria CeO2 → CeO2–δ 211-215 
Doped ceria MxCe1–xO2 → MxCe1–xO2–δ 216-218 
Perovskite ABO3 → ABO3–δ 219-220 

Volatile reactions generally demonstrate a better oxygen exchange capability than non-

volatile reactions and the reduction process is thermodynamically more favourable. However, 

a highly demanding quenching step is necessary to avoid recombination and material loss is 

inevitable due to gas-phase deposition on the walls of the reactor, volatile cycles are therefore 

not viable for large-scale and long-term solar thermal hydrogen production. Amongst the 

proposed cycles in Table 4, ceria, doped hercynite and perovskite materials are the most 

promising candidates due to their lower reduction temperatures and fast reaction rates. Chueh 

et al. demonstrated high rate production of both H2 and CO using porous cerium oxide (325 g 

in mass, 80% in porosity) in a solar cavity-receiver reactor (Figure 18).211 The system 

maintained fairly stable and rapid fuel generation for over 500 cycles with solar-to-fuel 

efficiencies of 0.7 to 0.8%. The authors anticipated that both the efficiency and production 

rate can be substantially increased by reactor optimization and system integration. 

Thermodynamic analysis indicated that efficiency values of 16-19% are achievable based 

solely on the material properties of CeO2, even in the absence of sensible heat recovery.212  

Compared to the state-of-the-art material ceria, Sr- and Mn-doped perovskite LaAlO3 

showed 9 times greater H2 yields when reduced at 1350 °C and re-oxidized at 1000 °C.220 

Moreover, during the reduction process, its onset temperature for O2 evolution was 300 °C 
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lower than that of CeO2. This perovskite oxide also had excellent durability without any 

noticeable degradation in fuel production rate during 80 redox cycles. Later, Weimer and co-

workers reported isothermal water splitting at 1350 °C using hercynite cycle, which exhibited 

over 12 times larger H2 production capability than that of ceria, per mass of active material 

when reduced at 1350 °C and reoxidized at 1000 °C.210 Compared to previous redox cycles 

with temperature swings between reduction and oxidation steps, this isothermal process 

demonstrated more favourable kinetics and thermodynamics towards hydrogen production.  

Its thermodynamic driving force came from the large pressure swing in the gas composition 

between reduction and oxidation processes. In addition, it reduced both irreversible heat 

losses and thermal shock concerns that limit the efficiency and operations of traditional 

temperature-swing water splitting.  

 
Figure 18. Schematic of the solar reactor for the two-step, solar-driven thermochemical 

production of fuels. It comprises a thermally insulated cavity receiver with a porous 

monolithic ceria cylinder. Concentrated solar radiation enters through a windowed aperture 

and impinges on the ceria inner walls. Reacting gases flow radially across the porous ceria 
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toward the cavity inside, whereas product gases exit the cavity through an axial outlet port at 

the bottom. Inset is the scanning electron micrograph of the porous ceria tube after 23 cycles. 

Reproduced with permission from Ref. 211, copyright (2010) American Association for the 

Advancement of Science. 

4.2 Solar thermal scaleup 

In 2015, Steinfeld and co-workers experimentally demonstrated the first ever production of 

jet fuel via a thermochemical H2O/CO2-splitting cycle using reticulated porous CeO2 foam 

under simulated concentrated solar radiation of up to 3000 suns (Figure 19).221 Solar-to-fuel 

energy conversion efficiency of 1.72% was achieved with good stability of 291 consecutive 

redox cycles, yielding a volume of 700 standard liters of syngas with the composition of 

33.7% H2, 19.2% CO, 30.5% CO2, 0.06% O2, 0.09% CH4, and 16.5% Ar. The gaseous 

products were subsequently compressed and further processed via Fischer-Tropsch synthesis 

to generate a mixture of liquid hydrocarbons including 17.1 wt % naphtha, 35.6 wt % 

kerosene, 17.1 wt % gasoil and 30.2 wt % of heavier fractions. This work demonstrated the 

technical feasibility of the solar thermal redox process at operating conditions, towards 

industrial scale implementation of solar-to-fuel conversion. 
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Figure 19. (a) Schematic of the experimental setup with the main system components for 

production of solar kerosene from H2O and CO2 via the ceria-based thermochemical redox 

cycle. (b) Schematic of the solar reactor configuration. The cavity-receiver includes a 

reticulated porous ceria structure with both millimetre- and micrometre-scale porosity. 

Reproduced with permission from Ref. 221, copyright (2015) American Chemical Society. 

Although significant efforts have been made to develop new redox active materials and 

new solar thermal reactor concepts, the reported solar-to-fuel efficiencies are still far below 

10%. Amongst various possible STWS cycles, two-step cycles are most promising to achieve 

economical large-scale hydrogen production with high conversion efficiency.184 Compared to 

the current standard STWS material ceria which has been extensively investigated for 

years,222 perovskite materials and doped-hercynite show more advantages such as lower 

reduction temperature, higher fuel production rate and larger fuel production capacity. Future 

research should concentrate on the development of these materials and solar reactors based 
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on flowing particles (Figure 20).184 The solar reactor design could be potentially adapted 

from the reactor systems proposed for chemical looping hydrogen production, driven by solar 

heat instead, which have been previously summarised.223-224 

 
Figure 20. Schematic of the solar thermal particle flow reactor. (a) An individual 

reduction/oxidation reactor unit and (b) receiver configuration containing multiple 

reduction/oxidation reactor units. Reproduced with permission from Ref. 184, copyright 

(2015) John Wiley and Sons. 
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5. Photoelectrochemical water splitting 

 
Figure 21. Schematic of three photoelectrochemical water splitting approaches. (a) Fully 

integrated/wireless PEC device; (b) partially integrated/wired PEC device; (c) non-

integrated/modular PEC device.  

Photoelectrochemical (PEC) water splitting devices convert the energy of photons to 

chemical energy, which consist of three approaches to couple the light harvesting and water 

splitting components, allowing room temperature operation of a reaction with ΔGo of +237 kJ 

per mol of H2 or 1.23 eV per electron. In fully integrated/wireless PEC devices, the light 

absorber and water splitting catalysts are in physical contact, as shown in Figure 21a. In 

partially integrated/wired PEC devices, oxidation reaction or hydrogen evolution catalyst is in 

physical contact with the light absorber, while the other catalyst on the other electrode is 

connected through external wiring (Figure 21b). In contrast, non-integrated devices known as 

modular systems consist of two separate units, i.e. photovoltaic (PV) cells and electrolyser 

that are combined via external wiring (Figure 21c). Regardless of the types of PEC devices, 
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the key system requirements towards large-scale hydrogen production are efficiency, stability 

and scalability (Figure 22). Beginning with the discovery of TiO2 photoelectrodes for water 

splitting reported in 1972,225 to date there is no PEC device that satisfies all these key 

requirements although absorbers, catalysts and membranes exist that are individually efficient, 

robust and scalable.226 Therefore, it is critical to fabricate an integrated PEC system with each 

component operating under mutually compatible conditions. 

 
Figure 22. Venn diagram showing the three key requirements for viable solar-driven water-

splitting devices. The materials that satisfy two out of the three requirements are highlighted. 

Reproduced with permission from Ref. 226, copyright (2014) American Chemical Society. 

5.1 Fully integrated/wireless devices 

5.1.1 Fully integrated PV-electrocatalysts devices 

In 1998, Rocheleau et al. demonstrated this system by integrating sputtered NiFe0.19O2.2 

OER catalysts and Co0.73Mo0.27 HER catalysts into triple junction amorphous silicon solar 

cells.227 The tests were conducted in 1 M KOH with photoactive solar cell area of 0.27 cm2 

and electrode areas of 1 cm2. A STH efficiency of 7.8% was achieved. The catalysts were 

separately tested in 1 M KOH and showed no degradation of catalytic activity for over 7200 h. 

During outdoor testing of the PEC device, the STH conversion efficiency dropped in the late 

afternoon due to the decreased blue portion of the solar spectrum. Later a similar water 
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splitting system was reported by Nocera and co-workers.228 Co-borate OER catalyst and 

NiMoZn HER catalyst were coupled with a commercially available triple-junction 

amorphous Si PV. The 1 × 2 cm2 wireless device demonstrated a STH efficiency of 2.5% in a 

mixture of 0.5 M KBi and 1.5 M KNO3 electrolyte under AM 1.5 illumination (1 sun). In 

comparison, a wired device achieved higher efficiency of 4.7% in 1 M potassium borate (pH 

9.2). A larger wireless Pt/TiO2/InGaP/GaAs/Ge/IrOx water splitting device, with an area of 

6.25 cm2, demonstrated an initial STH efficiency of 11.2% and 10% photocurrent loss after 9 

h in 3 M KHCO3 under 1 sun illumination.229 To achieve intrinsically safe photoelectrolysis 

without producing a flammable, potentially explosive mixture of H2 and O2 in the reactor, 

Atwater and co-workers constructed a membrane-based wireless prototype for solar-driven 

water splitting (Figure 23a).230 The tandem-junction GaAs/InGaP light absorbers were 

protected by 150 nm ALD-TiO2 layer and coupled with sputtered Ni OER and Ti/Ni-Mo 

HER electrocatalysts, respectively. An initial STH conversion efficiency of 8.6% was 

achieved under 1 sun illumination in 1.0 M KOH electrolyte (Figure 23b). However, the gas 

production rate decreased by ⁓10% after 4 h operation of the monolithically integrated device, 

likely due to the inhomogeneous protection coating on the light absorbers. 
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Figure 23. (a) Schematic representation of a fully integrated intrinsically safe, solar-

hydrogen system prototype. (b) Collected hydrogen and oxygen as a function of time for the 

integrated prototype (active area = 1.0 cm2 for both the photoanode and cathode) under 1 sun 

illumination in 1.0 M KOH. The estimated production rates (dashed lines) for H2 and O2 are 

0.81 μL s-1 and 0.41 μL s-1, respectively. Reproduced with permission from Ref. 230, 

copyright (2015) The Royal Society of Chemistry. 

5.1.2 Fully integrated photoelectrode-PV devices 

Perovskite solar cells, as the fastest-advancing solar technology to date, have also been 

utilized to fabricate solar-driven water splitting systems.231-232 However, due to the intrinsic 

vulnerability of perovskites to moisture, such systems degraded rapidly under the reported 

operating conditions. In 2015, Kim et al. achieved 12 h continuous water splitting in 0.1 M 

bicarbonate electrolyte by combining in tandem a CH3NH3PbI3 perovskite single junction 

solar cell with hydrogen-treated and Mo-doped BiVO4 (Figure 24).233 The wireless device 

produced stoichiometric H2 and O2 with an average STH efficiency of 3.0% using cobalt 

carbonate and platinum as OER and HER catalysts, respectively. In addition, a 1.7 cm2 triple 

junction polymer solar cell for light absorption was combined with RuO2 as both OER and 

HER catalysts for photoelectrochemical water splitting. Its STH efficiency is 3.6%, which is 

33% lower than that of a small area solar cell (<0.1 cm2). This system is not stable with ⁓5% 

current loss during 20 min operation in 1 M KOH electrolyte.  
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Figure 24. (a) Schematic of the wireless artificial leaf solar hydrogen generator. 

Configuration composed of first absorber (Co-Ci/H, 3% Mo:BiVO4) and second absorber 

(TiO2/ CH3NH3PbI3) tandem cells. (b) Gas evolution and calculated STH of the artificial leaf 

(1.3 cm2) under AM 1.5G, 100 mW cm-2. Reproduced with permission from Ref. 233, 

copyright (2015) American Chemical Society. 

The fully integrated/wireless devices generally exhibit lower STH efficiency than wired 

ones,228, 233 although high efficiencies of up to 16-19% have been reported using very costly 

semiconductors.234-235 Encapsulation or protection layer is usually needed to prevent the 

vulnerable solar cells from touching the electrolytes. Moreover, the generated 

hydrogen/oxygen bubbles and the integrated OER/HER catalysts could potentially lead to 

optical losses due to absorption and/or scattering by them, thus decreasing the light 

absorption of the solar cells and limiting the STH efficiency of the whole system. However, 
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compared to wired solar-driven water splitting devices, the fabrication costs can be 

significantly reduced by integrating the PV and electrolysis components into a single, 

monolithic device.236-237 

5.2 Partially integrated/wired devices 

5.2.1 Partial integrated PV-electrolysis devices 

One of the earliest and highly publicized examples of these partially integrated water 

splitting devices was reported by Khaselev and Turner in 1998.238 In this device, a p-type 

GaInP2 photocathode was biased with a single GaAs p-n junction. The GaAs bottom cell 

provided sufficient voltage to overcome energetic mismatch between the band edges of the 

GaInP2 and the water redox reactions, as well as additional voltage needed to overcome 

overvoltage losses from OER and HER. This resulted in an impressive STH efficiency of 

12.4%. More recently, Verlage et al. utilized a tandem-junction photo-absorber consisting of 

an InGaP top cell and GaAs bottom cell for unassisted solar-driven water splitting. The 0.031 

cm2 photoanode was wired to a ⁓1 cm2 Ni-Mo cathode and separated by an anion-exchange 

membrane (Figure 25a). The photocurrent of this system decreased by ⁓15% over 80 h 

operation under 1 sun illumination in 1.0 M KOH aqueous solution (Figure 25b). 



60 

 
Figure 25. (a) Schematic illustration of the PEC cell configuration. The photoanode and the 

cathode were separated by an anion-exchange membrane. (b) The short-circuit photocurrent 

density and the corresponding STH efficiency, as a function of time under 1 sun illumination 

in 1.0 M KOH aqueous solution. Reproduced with permission from Ref. 230, copyright (2015) 

The Royal Society of Chemistry. 

In 2016, based on laser-patterning technology used for the series connection of thin-film 

solar cells, Turan et al. proposed and realized a concept which is scalable to large area 

photoelectrochemical water splitting.239 The scalability was simply achieved by continuous 

repetition of a base unit, consisting of either a series connection of three a-Si:H single-

junction cells or two a-Si:H/μc-Si:H tandem cells connected in series (Figure 26a). Bare 

nickel foam was used for both anode and cathode in 1 M KOH electrolyte. An upscaled 

device with an active area of 52.8 cm2 and 13 base units was demonstrated with a STH 

efficiency of ⁓3.9% (Figure 26b). The similar gas production rate per unit area between the 

upscaled and single base unit device confirmed the good scalability of the concept. 
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Figure 26. (a) Schematic of the device cross-section, depicting the device structure of a 

scalable photovoltaic water-splitting device in the superstrate configuration. The number of 

cell stripes in series can be easily adjusted (three in this case). The configuration is 

extendable in both directions (hinted by the dashed blue arrows). The base unit that defines 

the region of periodic repetition is highlighted by the dashed box. (b) Photograph of a large-

scale photovoltaic water-splitting device. The total device area was 64 cm2 with an active 

area of 52.8 cm2. Each base unit consists of two series-connected a-Si:H/μc-Si:H tandem 

solar cells with a cell stripe width and length of 2.5 and 80 mm, respectively. Thirteen base 

units were mounted on a 10×10 cm2 substrate. The back end was made of nickel-foam 

elements for both cathodes and anodes. Reproduced with permission from Ref. 239, copyright 

(2016) Nature Publishing Group. 

5.2.2 Photoanode–photocathode tandem devices 
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Another possible strategy towards unassisted solar-driven water splitting is to combine a 

photoanode and a photocathode in tandem to carry out OER and HER, respectively. This 

system is also known as a multicomponent Z-scheme PEC cell. Its STH efficiency is 

determined by the crossover of overlaid current-voltage curves of the individual photoanode 

and photocathode.240 The efficiency of the integrated PEC systems is limited by a lack of 

photovoltage from commonly used photocathodes as well as from insufficient photocurrent 

from typical photoanodes (Figure 27).241 Various attempts using photoanode-photocathode 

combination have been made, such as NiOOH/FeOOH/Mo:BiVO4-

Pt/CdS/CuGa3Se5/(Ag,Cu)GaSe2,242 BiVO4-InP,241 CdS/TiO2-CdSe/NiO,243 BiVO4-

Rh:SrTiO3.244 However, the STH conversion efficiency of these PEC systems was not high 

(less than 1%). Additionally, their stability and scalability were other major issues inhibiting 

large scale fabrication of this system.  

 
Figure 27. (A) Illustration of a photoanode–photocathode tandem system. (B) Photocurrent-

potential curves for typical and ideal photoelectrodes. Reproduced with permission from Ref. 
241, copyright (2016) American Chemical Society. 

Some other enlightening studies toward large scale fuel production focused on upscaling of 

the individual photoelectrode, improvement of their long-term stability or development of 

highly scalable synthesis method of active semiconductor nanostructures. Pareek et al. 
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deposited 9 × 9 cm2 nanorod-structured CdS films via spray pyrolysis for hydrogen 

production in the electrolyte of Na2S and Na2SO3 solution under 80 mW/cm2 light 

irradiation.245 However, this system is not viable for long-term operation as sacrificial agents 

were utilized. By comparing LaTiO2N photoanodes with the size of 1 cm2 and 40 cm2, Dilger 

et al. concluded that scale-up did not affect the faradaic efficiency but significantly decreased 

photocurrent density, which is due to insufficient charge transport.246 Although some lab-

scale demonstration using photoanodes such as Ta3N5 showed an excellent photoresponse 

with a high photocurrent approaching its theoretical photocurrent limit, its poor photostability 

inhibited its usage for practical application.86  

Earth-abundant and intrinsically stable hematite can theoretically achieve a STH efficiency 

of 16.8%, which is comparable to that of Ta3N5.247 Its excellent photostability for water 

oxidation was confirmed by Dias et al. using 19 nm thick hematite films prepared by spray 

pyrolysis without any dopants and co-catalysts.248 The photoanodes maintained a constant 

photocurrent density of ca. 0.95 mA cm-2 at 1.45 V vs. RHE over 1000 h simulated solar 

illumination in 1 M NaOH electrolyte solution, showing no evidence of hematite film 

degradation or photocurrent density loss. Nevertheless, its low electron mobility, short hole 

diffusion length and very short excited-state lifetime have resulted in its poor PEC 

performance. Extensive efforts have been devoted to enhancing its photoactivity, such as 

adding electronic dopants and surface/interface engineering.247, 249 One of the most efficient 

hematite-based photoanodes was reported by Jeon et al. in 2017, reaching a stable 

photocurrent density of ⁓6 mA cm–2 at 1.23 V vs. RHE over 100 h under AM 1.5G 

irradiation (100 mW cm−2) with Faradaic efficiency of ⁓95%.250 Notably, this impressive 

performance was achieved by optimization of combined modification methods that are all 

well-known and previously demonstrated. An earlier demonstrated photoanode with 

CoPi/Ag/α-Fe2O3/Fe foil configuration exhibited a stable photocurrent density of 4.68 mA 
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cm–2 at 1.23 V vs. RHE in 1 M NaOH under AM 1.5G (100 mW cm−2) illumination.251 

Similarly, a CoPi/α-Fe2O3:Pt/FTO photoanode prepared via a solution-based method showed 

a photocurrent density of 4.32 mA cm–2 at 1.23 V vs. RHE in 1 M NaOH under AM 1.5G 

simulated sunlight.252 However, their onset potentials were still around 0.7 V vs. RHE, which 

were very positive.  

Despite the low photoactivity, hematite photoanodes have been upscaled to larger areas for 

investigation. Mendes and co-workers proposed a novel PEC cell design and tested a 10 × 10 

cm2 undoped-hematite photoanode deposited by ultrasonic spray pyrolysis on transparent 

conductive oxide glass, showing a photocurrent density of 0.40 mA cm–2 at 1.45 V vs. RHE 

in 1 M KOH electrolyte under 1 sun solar irradiation.253 Hankin et al. fabricated 10 × 10 cm2 

Sn-doped hematite photoanodes on Ti foil substrates by spray pyrolysis to carry out both 

experimental and modelling study about reactor scale-up issues.254 It was discovered that 

perforated photoelectrodes decreased ionic current path lengths and thus decreased 

macroscopic inhomogeneities in current density distributions compared to planar ones. In 

addition, by comparing a single 50 cm2 hematite photoanode with eight 3.2 cm2 photoanodes 

connected in parallel, Vilanova et al. concluded that the multi-photoelectrode configuration 

produced a slightly higher photocurrent density as well as a higher photovoltage.255 

Encouragingly, through investigation on two different types of hematite photoanodes with 

different thickness, morphology and dopants, Segev et al. found that the water photo-

oxidation current density scaled linearly with the solar flux concentration ranging from below 

1 to above 25 suns, whereas the photovoltage scaled logarithmically with the flux 

concentration at a significantly faster rate than that in concentrated photovoltaics (Figure 

28).256 This discovery indicated that commercially viable high solar flux concentration could 

further increase the efficiency of hematite photoanodes used for water splitting tandem cells. 
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Figure 28. The photovoltage at the maximum power point (orange squares) and the photo-

induced shift in the onset potential (blue circles) as a function of the flux concentration for (a) 

compact Ti-doped hematite with a film thickness of 50 nm and (b) mesoporous Si-doped 

hematite with a film thickness of 500 nm. Reproduced with permission from Ref. 256, 

copyright (2015) John Wiley and Sons. 

Amongst various oxide semiconductors used for photoanodes, BiVO4 is one of the most 

promising candidates that demonstrate both high photocurrent density and low onset potential 

of 0.1-0.2 V vs. RHE. In 2015, Pihosh et al. demonstrated a WO3/BiVO4+CoPi core-shell 

nanostructured photoanode fabricated by Glancing Angle Deposition.257 It achieved water 

oxidation photocurrent density of 6.72 mA cm–2 at 1.23 V vs. RHE under 1 sun illumination, 

which corresponded to ⁓90% of the theoretical value for BiVO4. However, the electrode size 

was only 0.226 cm2 and the long-term photostability was not reported. A 2.25 cm2 

photoanode of WO3/(W,Mo):BiVO4+FeOOH/NiOOH achieved a photocurrent density of 

5.35 ± 0.15 mA cm–2 at 1.23 V vs. RHE in 0.5 M K2SO4 in phosphate buffer (pH 7) under 1 

sun illumination.258 This helix nanostructured photoanode was fabricated by e-beam 

evaporation and oblique angle depiction. Stability test was conducted over 84 h with 8.73% 

photocurrent decay.  

As the water oxidation performance of BiVO4 photoanodes continues to improve, emerging 

research focuses on the enhancement of their long-term stability. To supress the anodic 



66 

photocorrosion with the loss of V5+ ions from the BiVO4 lattice by photooxidation-coupled 

dissolution, V5+-saturated electrolyte was used, maintaining stable water oxidation 

photocurrent of the BiVO4/FeOOH/NiOOH photoanode for up to 450 h.259 A more stable 

Mo-doped BiVO4 photoanodes exhibiting a constant photoactivity over 1100 h was 

developed by Kuang et al. upon high-temperature treatment and in situ catalyst 

regeneration.260 As shown in Figure 29, the nickel contact layer between Sn and Mo-doped 

BiVO4 was dissolved upon electrochemical oxidation. Upon simulated solar irradiation, the 

dissolved Ni2+ ions were photoelectrochemically deposited on the surface of Mo:BiVO4. This 

Ni oxygen evolution catalyst (OEC) was subsequently converted into a more active NiFe-

OEC via the incorporation of Fe species from electrolyte. Thus, the continuous dissolution 

and in situ regeneration of the NiFe catalyst enable a stable photocurrent at pH 9 during the 

1100 h solar-driven water oxidation test.  

However, these promising approaches have not been applied to improve the photoactivity 

or photostability of up-scaled BiVO4 photoanodes. For example, a 5 cm × 5 cm 

WO3/Mo:BiVO4/CoPi photoanode prepared via metal-organic decomposition showed 21% 

photocurrent loss after only 1 h of operation under AM 1.5G illumination in 0.5 

M Na2SO4 solution (pH 6).261 A deleterious areal effect was also proposed, which decreased 

the photocurrent density as the active area of photoanode was enlarged.  
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Figure 29. (a) Schematic illustration of the self-generated NiFe OEC and in situ regeneration. 

(b) Long-term water photooxidation stability of the NiFe-OEC /Mo:BiVO4/Ni/Sn photoanode 

over 1100 h under AM 1.5G irradiation (100 mW cm–2) at 0.6 V vs. RHE in 1 M borate 

buffer (pH 9). Reproduced with permission from Ref. 260, copyright (2016) Nature Publishing 

Group. 

The choice of suitable p-type semiconductors for photocathodes is more arduous than that 

for photoanodes as p-type semiconductors are highly unstable during the reduction process in 

electrolytes. Cu2O is a promising p-type oxide as photocathode for PEC hydrogen evolution 

with a direct bandgap of 2 eV, which corresponds to a theoretical maximum photocurrent of 

14.7 mA cm-2 and STH efficiency of 18% under AM 1.5G illumination.262  Grätzel and co-

workers reported a Cu2O-nanowires/AZO/TiO2/RuOx photocathode prepared by sputtering, 

anodization, post-annealing and atomic layer deposition.263 A higher photocurrent density of 
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⁓8 mA cm-2 at 0 V vs. RHE was achieved compared to a planar Cu2O photocathode. Later, 

the same group further improved its photoactivity by replacing AZO with a Ga2O3 layer to 

form a Cu2O-nanowires/Ga2O3/TiO2/RuOx photocathode.264 The Cu2O/Ga2O3-buried p-n 

junction led to efficient light harvesting at λ < 600 nm and an external quantum yield of 

almost 80% for H2 production. The photocathode also exhibited an onset potential of +1 V vs. 

RHE and a photocurrent density of ⁓10 mA cm-2 at 0 V vs. RHE. The planar Cu2O 

photocathode with higher fill factor was chosen and combined with a Mo:BiVO4 photoanode 

to construct an unassisted overall solar splitting tandem device (Figure 30). In this 

configuration, the light first passed through the BiVO4 photoanode before reaching the Cu2O 

photocathode. After optimizing the transparency of the Mo:BiVO4 photoanode, a STH 

efficiency of ⁓3% was obtained with less than 10% loss under continuous illumination for 

12 h.  

P-type semiconductors widely used in photovoltaics are also candidates for fabrication of 

photocathodes, such as p-Si and copper-based chalcogenides Cu(In,Ga)Se2 (CIGS) and 

Cu2ZnSnS4 (CZTS). To enhance the PEC performance, copper-based chalcogenide 

photocathodes were generally covered with n-type semiconductor layers and noble metal co-

catalyst to provide protection and create cascade electron transfer.265-266 This configuration 

enabled high cathodic photocurrents with improved photostability.267-268 Unassisted water 

splitting with a STH efficiency of 0.28% was also reported by Jiang et al. using a 

Pt/In2S3/CdS/CZTS photocathode and a BiVO4 photoanode.269 Silicon as the most successful 

material used in the PV industry has also been investigated as photocathodes.270-271 Planar 

n+p-Si photocathode was found to show higher photovoltage than planar p-Si photocathode 

and higher photocurrent than microwire array n+p-Si photocathode.272-273 Interfacial 

engineering techniques such as adding electron-selective TaOx passivation layer further 

boosted the performance of Si photocathode reaching a photocurrent density of 37.1 mA cm-2 
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at 0 V vs. RHE.274 Unbiased photoelectrochemical water splitting was reported by Jang et al. 

combining a hematite photoanode with turn-on voltage of 0.45 V vs. RHE and an amorphous 

Si photocathode (Figure 31).275 Although the achieved 0.91% of STH efficiency was modest, 

this was the first demonstration with a meaningful efficiency using photoelectrodes that were 

made of the most earth-abundant elements.  

 
Figure 30. Unassisted all-oxide solar water splitting. (a) Schematic of the all-oxide tandem 

solar water splitting device, consisting of Cu2O as the photocathode and Mo-doped BiVO4 as 

the photoanode without bias. (b) J–E response under simulated AM 1.5 G chopped 

illumination for the Cu2O photocathode, BiVO4 photoanode and Cu2O photocathode behind 

the BiVO4 photoanode in 0.2 M potassium borate (pH 9.0). (c) Wavelength-dependent IPCE 

spectra. (d) Unbiased stability test in 0.2 M potassium borate. Reproduced with permission 

from Ref. 264, copyright (2018) Nature Publishing Group. 
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Figure 31. Overall unassisted water splitting. (a) Schematic of overall unassisted water 

splitting with hematite photoanode and amorphous Si photocathode in tandem. (b) Net 

photocurrent during 10 h operation using NiFeOx-modified hematite and TiO2/Pt-loaded 

amorphous silicon photocathode in 0.5 M phosphate solution (pH 11.8). The inset shows the 

photocurrent-potential curves of hematite photoanode and Si photocathode placed behind the 

photoanode. Reproduced with permission from Ref. 275, copyright (2015) Nature Publishing 

Group. 

5.3 Non-integrated/modular devices 

A modular PV-electrolysis water splitting system is the most straightforward strategy 

towards large-scale hydrogen production by simply combining commercial PV cells with 

electrolysers. In theory, a modular system could reach STH efficiencies of ⁓57% using a 

triple-junction cell and ⁓62% using a four-junction or five-junction cell.276-277 However, they 

have been previously considered as too expensive to be economically viable, which was 

mainly ascribed to the use of noble-metal catalysts and high-cost and/or low-efficiency PV 

cells. Encouragingly, within the last decade, PV efficiency has been dramatically improved 

with decreasing cost. Highly active and robust earth-abundant water splitting catalysts have 

also been developed, which showed comparable catalytic performance with noble metal-

based catalysts. Moreover, recently reported system design and integration strategies of 
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modular water splitting devices have enabled stable production of hydrogen with high overall 

STH efficiency.  

5.3.1 Membrane-based modular devices 

Currently, there are two common membrane/diaphragm-based electrolyser technologies, i.e. 

polymer electrolyte membrane (PEM) electrolysers and alkaline electrolysers (Figure 32).278 

The membrane and diaphragm of both electrolyser types permit the transport of ions 

(protons/hydroxide ions) between the anode and cathode. In addition, they were also used to 

separate the gases H2 and O2 products to prevent them from forming an explosive mixture. 

 

Figure 32. Side-view schematics of low-temperature electrolysers. Conventional (a) PEM 

and (b) alkaline electrolyser cells. Reproduced with permission from Ref. 278, copyright 

(2017) Elsevier Inc. 

To date the highest STH efficiency of ⁓30% was delivered using a 

InGaP/GaAs/GaInNAsSb triple-junction solar cell (0.316 cm2 area) and two PEM 

electrolysers under 42 suns (Figure 33).277 However, nearly 10% photocurrent loss was 

observed after 48 h continuous operation, which might be caused by a decrease in 

performance of the custom-built electrolysers. A lower STH efficiency of 24.4% was 

reported by Nakamura et al. in an outdoor field test by combining 5 polymer-electrolyte 

electrochemical cells in series and 3 concentrator PV modules (light-receiving area of 57 

mm2) with InGaP/GaAs/Ge triple-junction cells (2.5 mm2) in series.279 Long-term stability 

test was not shown in this work.  
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In addition to increasing the system efficiency, it is crucial to improve the stability as most 

reports show the operation duration of less than 24 hours.8 Spiccia and co-workers 

demonstrated a both efficient and robust modular setup that maintained a STH efficiency of 

22.4% over 72 h during 12 h on-off cycling under 100 suns.280 In this setup, a 

GaInP/GaAs/Ge multi-junction solar cell was connected to 10 cm2 Ni foam electrodes 

immersed in 1 M NaOH. After replacing the electrodes with 15 cm2 Ni foams and the 

electrolyte with a mixture of 0.6 M borate buffer and 0.23 M Na2SO4, the same high STH 

efficiency of 22.4% was still preserved over 24 h photoelectrochemical water splitting test. 

Series-connected crystalline Si solar cells as a dominating technology are attractive for 

application in a modular system to provide photovoltages of above 1.23 V that is the 

thermodynamic potential for water splitting reaction. Through modelling of connected Si PV 

and electrolyser system, Winkler et al. predicted that the maximum STH efficiency is ⁓27% 

for two series-connected cells with the absorber’s band gaps of 1.04-1.12 eV.281  

Several Si PV-electrolyser setups have been presented with STH efficiencies ranging from 

9.5% to 14.2% and stable operation over more than 100 hours under reported conditions.282-

284 A larger-scale device was fabricated comprising a 64 cm2 a-Si:H/a-Si:H/μc-Si:H triple 

junction PV cell and two Ti sheet electrodes loaded with Pt and IrOx catalysts, respectively 

(Figure 34).285 The whole PV was composed of 64 individual solar cells with an area of 1 × 1 

cm2 each, which was manufactured by PECVD, magnetron sputtering, thermal evaporation 

and laser scribing. This device yielded a STH efficiency of 4.8% in 1 M H2SO4 under a 

simulated AM1.5G spectrum (1000 W m-2). Very recently, Shen and co-workers proposed a 

Si PV-PEC tandem configuration composed of 2 series-connected Si PV cells, an n+np+-Si 

photocathode and p+pn+-Si photoanode.286 Both the photoanode and photocathode were 

protected with a Ni layer and loaded with a bifunctional Ni-Mo catalyst. A STH efficiency of 

9.8% was maintained over 100 h in 1 M KOH under parallel AM 1.5G 1 sun illumination. In 
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addition, metal halide perovskites with the potential to deliver more efficient and cheaper PV 

than silicon-based technology have attracted extensive research attention.287  

The performance of perovskite solar cells has been rapidly boosted up to 23.7% over the 

past few years.288 In 2014, Luo et al. combined two solution-processed perovskite solar cells 

connected in series and bifunctional NiFe catalyst-loaded Ni foams as electrodes for water 

splitting.289 The combined device yielded a STH efficiency of 12.3%. However, its lifetime 

was limited by the intrinsic instability of the perovskite. Since then the photo-, moisture and 

thermal stability of perovskite solar cells has been gradually improved,290-292 perovskite-

based solar-driven water splitting devices with better stability have been demonstrated.293 

 
Figure 33. (a) Schematic representation of the PV-electrolysis device. (b) The photocurrent 

and corresponding STH efficiency of the PV-electrolysis system measured over 48 h of 

continuous operation. The inset highlights a smaller y axis range for improved clarity. 

Reproduced with permission from Ref. 277, copyright (2016) Nature Publishing Group. 
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Figure 34. (a) Schematic cross-section of the PV-electrolysis device. The electronic 

properties of the PV, the electrochemical cell (EC), and the combined PV-EC module are 

accessible via the three contacts (1–3). (b) Photograph of the integrated PV-EC module under 

illumination from the front side. Reproduced with permission from Ref. 285, copyright (2017) 

The Royal Society of Chemistry. 

In addition to tests under laboratory conditions, a comprehensive understanding of PV-

electrolysis field performance under realistic operating conditions will facilitate holistic 

system design and scalability. In 2007, a STH efficiency of 18% was obtained based on an 

outdoor test of a prototype system with an area of 96 cm2, which was comprised of III-V 

solar cells and a PEM electrolyser.294 Recently, a two-month outdoor measurement was 

performed combining eight individual hydrogen concentrator cells (Figure 35).295 Each cell 

consisted of a III-V double-junction PV and an PEM electrolyser. Although the STH 

efficiency of the system fluctuated under the changing environmental conditions, a maximum 

efficiency of 19.8% and a current density of 0.8 A cm-2 were reached. During this field test, 
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around 1 m3 of hydrogen was produced and no overheating issue was encountered under 

natural convection. 

 
Figure 35. (a) Photograph of a mounted hydrogen concentrator cell. (b) Hydrogen 

concentrator demonstrator module mounted on a tracker on top of a Fraunhofer ISE building. 

The housing cover with integrated lenses is disassembled to show the interior parts. (c) 

Arithmetic mean of the current of all 8 cells (top), the deionized water volume flow (middle) 

and the temperature of the anode plate of hydrogen concentrator cell 1 (bottom) over the 

measurement period of 60 days. Reproduced with permission from Ref. 295, copyright (2017) 

Elsevier Inc. 

5.3.2 Membraneless electrolyser-based system 

Another advantage of a modular system is that each component, i.e. the solar cell, the HER 

and OER catalysts, the electrolyte and the membrane, can be individually designed and 
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optimized. Recent works also proposed some new configurations of membraneless 

electrolysers, which represented a promising approach to decrease capital costs required for 

water electrolysis (Figure 36).278 In type I devices (Figure 36a), aqueous electrolyte carries 

hydrogen and oxygen gases flowing parallel to the electrode surfaces, then in the downstream 

region the electrolyte was separated into two effluent channels with mainly H2- and O2-rich 

electrolyte, respectively. This type of device has been demonstrated by Psaltis and co-

workers, showing continuous and robust operation with various catalysts and electrolytes 

across the pH scale.296 In type II configuration (Figure 36b), the metallic mesh electrodes 

allow the electrolyte to flow through the electrode gap and diverge, carrying the H2 and O2 

gases into separate effluent channels. A H2 purity of 99.83% and current density of 3.5 A 

cm−2 were achieved.297 A modified design with the device body as a single, monolithic 

component was later reported by O’Neil et al. using angled mesh flow-through electrodes.298 

Another new concept was proposed using NiOOH/Ni(OH)2 redox couple as auxiliary 

electrodes for water electrolysis. H2 and O2 could either be sequentially generated in two 

steps,299 or continuously co-generated in separate cells.300 Upon coupling with four Si PV 

cells connected in series, the resulting PV-electrolysis system delivered a STH efficiency of 

7.5%, averaged over 1 h operation.300  
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Figure 36. Side-view schematics of low-temperature electrolysers. Emerging membraneless 

electrolysers based on (a) flow-by electrodes and (b) flow-through electrodes. The inset in (b) 

illustrates a 3D view of a mesh flow-through electrode evolving O2 while electrolyte passing 

through holes in the mesh. Reproduced with permission from Ref. 278, copyright (2017) 

Elsevier Inc. 

5.4 Challenges in scale-up 

5.4.1 Industrially viable fabrication techniques 

Development of industrially viable techniques to fabricate electrodes, photoelectrodes and 

PV is crucial for the large-scale hydrogen production. Encouragingly, fabrication strategies 

for PV grade materials have been well established as PV panels are commercially available 

with the sizes of above 1 m2. However, III-V light absorbers, which contributed to the high 

efficiency PEC and PV-electrolysis systems, were usually produced by metal organic vapor 

phase epitaxy (MOVPE) and other highly complex methods under oxygen-free 

atmosphere.301  
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Figure 37. Schematics of roll-to-roll fabrication techniques. (a) Spray pyrolysis roll-to-roll 

coating technique. (b) Rotary screen printing technique. 

A roll-to-roll technique is promising to achieve industrial-scale fabrication of 

electrodes/photoelectrodes or deposition of co-catalysts on photoelectrodes. Amongst various 

deposition methods, spray pyrolysis (Figure 37a) and screen printing (Figure 37b) are 

compatible with this technique. Both traditional wet spray pyrolysis and screen printing 

techniques have been reported for fabrication of electrodes and photoelectrodes.248, 302-306 

Flame spray pyrolysis as an aerosol deposition method is also highly scalable for facile and 

fast fabrication of various nanostructured (photo)electrodes.307-310 A production rate of a few 

kilograms per hour is achievable using lab-scale burners with tunable specific surface area 

and catalytic activity of the produced nanomaterials.311-312 Notably, although the 

electrocatalysts produced by these industrially viable fabrication techniques demonstrated 

excellent catalytic activities,310, 313 the photoelectrodes fabricated using them still showed 
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poorer photoactivities than those state-of-the-art photoelectrodes using conventional lab-scale 

fabrication techniques.254, 314  

5.4.2 Design of scaled-up cells 

Holistic design guidelines are crucial for the development of commercially viable solar 

hydrogen production devices and systems. Dumortier et al. reported a simulation platform to 

assess 16 different design types of PV-electrolyser systems using four indicators - operation 

time-averaged STH efficiency, hydrogen cost, device manufacture and operation energy 

demand per mass unit of hydrogen produced, and operational time (Figure 38).315 They 

discovered that the device types utilizing high irradiation concentration, costly 

photoabsorbers and electrocatalysts demonstrated maximum efficiency, minimum cost and 

energy demand of manufacture and operation. These results were valid for a variable device 

size as cost and energy requirement in their study were assessed per unit area of the device.  

 

Figure 38. Schematic of device component choices with various inputs and outputs. The 

choice between advantageous performance and cost of the concentrator, PV cell and PEM 

electrolyser results in 8 possible device solutions, which are extended by considering current 
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concentration for each case, resulting in 16 device types investigated. Reproduced with 

permission from Ref. 315, copyright (2015) The Royal Society of Chemistry. 

Different from the lab-scale photoelectrodes, substrate ohmic losses have pronounced 

influence on the photoelectrochemical performance of scaled-up ones. Holmes-Gentle et al. 

reported that large size led to a significant potential drop for the same photoelectrode (Figure 

39a, b).316 All model photoelectrodes in their study with the size of 50 cm × 50 cm showed 

⁓80% photocurrent density losses (Figure 39c) compared to the lab-scale ones (0.1 cm2), 

which remains an obstacle to scaling up photoelectrodes on low conductivity substrates such 

as transparent conductive oxides. In addition, optical losses will be caused by scattering and 

reflecting incidence solar photons by bubbly mixture.317 These losses may be significant for 

PEC systems with large illuminated areas. Effective mitigation strategies are required to 

address this issue, such as removing bubbles faster by increasing convection, reflecting 

scattered light back onto photoabsorbers, hydrodynamically transporting the bubbles behind 

the photoelectrodes out of the path of light et al.317 However, there strategies will inevitably 

increase the energy input or system complexity. 

Temperature, as a key parameter to the PEC system performance during field tests, was 

investigated via modelling by Lewis and co-workers.318 They concluded that the annually 

averaged efficiency of a PEC device with a limiting overpotential can be improved if it is 

dynamically adapted to higher operating temperatures as the solar irradiation increases, which 

will occur naturally throughout a day. A given example was that, compared to a cooled 

system under constant operation at 300 K, the conversion efficiency could be increased by 

1% in July by dynamically adapting to the temperature during the day. On the other hand, this 

work was indicative of the complex interaction between system performance and the 

variations of environmental factors during outdoor operation. For real-world applications, a 
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comprehensive modelling approach must be implemented considering illumination intensity, 

PEC behaviour, local weather, insolation conditions and heat balances.319 

 

Figure 39. (a)	 Color map of substrate potential overlaid with model equations and 

boundary conditions, for U0 = 1.23 V vs. RHE and L = 10 cm. (b) Potential distribution 

at y =L/2 for a boundary condition U0 = 1.23 V vs. RHE for various electrode sizes. (c) 

Current losses at various electrode widths for model photoelectrode datasets. Reproduced 

with permission from Ref. 316, copyright (2018) The Royal Society of Chemistry. 

5.5 Efforts to address challenges in scale-up  

Recently, there are a few demonstrations tentatively addressing the above-mentioned 

challenges in scale-up of PEC water splitting systems. Vilanova et al. designed a 50 cm2 

tandem photoanode-PV cell using various systematic optimization strategies to improve its 

overall performance.320 The PEC cell presented highly stable water splitting activity upon 

continuous operation for 1008 h in 1.0 M KOH under 1000 W m–2, which was comprised of a 

50 cm2 hematite photoanode prepared by spray pyrolysis, a platinized-Ti mesh as cathode, an 
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ion-exchange membrane and two 50 cm2 silicon heterojunction solar cells connected in series 

(Figure 40). The hematite/FTO glass photoanode also functioned as one of the windows of 

the cell. Both computational fluid dynamics and observation of dyed electrolyte flow were 

applied to reduce bubbles-induced optical loss from ⁓82% for non-optimized cell to ⁓17% for 

the optimized one (Figure 40b). Furthermore, temperature contours of the electrolyte under 

concentrated sunlight (17 kW m–2) inside the cell were simulated. Constant electrolyte 

feeding (0.5 L min–1) was maintained at a moderate temperature of 45 °C without a 

significant gradient in the reactor.  

Substrate ohmic loss and charge transport issue of large-scale photoelectrodes were 

addressed by creating metal grid structures as demonstrated in the PECDEMO project.321 

During large-area fabrication of a BiVO4 photoanode (7.1 × 7.1 cm2), molybdenum metal 

grids were deposited on FTO glass to improve the charge collection efficiency (Figure 41a). 

An absolute photocurrent of 55 mA was achieved at 1.23 vs. RHE under 1 sun in 0.1 M 

phosphate + 0.5 M Na2SO3 electrolyte (Figure 41b). However, its photocurrent density was 

still around one third of that for small-area BiVO4. Similarly, a 4-striped type Cu2O-

AZO/TiO2-RuOx photocathode (50.4 cm2) with Au or Ag metal grid lines were produced by 

electrodeposition, atomic layer deposition and photodeposition (Figure 41c). The Ag grid was 

better than the Au grid for improving the charge transport due to its better conductivity and 

adhesion to the FTO substrate. Consequently, the photocurrent density of large-area Cu2O 

photocathode with Ag grid lines reached 2 mA cm–2 at 0 V vs. RHE in pH 5 electrolyte under 

0.6 sun illumination (Figure 41d). 
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Figure 40. (a) CoolPEC cell. 1 – acrylic embodiment; 2 – front window (synthetic quartz); 3 

– front stainless steel frame; 4 – internal acrylic plate dividing the working electrode 

compartment; 5 – main electrolyte inlet; 6 – external screw (current collector for the counter 

electrode); 7 – back stainless steel frame; 8 – back window (photoelectrode); 9 – acrylic cap; 

10 – electrolyte outlet; 11 - internal gasket; 12 - external gasket; 13 – Platinized-Ti mesh; 14 

– ion exchange membrane; 15 – acrylic holders; 16 – metal connectors between the Pt-Ti 

mesh and the external screw. (b) Assessment of light trapping due to bubbles accumulation 

inside the PEC cell. I – simulated sunlight (1000 W m−2); II – front window (synthetic 

quartz); III – back window (FTO glass); IV – electrolyte outlet; V – electrolyte inlet; VI – Si 

calibrator used to monitor the solar irradiance reaching the outer surface of the back window; 

solar irradiance reaching the external surface of the back window monitored over 4 min with 

the PEC cell operating at 5.4 mA cm−2 with 1.0 M KOH and a feeding flow rate of 

0.5 L min−1. (c) J-V characteristics of 50 cm2 hematite photoanode and two 50 cm2 silicon 

heterojunction solar cells connected in series before and after long-term stability test for 1008 

h. Reproduced with permission from Ref. 320, copyright (2018) Elsevier Ltd. 
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Figure 41. Large-scale fabrication of photoelectrodes. (a) Large-area BiVO4 photoanode (7.1 

× 7.1 cm2). (b) J-V curve of large-area BiVO4 photoanode (1 sun, 0.1 M phosphate + 0.5 M 

Na2SO3). (c) Large-area Cu2O photocathode with grid lines (50.4 cm2 active area). (d) Linear 

sweep voltammetry scans of large-area Cu2O photocathode for the vertical PEC cell under 

chopped illumination (0.6 sun) in the pH 5 electrolyte. Reproduced from Ref. 321. 

In the PECDEMO project, field tests were also conducted using two photoanode-PV 

systems under concentrated sunlight, i.e. BiVO4-intrinsic thin layer (HIT) Si PV and Fe2O3-

HIT Si PV (Figure 42).322 Fe2O3-HIT Si PV (4 × 50 cm2) reached maximum unbiased 

photocurrent density of 0.52 mA cm−2 in 1 M KOH under solar irradiance of 12.4-14.0 kW 

m−2. For BiVO4-HIT Si PV (8 × 50 cm2), an average photocurrent density of 0.87 mA 

cm−2 and a maximum value of 1.88 mA cm−2 were achieved in 0.5 M K2SO4 + 0.1 M 

K2HPO4/KH2PO4 buffer with pH 7 at ⁓13 kW m−2. A STH efficiency of 0.058% was 

maintained over 15 h operation for Fe2O3-HIT Si PV. However, the STH efficiency for 

BiVO4-HIT Si PV fluctuated between 0.12% and 0.42%, which was attributed to the large 
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intermittence of outdoor solar irradiation. In the Artiphyction project, a photoanode-PV 

system was developed. The 1.6 m2 prototype was made of 100 PEC cells for direct 

production of hydrogen via solar-driven water splitting, which showed a STH efficiency of 

up to ⁓3% (Figure 43).323 Each cell consisted of a 8 × 8 cm2 CoPi/Mo:BiVO4 photoanode 

fabricated by spin-coating and Co nanoparticle electrocatalyst on the cathode. Notably, the 

cells were biased with Si PV with the maximum output matched well with each photoanode, 

resulting in an overall H2 production rate of above 1 g h–1. During long-term operation, the 

STH efficiency decreased to ⁓2%, which could be attributed to the bubbles-induced optical 

losses. 

 

Figure 42. Photoanode-PV devices under concentrated sunlight. (a) The test facility 

SoCRatus of German Aerospace Center with its main components. (b) Modular prototype 

with hematite photoanodes (4 × 50 cm2) mounted in the focal plane of the SoCRatus (here 

without reflective shields). (c) Modular prototype equipped with BiVO4 photoanodes (8 × 50 

cm2) irradiated with concentrated sunlight in the focal plane of the SoCRatus with reflective 

shields to protect sensitive parts of the setup. (d) Total irradiation on the prototype, average 

current density, and hydrogen flow relative to respective mean values as well as average STH 
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efficiencies without and with bias voltage of the particular days associated with hematite 

photoanodes, gray field refers to test of single compartments. (e) Total irradiation on the 

prototype, average current density, and hydrogen flow relative to respective mean values as 

well as average STH efficiencies of the particular days associated with BiVO4 photoanodes. 

Reproduced from Ref. 322. 

 
Figure 43. (a) Photograph and (b) close view of the 1.6 m2 Artiphyction prototype made of 

100 PEC cells (each of them included an 8 × 8 cm2 BiVO4-based photoanode and Co 

nanoparticles as cathode) for direct hydrogen production via solar-driven water splitting. (c) 

J-V curve for a single PEC window. Blue line: I-V power generation curve of the Si PV for 
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each window; red and black line/dotted line: initial and final PEC cell performance under 1 

sun irradiation (AM 1.5 G); light-blue lines: possible performance degradation of a PEC cell 

prototype. Reproduced with permission from Ref. 324, copyright (2017) MDPI.  

Encouragingly, Haussener  and co-workers used active thermal management for a 

concentrated PEC device to reach current densities of higher than 0.88 A cm–2 at STH 

efficiencies of above 15%, which were among the highest operating current densities at high 

efficiency.325 Conduction and forced convection were employed to cool the photoabsorber 

that suffered from larger losses at higher temperatures, and heat up the catalytic sites, which 

showed smaller overpotential at higher temperatures, with the excess heat from the 

photoabsorber (Figure 44). The device consisted of a triple-junction InGaP/InGaAs/Ge PV 

with an active area of 4 cm2, platinized titanium gas diffusion layers, 25 cm2 Nafion 115 

membrane coated with InRuOx-Pt catalysts and 3D-printed titanium anodic and cathodic flow 

plates. The highest current density of 0.88 A cm−2 and photovoltaic current density of 6.04 A 

cm−2 were achieved at irradiation concentration of 474 kW m−2, while the stability of the 

integrated device was confirmed by the measured stable hydrogen flow rate for 2 h at lower 

irradiation concentration of 117 kW m−2. The authors also pointed out that it is only practical 

for competitive implementation when the PEC devices can operate at both high current 

densities and high STH efficiencies. Recently, more and more recent works have focused on 

the development and optimization of up-scaled devices for solar-driven water splitting (Table 

5), gradually addressing the obstacles to achieving commercially viable large-scale solar 

hydrogen production. 
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Figure 44. (a) Illustration of the integrated PEC device. (b)	 Photo of the fabricated and tested 

concentrated PEC device mounted on the test bench. (c) Photo of the test bench with the PEC 

device mounted on an adjustable chassis via a device holder, with the high-flux solar 

simulator on the left and the PEC device on the chassis on the right. (d) Measured 

characteristic I–V curves of the photovoltaic and electrochemical components (measured 

separately) of the concentrated PEC device at varying irradiation concentrations. (e) Longer-

term test (total time of about 2 h) with a stable output hydrogen flow rate at irradiation 

concentration of 117 kW m−2. Reproduced with permission from Ref. 325, copyright (2019) 

Nature Publishing Group.  

Table 5. Selected up-scaled photoelectrode-PV and PV-electrolysis devices for solar-driven water 

splitting. 

Cell structure  Illumination 

condition 

Size (cm2) STH 

Efficienc

y 

Stability  Electrolyte Ref

. 

Fe2O3 + Si 1 sun 50 0.6% 1008 h, 1 M KOH 320 
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heterojunction PV (photoanode)

, 2×50 (PV) 

stable 

current 

Fe2O3 + HIT Si 

PV 

12.4-14.0 

suns 

4 × 50 

(photoanode) 

0.058% 15 h, 

stable 

current 

1 M KOH 322 

BiVO4 + HIT Si 

PV 

⁓13 suns 8 × 50 

(photoanode) 

0.12%-

0.42% 

48 h 

(outdoor) 

0.5 M K2SO4 + 

0.1 M 

K2HPO4/KH2PO

4 

322 

CoPi/Mo:BiVO4 

+ Si PV 

1 sun 100 × 64 

(photoanode) 

⁓3% 300 h, 

19% 

current 

loss 

0.1 M KPi 323 

WO3 + DSSC 1 sun 130.56 

(photoanode) 

1.41% Not 

reported 

0.5 M H2SO4 306 

Ni-Ni + c-Si PV 1 sun 60 

(electrodes), 

5.7 (PV) 

14.2% 100 h, 

stable 

current 

1 M KOH 284 

NiBi-NiMoZn + 

c-Si PV 

1 sun 6 (PV) 10% 168 h, 

stable 

current 

0.5 M KBi/0.5 M 

K2SO4 

282 

PEM electrolyser, 

InRuOx-Pt + 

InGaP/InGaAs/G

e PV 

474 suns 4 (PV), 25 

(PEM) 

>15%, 

0.88 

A/cm2 

2 h, stable 

current 

Water 325 

PEM electrolyser 

Ti-Ti + III-V PV 

Concentrate

d 

8 × 0.36 

(PV) 

19.8%, 

0.8 A/cm2 

60 days 

(outdoor) 

Water 295 
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Pt-IrOx + a-

Si:H/a-Si:H/μc-

Si:H PV 

1 sun 50 

(electrodes), 

64 × 1 (PV) 

4.8% 80 min, 

stable 

current 

1 M H2SO4 285 

Ni-Ni + a-Si:H or 

a-Si:H/μc-Si:H 

PV 

1 sun 52.8 

(electrodes) 

⁓3.9% 3 h, stable 

H2 

productio

n rate 

1 M KOH 239 

 

6. Techno-economic aspect 
Unlike in fundamental research where gaining insight in to processes that occur in nature is 

the most important aspect of the work, the success of an applied technology depends on its 

profitability which is the major driving force of its adoption. Being emerging technologies, 

most of the solar hydrogen production methods discussed in this article are still in the 

research stage. Economic assessment of these technologies is made difficult by the 

unavailability of key components in the market, which necessitates coarse assumptions. As 

the assumptions are not standardized, direct comparison between different techno-economic 

studies provides little insight and should not be used to judge the relative viability of the solar 

hydrogen technologies. Nevertheless, they do provide an important perspective to the 

direction of future research. 

Modular PEC water splitting has received the most techno-economic study so far, because 

photovoltaics and water electrolysis are well established industrially. As shown in Table 6 the 

levelized cost of hydrogen (LCH) estimated by different authors varies from 4.7 to over 

13 USD/kg. Note that all the LCH data in the table have been converted to equivalent USD in 

2019. An important technological assumption leading to the variation is the capacity factor of 

the electrolyzer unit, i.e. the ratio between average actual production rate and design capacity. 
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It directly determines the size and hence capital cost of the electrolyzer. At the lower bound 

of LCH, the electrolyzer is assumed to operate at constant full capacity equal to the designed 

hydrogen production rate.326 The resulting model thus includes a minimally sized electrolysis 

plant, the capital cost of which accounts for less than 15% of the LCH in the case of PEM 

electrolyzer,326 similar to the case of grid-powered electrolysis.327 Given the intermittent 

nature of solar power, however, this design is impractical without a proper energy storage 

system to provide a stable source of electricity. Another way of sizing the electrolyzer 

typically found at the upper bound of LCH is to match its capacity to the peak power of the 

photovoltaic plant so that all the photovoltaic power can be utilized by the electrolyzer.328-329 

It significantly increases the contribution of the capital cost of electrolyzer to LCH which can 

be up to 40%.328 In such designs the electrolyzer capacity is severely underused. Grid 

electricity has been proposed as supplement to photovoltaic power to keep the electrolyzer 

operating at full capacity, but the main source of energy in this case became the grid.328 As 

currently the grid is dominated by nonrenewable energy, such a design has a high carbon 

footprint, not to mention that the estimated LCH was still higher than that of grid-powered 

electrolysis (6.6 versus 5.9 USD/kg). 

In recent years solid oxide steam electrolysis (SOSE) has been suggested as an 

energetically more efficient alternative to alkaline/PEM electrolysis due to the lower kinetic 

barrier and electrical potential of water splitting at high temperatures. However, at the present 

stage such advantage is offset by the high capital cost of the electrolyzer assembly and 

associated heating equipment, ending up with a higher LCH than using conventional 

electrolyzers.329 In such systems the capital cost of SOSE exceeds that of photovoltaics. 

While it has been shown that integrating a concentrated solar thermal plant into the system to 

supply the heat and steam for SOSE could reduce the LCH to 6.6 USD/kg, the calculation 

was based on the optimistic assumption of 100% capacity factor for the electrolyzer.330 LCH 
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of as low as 5.7 USD/kg has been estimated for similar systems,331 but we note that the 

specific capital cost of the electrolyzer in this work, 0.17 USD/W, was an order of magnitude 

lower than the demonstrated value of 3-4 USD/W and even lower than the ~0.4 USD/W of 

PEM electrolyzers.327, 330 Furthermore, the discount rate or interest rate used in the financial 

calculation has a major but often overlooked influence on the LCH. In fact, the sensitivity of 

levelized cost of energy from photovoltaics has been found to be highest towards the discount 

rate rather than energy efficiency or specific capital cost.332 Indeed, optimistic values of 6% 

are found with reports of low LCH 326, 330 and more conservative values of 10-12% with high 

LCH.328-329  

The economic feasibility of integrated and modular PEC water splitting has been directly 

compared in the same framework of assessment, with the former showing slight economic 

advantage (12.3 versus 13.1 USD/kg) because it does not require electrical interface 

equipment between the photovoltaic and electrolytic components.328 However, this 

conclusion was based on the assumption of similar efficiency, lifetime, and cost of the 

photovoltaic and electrolytic components in the two technologies, which has not been 

testified so far. The same study suggested an improvement in LCH of integrated PEC to 10.0 

USD/kg using solar concentrator and tracker. An important assumption leading to the 

improvement was a much higher STH efficiency to counter the cost of the concentrating and 

tracking apparatus. While the remarkable efficiency is supported by laboratory research, the 

high capital cost of the semiconductor material itself to achieve the efficiency limits the 

benefits and became the dominant factor in LCH. Similar results for integrated PEC have 

been reported in an earlier work where the estimated LCH for a non-concentrating system 

was 13.6 USD/kg.33, 113 The LCH for concentrated PEC was much lower at 5.3 USD/kg 

compared to the recent study mainly due to more than 5 times lower capital cost of the PEC 

module assumed. Consequently, the sensitivity of LCH towards capital cost of the PEC 
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module dropped below that towards STH efficiency. It should be emphasized that no 

commercial process exists to date for the manufacture of the PEC modules and the LCH of 

5.3 USD/kg was reached assuming the applicability of current manufacturing process for 

photovoltaic panels. 

Remarkably, very low LCH of 2.1 and 4.2 USD/kg have been estimated for single 

semiconductor and Z-scheme photocatalytic water splitting, respectively, which is within the 

U. S. Department of Energy target and potentially competitive with hydrogen generated by 

methane steam reforming, which has an estimated cost of approximately 1.4 USD/kg.33, 113, 328 

However, it represents an optimistic outlook rather than an estimation based on current state 

of the art. The STH efficiency, in particular, far exceeds experimentally demonstrated 

maximum of 1-2% and the assumed lifetime of the catalyst (5 years) has yet to be realized. 

The effect of overestimating the efficiency can be observed in the sensitivity analysis of the 

Z-scheme system where reducing the STH to 2.5% led to a LCH of 6.8 USD/kg. Moreover, 

the proposed photocatalytic reactors constructed from thin polyethylene film present 

reliability issues in the outdoor environment. As the capital cost associated with the reactor 

materials accounts for ~6% (for the single semiconductor system) to ~24% (for the Z-scheme 

system) of the LCH, additional replacement cost incurred by a shorter lifetime than the 

assumed 5 years increases the LCH significantly. 

Similar to modular PEC water splitting, biological hydrogen production by 

photofermentation of organic materials is possible based solely on existing technology. With 

a realistic STH efficiency of 1.5% and a hypothetical pond-type flow reactor, the lowest 

estimation for LCH of such systems has been 18.3 USD/kg.333 The cost of feedstock, in this 

case acetic acid, had a remarkable contribution of ~27% to the LCH even at stoichiometric 

conversion efficiency. Incorporation of a dark fermentation step before photofermentation 

allows for the use of cheaper feedstock such as crop residue, potato peels, and molasses, but 
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the LCH has been estimated to be much higher at 25.1-62.6 USD/kg.334-336 In these studies 

the LCH is dominated by the capital and replacement cost of photoreactors which were 

assumed to be polyethylene tubes with a lifetime of 1 year. It should be noted that the 

assumed lifetime of polyethylene is much shorter than in other reports discussed so far, and 

that the sizing of photoreactors is based on specific productivity instead of STH efficiency in 

Ref333 where the calculated specific productivity is ~1.1 mmol/L·h. The sheer scale of the 

photoreactor rendered the cost related to all other factors insignificant. Hydrogen production 

by biophotolysis minimizes the need for organic feedstock, and the LCH in this case has 

again been shown to depend heavily on cost associated with the photoreactor which in turn is 

determined by STH efficiency of the process.333 While attractive LCH of 3.9 USD/kg has 

been reported, the assumed STH efficiency of 9.2% is much higher than the testified value of 

~1%, let alone the fact that stable oxygenic biophotolysis has not been demonstrated.333 

Techno-economic studies on solar thermal hydrogen production are scarce, and the 

estimated LCH varies across an order of magnitude. The lowest reported value, 6.9 USD/kg, 

was derived from a hybrid sulfur cycle where H2SO4 is first pyrolyzed to H2O, SO2 and O2, 

followed by absorption of the SO2 and electrolysis of the resulting H2SO3 solution to produce 

hydrogen and regenerate H2SO4.337 Compared with a metal oxide cycle based on NiFe2O4, it 

has the advantage of not requiring regular replacement of the active material. As a result, the 

reduced operating cost countered the increased capital cost incurred by the need for special 

corrosion-proof equipment and led to a lower LCH.337 The cost of replacing the active 

material in metal oxide cycles has been estimated to account for 20% of the LCH.338 

Interestingly, the LCH of similar NiFe2O4-based systems differs by a factor of ~5 between 

the two works despite more than 2 times higher capital investment associated with the lower 

LCH.337-338 One of the main reasons for the large discrepancy may be different STH 

efficiency, which is the determining factor in the economics of all the aforementioned solar 
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hydrogen production technologies. Unfortunately the value was not reported by one of the 

studies, preventing a direct comparison. Another possible source of discrepancy is the 

discount/interest rate as discussed earlier. The lower LCH was calculated using a value of 6% 

and the higher LCH 13%. 

Table 6. Techno-economic assessment of various solar hydrogen production technologies 
Type Scale* STH or specific 

H2 productivity 
LCH 
(USD/kg) 

Ref. 

Methane steam reforming - - 1.4 328 
Photocatalytic, single 
semiconductor 

10 t/d 10% 2.1 33, 113 

Oxygenic biophotolysis 10 t/d 9.2% 3.9 333 
Photocatalytic, Z-scheme 10 t/d 5% 4.2 33, 113 
Photovoltaic PEM electrolysis 1 t/d 10.8% 4.7 326 
Integrated PEC, 10x solar 
concentration and tracking 

10 t/d 15% 5.3 33, 113 

Anoxic biophotolysis 10 t/d 5.2% 5.5 333 
Integrated photovoltaic-
concentrated solar thermal SOSE 

8 MWPV - 5.7 331 

Grid-assisted photovoltaic PEM 
electrolysis 

10 t/d 9.8% 6.6 328 

Integrated photovoltaic-
concentrated solar thermal SOSE 

0.4 t/d 9.9% 6.6 330 

Solar thermal hybrid H2SO4 50 MWth 
10.2 t/d 

- 6.9 337 

Anoxic biophotolysis by 
immobilized green algae 

10 t/d 2.25% 7.9 333 

Photovoltaic SOSE 0.4 t/d 6.3% 8.4 330 
Solar thermal NiFe2O4 50 MWth 

11.4 t/d 
- 8.6 337 

Integrated PEC, 10x solar 
concentration and tracking 

10 t/d 20% 10.0 328 

Photovoltaic electrolysis - 11.5% 10.0 339 
Photovoltaic electrolysis, 10x solar 
concentration 

- - 10.1 340 

Integrated PEC, fixed panel 10 t/d 9.8% 12.3 328 
Photovoltaic SOSE - - 12.8 329 
Photovoltaic PEM electrolysis 10 t/d 9.8% 13.1 328 
Integrated PEC, fixed panel 10 t/d 10% 13.6 33, 113 
Photo-fermentation 10 t/d 3.5% (1.5%) 13.6 (18.3) 333 
Solar thermal CeO2 90 MWth 13.4% 14.7 338 
Integrated dark/photo-fermentation 1.3 t/d 0.33 mmol/Lh 25.1 335 
Integrated dark/photo-fermentation 1.4 t/d 0.5 mmol/Lh 37.5 336 
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Solar thermal NiFe2O4 90 MWth 6.4% 43.8 338 
Integrated dark/photo-fermentation 27.1 t/d 0.21 mmol/Lh 62.6 334 
*Scale of the plant is expressed as mass rate of H2 production, nominal power of the photovoltaic 
module (MWPV), or nominal power of the solar thermal collector (MWth). 

 
Figure 45. Timeline showing the key developments in solar hydrogen production from water. 

Conclusions and Outlook 
In summary, the recent research efforts towards practical solar H2 generation have been 

reviewed, particularly on four different pathways which are photocatalytic, photobiological, 

solar thermal and photoelectrochemical hydrogen production. It is encouraging to note that 

beyond lab-scale studies, more and more research groups around the world start to develop 

larger-scale systems to potentially deliver solar H2 production at affordable prices (Figure 45). 

Nonetheless, there exist formidable challenges to achieve such a goal among which solar to 

hydrogen conversion efficiency, materials and system long-term stability and performance 

consistency at large scale are the major limiting factors. While these factors are likely to 

remain relevant to all the aforementioned solar H2 production technologies, we highlight that 

the most urgent issues preventing the upscaling of each technology are different as elaborated 

in Table 7. Furthermore, based on the current development status of the four solar hydrogen 

production pathways, we provide predictions about their threshold requirements to be 

achieved in the near future in Figure 45. At this stage, it is still unclear which pathway is 
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more promising as they differ from each other in terms of efficiency, cost and system 

complexity. However, fabrication of concentrator PV-electrolyser systems could be the most 

straightforward approach to achieve large-scale solar hydrogen production. Photobiological 

hydrogen production systems are more beneficial in areas where abundant feedstocks (e.g. 

crop residues) are available. A breakthrough is still required to significantly improve the 

commercial viability for both photocatalytic and solar thermal hydrogen production systems. 

Table 7. Comparison of solar H2 production technologies 

Pathway to solar H2 
production 

Advantages Major obstacles to upscaling 

Photocatalytic Low materials cost 
Simple system 

Low STH 

Photobiological Mature technology Sensitivity to environment 
Need for organic feeds 

Solar thermal Efficient utilization of reactor 
volume 

Low catalyst durability 

Fully/Partially 
integrated PEC 

High STH Performance degradation at 
high current density 

PV-electrolyser High STH 
Mature technology 

Intermittent power supply to 
electrolyser 

 

Besides continuous efforts to overcome these obstacles through fundamental research, two 

aspects are suggested to be paid with more attention. Firstly, there are tremendous amounts of 

new research data and findings being constantly generated as more researchers enter into the 

field. Therefore, it is of critical importance that the existing findings are able to guide new 

research endeavour in the right direction to further advance the field towards practical use. To 

achieve this outcome in the area of solar hydrogen generation, it will be useful that certain 

standard and meaningful H2 evolution reaction protocols are to be established across small to 

pilot scales. By doing so, data can be compared among different systems and with the state of 

the art. This has been probably done in PEC H2 evolution research at the small scale, but not 

so in the other processes. Secondly, collaboration among different disciplines is highly 

desirable in order to spark innovative ideas. In the context of the current topic, it is suggested 
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that materials scientists and chemists who have achieved certain benchmark performance at 

lab scale should engage experts on process system engineering to understand further technical 

requirements before scaling up. As the field continues to develop, it is believed that more 

efforts shall be committed to translate the basic research findings to commercial applications. 

This is even more crucial for solar hydrogen production since it concerns long-term 

sustainability.    

In addition, it is worth noting that carbon-based fuels, such as methane, carbon monoxide 

and methanol, can also be produced via the four pathways described in this review. The 

generated hydrogen and simple carbon-based fuels during solar-driven water splitting and 

carbon dioxide reduction processes can be used as feedstocks through existing industrial 

technologies to produce value-added fertilisers, plastics, pharmaceuticals, synthetic fuels for 

transport, etc.  
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