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A hybrid reaction system that enables 
                                     practical application

A hybrid system that combines photocatalysis and electrolysis has 
attracted attention as a new solar energy-utilization technology. This 
artificial photosynthetic system achieves safe, low-cost hydrogen 
production in a two-step chemical reaction, where oxygen is first 
produced by photocatalysis and hydrogen is generated by electrolysis.

KEY POINTS

Artificial Photosynthesis :
A New Alternative for Society with Renewable Energy
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     As the sun that shines down on the Earth is seemingly inexhaustible, solar energy is a vast energy source. If we 
could convert solar energy into electricity without any loss, the solar radiation received by the Earth in just one 
hour would be sufficient to meet the energy demands of humans for one year. 
     However, sunlight has very low energy density and its intensity fluctuates widely depending on the time of day 
and weather conditions. Although solar light is a clean, inexhaustible, and ubiquitous energy source, current 
technological options for harvesting this energy are few, apart from photovoltaic generation and solar thermal 
utilization. Researchers working in the field of energy technology must conduct groundbreaking research to 
develop feasible new technologies. 
     Drs. SAYAMA Kazuhiro and MISEKI Yugo from the Global Zero Emission Research Center, AIST, have devised 
just such an option: the production of hydrogen from sunlight using a hybrid system combining photocatalysis 
and electrolysis. Artificial photosynthesis, which provides the basis for this hybrid system, is a technology that 
mimics plant photosynthesis and produces hydrogen and other valuable chemicals by converting solar energy 
into chemical energy. 
     Some individuals may presume that the term “artificial photosynthesis” sounds futuristic, and thus regard it as 
something only found in science fiction; they may also consider it to be strongly associated with basic research 
and assume that its practical applications are still far off. However, Dr. Sayama dismisses this notion. He 
confidently claims that artificial photosynthesis is a technology that is about to find practical applications. He 
chooses the wording “solar hydrogen production” to intentionally hint at his pursuit of a purpose-oriented 
technology.

Artificial photosynthesis as a new alternative for solar energy utilization

     The methods for producing hydrogen from water using sunlight can be divided into two types. The first 
approach uses photoelectrodes to decompose water into oxygen and hydrogen. The second approach uses 
photocatalysis, wherein hydrogen and oxygen are generated when light is applied to titanium oxide or other 
substances in water. In this approach, semiconductor materials, such as powdered oxides, are used and dispersed 
in water. When the composition of a solution is changed, various valuable chemicals can be produced. Dr.  Sayama 
has been in this field of research since his university studies. 
     Photocatalysis has a long history of research and development and has already been widely used in 
environmental applications, such as self-cleaning building materials and air purifiers. However, in terms of 
hydrogen energy production, energy conversion efficiency is still low and has not yet been put to practical use. 
Moreover, there is a risk of explosion as oxygen and hydrogen are generated simultaneously from the same 
source. Hydrogen recovery has also been noted to be very difficult. 
     Increasing energy conversion efficiency, which is the biggest challenge, requires finding suitable catalysts, 
materials, and developing more efficient production methods. For a long time, the only method for decomposing 
water was by using ultraviolet light. However, in 2001, Dr. Sayama developed the world’ s first photocatalysis 
system that enabled water decomposition using visible light, marking an important step forward in improving 
conversion efficiency.
     “How can we efficiently decompose water with visible light? To address this question together with safety and 
cost issues, I came up with the idea of mimicking the photosynthesis mechanism in plants. Plants have two types 
of light absorbers in their chloroplasts. The natural mechanism of photosynthesis is a two-step reaction in which 
oxygen is synthesized from water by the reaction of one type of light absorber, and organic hydride is 
synthesized from CO₂ and water by the other type of light absorber. Between these two types of light absorbers, 
several redox media relay electrons. Until then, I had only used one type of photocatalyst, but I realized that we 
could use two types of photocatalysts and a simple redox medium to produce oxygen and hydrogen separately, 
just as in natural photosynthesis.”

Mimicking plant photosynthesis: Hydrogen production as a two-step process



3

Achieving global high efficiency by mimicking plants

     As the research advanced, it was found that the performance of the photocatalyst that led to oxygen 
generation was acceptable. Improvement was needed in terms of the reaction caused by the other photocatalysts 
of hydrogen.
     “As this is the case, the photocatalyst that generates hydrogen should be replaced with an electrolyzer. If 
things at hand do fine, we do not have to cling to developing new materials,” postulated Dr. Sayama. This led to 
the idea of the photocatalysis‒electrolysis hybrid system.
     The system uses an external device known as an electrolyzer. When a Fe2+ solution is formed, in the first step 
of the photocatalytic reaction described above, it is passed through a low-voltage electrolyzer. In the electrolyzer, 
the Fe2+ is converted back to Fe3+ while producing highly pure hydrogen. This process completely separates 
hydrogen and oxygen and enables facile hydrogen production on a large scale. Dr. Sayama thought that this 
would be the way to proceed to realize solar hydrogen production, which could be put to practical use within a 
short time.

The photocatalytic pool consists of a sheet, on which photocatalytic powder is formed, and an electrolyte 
solution containing a redox medium. When the photocatalytic pool is exposed to sunlight, oxygen (O₂) is 
generated by oxidizing water with the photocatalyst, and Fe2+ is generated from Fe3+ in the iron reduction 
reaction. Subsequently, Fe2+ is oxidized to Fe3+ by a low-voltage electrolyzer to generate hydrogen.

     Conventionally, oxygen and hydrogen are simultaneously generated from water in photocatalysis. However, 
when redox media (such as iron and iodine ions) are used, oxygen is generated on a photocatalyst, reducing 
redox. On the other photocatalyst, hydrogen is generated, oxidizing the redox media.
     Thus, we can use many different catalysts and try various combinations. In theory, it was expected that oxygen 
and hydrogen could be generated separately, making it safer and easier to collect hydrogen. As such, many 
researchers have entered this field with heightened expectations for solar hydrogen production. However, many 
problems, particularly the low efficiency of hydrogen generation, needed to be solved before practical use of the 
research becomes possible.

     It has been almost 20 years 
since Dr. Sayama came up with 
this idea. Although the hybrid 
device combining photocatalysis 
a n d  e l e c t r o l y s i s  w o r k e d  a s  
expected, the energy conversion 
efficiency of the photocatalyst 
cou ld  not  be  improved  and  
remained low.
     A turning point came in 2009, 
w h e n  D r . M i s e k i ,  w h o  a l s o  
special izes in photocatalysis ,  
joined AIST.  Working on this 
theme, Dr. Miseki steadily achieved 
successful results, improving the solar-to-chemical conversion efficiency from less than 0.1% initially to 0.3%.
     “Photocatalysts, in which everything needed has to be done in a single particle, are complex materials with 
many things to be considered. By repeating various experiments to solve problems, we have found out what was 
hindering the performance improvement and better photocatalysts.”
     Dr. Miseki recalls the days when his research continued to improve the performance of photocatalysts by 
achieving a solar-to-chemical conversion efficiency of 0.65%. To date, this is the highest efficiency, globally, 
among artificial photosynthetic technologies that use powdered photocatalysts and redox media.
     “As the conversion efficiency of rooftop solar cells today is around 20%, 0.65% may sound very low. However, 
the energy efficiency of maize converting sunlight into cellulose is around 0.8%. We believe that the conversion 
efficiency, which is close to that of plants, can be achieved simply by adding oxide powder to an iron solution. 
This is a significant achievement. Theoretically speaking, the mechanism of artificial photosynthesis is basically the 
same as that of solar cells, so, we think that we can achieve more than 10%,” said Dr. Miseki.
     The improvement of efficiency depends on whether it is possible to create photocatalysts that absorb longer 
wavelengths of sunlight. Since the search for manually operated photocatalysts is limited, we also use robots that 
can generate catalysts automatically. The search for photocatalysts will be even more efficient in the future due to 
artificial intelligence technology.

Photocatalyst
Electrolysis

Total

:   2H₂O + 4Fe3+ → O₂ + 4Fe2+ + 4H+

:      4Fe2+ + 4H+ → 4Fe3+ + 2H₂
:                2H₂O  → O₂ + 2H₂

Photocatalyst pool
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Low voltage electrolysis (below 1V)

Photocatalysis‒electrolysis hybrid system 
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     As the research advanced, it was found that the performance of the photocatalyst that led to oxygen 
generation was acceptable. Improvement was needed in terms of the reaction caused by the other photocatalysts 
of hydrogen.
     “As this is the case, the photocatalyst that generates hydrogen should be replaced with an electrolyzer. If 
things at hand do fine, we do not have to cling to developing new materials,” postulated Dr. Sayama. This led to 
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of the photocatalytic reaction described above, it is passed through a low-voltage electrolyzer. In the electrolyzer, 
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hydrogen and oxygen and enables facile hydrogen production on a large scale. Dr. Sayama thought that this 
would be the way to proceed to realize solar hydrogen production, which could be put to practical use within a 
short time.

En route to becoming a fully-fledged technology of the future

     When Dr. Sayama first came up with the idea of a hybrid reaction system for photocatalysis with electrolysis, 
people at large were not as enthusiastic. Although there was some interest, the system using electricity was 
perceived as complicated and expensive compared to photocatalysts that only use powder.
     In reality, however, the system is simple and easy to scale. All that is needed to generate energy is the 
dispersion of the photocatalyst in an iron solvent and its exposure to light. Some estimates suggest that this 
hybrid system should be less expensive than a system that combines solar power generation and water 
electrolysis.
     Furthermore, by using other types of solvents, instead of oxygen, we can produce high-value organic matter or 
valuable chemicals (hydrogen peroxide, hypochlorous acid, etc.) that can be sold. Doing so should make the 
overall system even more economical. Such photocatalytic and photoelectrochemical reaction systems are also 
being intensively studied. 
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     “Let’ s take an example of the hybrid car. The hybrid car, which carries both batteries and a gasoline engine, 
was initially very expensive, so it has taken time to sell in the market. But as the costs have been reduced, and its 
low environmental load and good fuel efficiency have become public knowledge, the hybrid car has become 
popular. Surely it is ideal for the car to operate only with electricity or hydrogen, but we see the hybrid car as a 
step toward its realization.”
     “The photocatalysis‒electrolysis hybrid system is the same,” says Dr. Sayama. “It is more of a makeshift 
technology en route to becoming a fully-fledged technology of the future. There is no need to wait for the 
introduction of new technologies before the ultimate photocatalyst is found. The idea is that it would be better to 
first put available technology into practical use and contribute towards creating a low carbon society.
     Currently, many companies are interested in our research. Together with some companies in various fields, we 
are conducting research and development for practical applications. In the near future, we expect to find 
photocatalyst materials with conversion efficiencies exceeding 1‒3%, and we will conduct large scale verification 
tests for electrolysis. As we expand the range in which photocatalysis and electrolysis are applied, we should find 
an optimal match for these two. 
     “Energy-related technologies take a long time to be put to practical use, so if we don't conduct research on 
long-, medium- and short-term technologies simultaneously, we will run out of steam. I would like to see many 
companies participate in the research and development of this technology, which I believe is not far away from 
practical application. I would like to realize a renewable energy society as soon as possible,” says Dr. Sayama.
     Dr. Miseki also says “I believe that artificial photosynthesis and solar hydrogen production are technologies 
that will surely benefit society. We will make every effort to fulfil our mission to disseminate this technology to 
society as quickly as possible.” 
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