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EXECUTIVE SUMMARY

The concept of using solar energy to drive the conversion of water into hydrogen and oxygen has
been examined, from the standpoints of: potential and ideal efficiencies, measurement of (and
how to calculate) solar hydrogen production efficiencies, a survey of the state-of-the-art, and a

technological assessment of various solar hydrogen options.

The analysis demonstrates that the ideal limit of the conversion efficiency for 1 sun irradiance is
[B1% for a single photosystem scheme and [42% for a dual photosystem scheme. However,
practical considerations indicate that real efficiencies will not likely exceed [110% and [16% for

single and dual photosystem schemes, respectively.

Four types of solar photochemical hydrogen systems have been identified: photochemical
systems, semiconductor systems, photobiological systems and hybrid and other systems. A

survey of the state-of-the-art of these four types has been presented.

The four system types (and their sub-types) have been examined in a technological assessment,
where each has been examined as to efficiency, potential for improvement and long-term

functionality.

Four solar hydrogen systems have been selected as showing sufficient promise for further

research and development:

1. Photovoltaic cells plus an electrolyzer
2. Photoelectrochemical cells with one or more semiconductor electrodes

3. Photobiological systems



4. Photodegradation systems

The following recommendations are presented for the consideration of IEA:

1. Define and measure solar hydrogen conversion efficiencies as the ratio of the rate of
generation of Gibbs energy of dry hydrogen gas (with appropriate corrections for any bias

power) to the incident solar power (solar irradiance times the irradiated area).

2. Expand support for pilot-plant studies of the PV cells plus electrolyzer option with a view to
improving the overall efficiency and long-term stability of the system. Consideration should
be given, at an appropriate time, to a full-scale installation as part of a solar hydrogen based

model community.

3. Accelerate support, at a more fundamental level, for the development of photoelectro-
chemical cells, with a view to improving efficiency, long-term performance and multi-cell

systems for non-biased solar water splitting.

4. Maintain and increase support for fundamental photobiological research with the aim of
improving long-term stability, increasing efficiencies and engineering genetic changes to

allow operation at normal solar irradiances.

5. Initiate a research program to examine the feasibility of coupling hydrogen evolution to the

photodegradation of waste or polluting organic substances.



1. INTRODUCTION

The photoproduction of hydrogen from the decomposition of water using solar energy as the
driving force has been a goal of scientists and engineers since the early 1970’s when Fujishima &
Honda (1972) reported the generation of hydrogen and oxygen in a photoelectrochemical cell
using a titanium dioxide electrode illuminated with near ultraviolet light. Since then there has
been an explosion of scientific interest and experiments. Now that more than 23 years has
elapsed, it is appropriate to take a critical look at the prospects for the solar generation of

hydrogen fuel from water.

The conversion of solar energy into useful energy forms can generally be divided into thermal
and photonic processes. In solar thermal processes, solar energy is first converted to heat, which
can either be used directly, stored in a thermal medium (e.g., water or dry rocks) or converted to
mechanical and/or electrical energy by an appropriate machine (e.g., a steam turbine for the
generation of electricity). In solar photonic processes, the solar photons are absorbed directly
into an absorber, without complete conversion to heat. The absorber may convert part of the
photon energy to electricity (as in a photovoltaic cell) or store part as chemical energy in an
endergonic chemical reaction (as in photosynthesis or the conversion of water to hydrogen and

oxygen). This paper focuses on the last process, namely the solar photoproduction of hydrogen.

The discussion of the theme topic is divided into five major parts: an explanation and definition
of solar efficiencies (both ideal and practical), the measurement of solar hydrogen
photoproduction efficiencies, a review of the state-of-the-art, a technological assessment of the

various solar hydrogen options and finally some conclusions and recommendations.



2. EFFICIENCIES AND HOW DEFINED

As with any conversion process, the efficiency of a solar hydrogen photoproduction process is of
considerable importance because high efficiency usually translates into lower costs. But all solar
processes have theoretical efficiency limits imposed by the nature of the conversion process.
Solar thermal processes are limited by the Carnot efficiency; whereas, solar photonic processes
are limited by fundamental considerations associated with bandgap excitation. The general
requirements and limiting efficiencies for any solar photonic converter have been reviewed by

Archer & Bolton (1990).

2.1 Fundamental energy losses and the expression for the limiting conversion efficiency.

All solar photonic processes involve excitation of an absorber from a ground to an excited state.
The absorber can be an isolated molecule or a semiconductor. A characteristic of the absorber is
that it has a definite threshold energy or bandgap energy U,,. U, is usually calculated from the
wavelength A, of the red absorption edge (U, = hc/A,, where / is Planck’s constant and ¢ is the

speed of light).

Four unavoidable energy losses associated with solar photonic conversion can be identified:

1. All solar photons with A = A, (A, is the bandgap wavelength and A, = Ac/Uy) cannot be
absorbed and thus are lost to the conversion process.

2. Solar photons with A < A, can be absorbed, but the excess energy (U - Up) is lost as heat as
the absorber “relaxes” to the level of U,. Unless some process can be devised to “capture”
the excited states before they relax, this excess energy is not available to the conversion

process.



3. The energy of the excited state is thermodynamically an internal energy and not Gibbs
energy.” Thus only a fraction (up to about 75% - see Archer & Bolton, 1990) of the excited
state energy can be converted into useful work (e.g., electrical energy) or stored as chemical
energy. This is why the voltage of a photovoltaic cell can never be as high as the bandgap
potential. For example, a silicon photovoltaic cell, with U, = 1.1 €V, exhibits an open-circuit
voltage V, < 0.8 V. In a photoelectrochemical cell, these losses show up as part of the
overpotential.

4. When a photoconverter is illuminated, the excess chemical potential of the excited states is
dependent on their concentration. If all excited states are converted immediately to products
(short-circuit condition), the steady-state concentration of the excited states approaches zero
and hence the excess chemical potential becomes zero also. Thus no energy can be converted
or stored. Conversely, if the rate of product formation approaches zero (open-circuit
condition) the steady-state concentration of the excited states (and hence the excess chemical
potential) reaches a maximum, but again no energy can be converted or stored because the
rate of product formation is zero. The optimum condition (maximum power point) lies

somewhere between these two extremes. Since a significant concentration of excited states

* Note that this is a property of the system (ensemble) and not of an individual excited state. One
way of explaining this is to note that excited states are created as a very dilute mixture in a sea of
ground states, but the end product (electricity or hydrogen) is concentrated. To reach the
concentrated product state an amount of work equal to TAS,ix must be done, where ASy,;x is the
entropy of mixing. This entropic energy loss is responsible for the difference between the

internal energy and the Gibbs energy of the excited states.



exists at the optimum condition, there will always be some loss due to spontaneous emission

(fluorescence). Fortunately, this loss factor is small (1-2%).

The limiting efficiency 1), of any solar photonic process is given by (Archer and Bolton, 1990)

- J gA/J ex Peonv

) e (1)

where J, is the absorbed photon flux (photons s' m?) with A < A,.. J, may be calculated from

the relation

Ag
Eg(A)
J, = dA (2)
g /\iin(hc/}\)

where Eg(A) is the spectral irradiance (W m™ nm™) and Ay, is the minimum wavelength at which
the light source has any significant output. The denominator in eq. 2 is the photon energy at
wavelength A. For solar radiation at the Earth’s surface, Api, = 300 nm. In practice, the integral

in eq. 2 is replaced by a sum over small wavelength bands.

ALy (J) in eq. 1 is the chemical potential (or Gibbs energy per molecule) of the excited state”
relative to the ground state and represents the maximum energy available to do work or to be

stored as chemical energy.

@onv in €q. 1 is the quantum yield of the conversion process and represents the fraction of the

excited states that contribute to the generation of a useful product.

® The excited state can either be on an isolated molecule or as a pair of delocalized excess

electrons and holes in a semiconductor.



Finally, Es in eq. 1 is the total incident solar irradiance (W m™).

2.2 Efficiency expressions for an energy storing system.

In some solar photonic processes, solar photons drive a chemical reaction that stores part of the
photon energy as chemical energy of an energy-rich product P (e.g., hydrogen). The efficiency
Nc of such a photoprocess is defined as

_AGp°Rp

EgA )

Nnc

where AGy’ is the standard Gibbs energy for the energy-storage reaction generating product P, Rp
is the rate (mol s™) of generation of P in its standard state,” Es is the incident solar irradiance

(W m™) and 4 is the irradiated area (m?).

Bolton et al. (1985) define ¢ in a different (but equivalent) way to emphasize the various factors

that contribute to nc.

Nc=n gr’ chem® conv 4)

¢ Note that if P is not generated in its standard state, then AGpo must be replaced by AG,, which is

the Gibbs energy change appropriate for the state in which P is generated.



Ny 1s the fraction of the incident solar irradiance that has a photon energy U = U, where U, is the
threshold energy (J) for the photoconversion process (in a semiconductor, U, is the bandgap

energy).® Ng is given by

n, = gV g (5)

Nechem 10 €q. 4 1s the chemical efficiency, that is, the fraction of the excited state energy converted
to stored chemical energy. Nchem 1S defined as

Ug ~Uloss _ AGp®/n

Ug Ug

Nchem =

(6)

where 7 is a stoichiometric number equal to the number of photons (assuming @,y = 1) required
to drive the reaction as written. Uy is the actual energy loss per molecule in the overall
conversion process and thus Ulss = Uy - AGy/n. Note that the Upog in eq. 6 is not the same as the

energy loss when an excited state is created by a photon with A <A,.

Even for an ideal system, U)s cannot go to zero because, as noted above, the energy of the
ensemble of excited states is thermodynamically internal energy and not Gibbs energy. Entropic
considerations dictate that Uj,s has a minimum value of [1.3 - 0.4 eV, depending on the value of

U, (Bolton, et al., 1981). In real systems, Uloss Will be considerably higher.

d N, would be the efficiency of the system if all of the energy of the excited state could be

utilized, but it cannot.



2.3 Efficiencies in the water splitting reaction.

For the water splitting reaction

H,O [ H, +1/2 0, (7)

Bolton et al. (1985) have suggested five possible schemes, as outlined in Table 1, which involve
either single (S) or dual (D) photosystem(s).® These schemes are discussed by reference to Fig. 1,
which shows the limiting efficiency np (eq. 1) as a function of A, for standard AM 1.5 solar
irradiation and the chemical storage efficiency ¢ for various values of Uj,s. Note that ¢ drops

off sharply as U)ess increases.

Figure 1 and Table 1 go near here

The S1 scheme involves driving reaction 7 with one photon in a single photosystem. This
requires high-energy photons and thus, as seen in Fig. 1, the maximum efficiency is low. It is

clear that S1 systems can be rejected because the efficiency is too low, even at the ideal limit.

The S2 scheme involves the absorption of a minimum of two photons per hydrogen molecule in a
single photosystem. This scheme adapts well to a photoredox sensitization reaction, where one
electron is transferred per photon absorbed. The energy required per photon is less than in the S1

scheme, and thus the maximum efficiency is much higher.

¢ A photosystem is defined as a system with a single absorber coupled into a conversion process.
In the case of a dual photosystem, the two photosystems must operate in series with the

absorption of a minimum of two photons, one in each photosystem.



The S4 scheme requires a minimum of four photons to drive reaction 7 and is thus not very

likely.

Schemes D2 and D4 involve the coupling of two photosystems using two and four photons
respectively, where half of the photons are absorbed in one photosystem and half in the other.
Because one now has the flexibility of using two different absorbers with two different bandgaps,

much higher efficiencies are possible but at the expense of greater complexity.

Table 2 gives calculations for ideal converters and for non-ideal converters with Uj,ss = 0.6, 0.8
and 1.0 eV. A reasonable estimate of U for a practical system is [10.8 eV, which gives possible
efficiencies of [17% (A, = 610 nm) for an S2 system and [27% (A; = 720 nm; A, = 1120 nm) for

a D4 system.

It should be noted that this analysis is general and applies to any type of photosystem, be it one
based on isolated molecular chromophores or one based on a delocalized solid-state

semiconductor system.

The above analysis has not taken account of further losses arising from incomplete absorption,
quantum yields less than unity, reflection losses and losses in collecting the gases. Bolton et al.
(1985) have made estimates for these losses for reaction 7 and conclude that, in practice,
efficiencies for the S2 and D4 systems will not likely exceed [10% and [116%, respectively.
Weber and Dignam (1984) have made a similar analysis of solar water splitting systems based on

photoelectrochemical cells. They conclude that S2 and D4 systems will not exceed [110% and

[18%, respectively.
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There is one other issue, which, although not related to efficiency per se, is of general concern to
any solar hydrogen process. It is important that the hydrogen and oxygen be generated in
separate compartments so that the evolving gases do not mix. Otherwise a highly explosive 2:1
mixture of hydrogen and oxygen will be evolved, which must then be separated before storage
and use. This means that the oxidation and reduction half reactions must be physically separated,
perhaps via a membrane, or, in the case of an electrolysis cell, by a wire and perhaps a salt
bridge. A membrane separator must be permeable to both electron transfer and proton transfer

(in the same direction) to assure overall charge neutrality.

3. THE MEASUREMENT OF SOLAR HYDROGEN

PHOTOPRODUCTION EFFICIENCIES

From eqs. 3-5 it might appear that there are many factors to be determined in the measurement of
solar hydrogen photoproduction efficiencies; however, in practice, efficiencies are measured
using eq. 3, where AGp’ for reaction 7 is 237,200 J mol™ at 298 K. This requires that no matter
what the system, the evolved hydrogen must be collected, separated if necessary from other gases
(e.g., oxygen), and measured volumetrically with appropriate corrections for water vapor if
present. The factor Ry, in eq. 3 is the moles per second of pure hydrogen gas produced by the
system, where the hydrogen is generated in its standard state. For example, if the hydrogen is
generated at a pressure P lower than 1 atm, a term R7 In (P’/P) must be subtracted from AGy® in

eq. 3.

11



In eq. 3, EsA is the fotal light power incident on the system. This factor can be determined with a
good broadband radiometer that is sensitive from the ultraviolet to the far infrared (Pearcy,
1989). Any losses due to reflection and transmission (incomplete absorption) will lower ¢. On
a bright sunny day with the absorber perpendicular to the direction of the sun, the solar irradiance

Es = 1000 W m™.

In the case of photoelectrochemical cells, sometimes the cell is biased with an external electrical
potential. If this is the case, then the electrical power input (current times bias voltage) must be
subtracted from the rate of production of Gibbs energy of the evolved hydrogen. Equation 3
must then be modified to (Parkinson, 1984)

_ (AGHzo RH2 - IVblaS)

= 8
Nc EsA (8)

where / is the cell current (A) and Vs s the bias voltage applied to the cell.

The following two examples illustrate how ¢ may be measured:

Example 1

A cell with an irradiated area of 30 cm’ is placed perpendicular to the direction of the
sun with an incident irradiance of 1000 W m™ and irradiated for 10 min. During this
time the system generates 9.3 mL (0.0093 L) of hydrogen, collected over water at 25°C
and 1.0 atm pressure. What is the solar photoproduction efficiency? (The vapor pressure

of water at 25 °C is 24 torr).

12



The dry pressure of the hydrogen is 736/760 = 0.966 atm. The number of moles of

hydrogen generated is

_Pr_ 0.966 x 0.0093 —367 x10~* moles
RT  0.082058 x 298

nH2

where P is the dry pressure (atm) of hydrogen, V is the volume (L) of hydrogen gas
generated, R is the gas constant (0.082058 L atm K' mol') and 7 is the absolute

temperature (K). Thus the average rate of hydrogen generation Ry, over the 10 min is

3.67 x 10%/600 = 6.12 x 107 mol s\

The incident solar power (EsA) is 1000 % 0.0030 = 3.0 W. Thus from eq. 3

237,200%6.12%1077
3.0

=0.0483

nc

or 4.83%.

Example 2

A suspension of algae is irradiated with sunlight (irradiance 30 W m™) where the area
exposed to the sunlight is 10 cm’. Highly purified helium gas (saturated with water
vapor) is passed through the suspension at a rate of 100 mL min™" and analyzed for
hydrogen and oxygen, which are found to be evolved in a 2:1 ratio with the hydrogen

concentration at 100 ppmv. What is the solar photoproduction efficiency?

100 mL min" corresponds to 6.81 x 10° mol s of carrier gas; hence the rate of

production of hydrogen is

13



Ry, = (1.0 x 107%)(6.81 x 10°) = 6.81 x 10” mol s

The hydrogen gas is produced at 10™ atm; therefore, the AG° must be replaced by

AG =AG" - RT In (P°/P) = 237,200 - 8.3145 x 298.15 In (1/10%)

=237,200 - 22,832 = 214,368 kJ

The incident solar power (EsA) is 30 X 0.0010 = 0.030 W. Thus from eq. 3

_214367x6.81x107°
0.030

=0.0487

nc

or 4.87%.

In the literature, there has been some confusion and inconsistencies in the reporting of solar
hydrogen efficiencies. In some cases, Es has included only that part of the solar spectrum
absorbed by the system rather than the Eg for the total solar spectrum. This is particularly true in
the case of photosynthetic systems, where often efficiencies are reported on the basis of
“photosynthetically active radiation” (defined as solar radiation in the 400-700 nm region - see
McCree, 1981). In other cases, efficiencies have been calculated only on the basis of the solar

light absorbed by the system, rather than the incident broadband total irradiance.

14



4. SURVEY OF THE STATE-OF-THE-ART

The use of sunlight to drive reaction 7 has been a very popular field of research leading to the
publication of several books (Bockris, 1976, 1980; Ohta, 1979; Harriman and West, 1982;
Skelton, 1984; Justi, 1987; Bockris et al., 1991), reviews (Balzani et al., 1975; Bolton, 1978;
Bolton and Hall, 1979; Gritzel, 1981a; Nozik, 1984; Getoff, 1984; Willner and Steinberger,
1988; Dostrovsky, 1981; Serpone et al., 1992; Bard and Fox, 1995) and close to 1000 research
papers. Most systems can be classified under one of five categories: Photochemical Systems
(sunlight is absorbed by isolated molecules in solution), Semiconductor Systems (sunlight is
absorbed by a semiconductor, either as a suspended particle in a liquid or as a macroscopic unit
in a photovoltaic cell or an electrochemical cell), Photobiological Systems (sunlight is absorbed
by a leaf chloroplast or alga in a configuration coupled to a hydrogen-generating enzyme),
Hybrid Systems (involving combinations of the first three) and Thermochemical Systems. Since
this paper is concerned only with the solar photoproduction of hydrogen, thermochemical

systems will not be considered, except in passing.

In this survey of the state-of-the-art, I have not attempted to be comprehensive in the references I
have cited, but rather have been selective of those papers that I felt were significant in indicating
the state-of-the-art. Where possible, I have given references to reviews, which will provide the

reader with more detail and references to other work.
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4.1 Photochemical Systems

Pure water does not absorb solar radiation, except in the infrared, where photon energies are too
low to simulate photochemical action. Thus any photochemical process to drive reaction 7 must
involve a sensitizer, that is, a molecule or semiconductor that can absorb sunlight and stimulate

photochemical reactions which ultimately lead to the generation of hydrogen in reaction 7.

The absorption of a single photon (in the solar wavelength ranges) can, at most, cause the transfer
of one electron in a photoredox process. Since reaction 7 is a two-electron process (4 electrons
for O,), catalysts for the storage of electrochemical equivalents are necessary in practical
schemes. Figure 2 shows the minimal scheme for a process to split water involving a

photochemical sensitizer S with redox storage catalysts cat-ox and cat-red.

By utilizing sacrificial donors or acceptors to replace the oxidation or reduction half-reactions,
respectively, it is possible to study each half reaction separately. Indeed almost all studies to date

have been of this type, with very few studies of the complete reaction.

4.1.1 Reduction Half Reactions: A popular photochemical system, focused on the reduction half
reaction to generate hydrogen in the presence of a sacrificial donor, involves Ru(bpy)s>™ (bpy
stands for 2,2'-bipyridyl) (Kalyanasundaram, 1982) as the absorber (see Figure 3 for the scheme);
EDTA (ethylenediamine tetraacetic acid) is the sacrificial donor; MV>" (methyl viologen) is the

electron relay and colloidal Pt is the hydrogen-evolving redox catalyst (cat-red).

16



Although this system has been studied extensively, the best overall quantum yield ( @y 5 )is [D.3,

and there have been significant problems with side reactions, particularly with the degradation of
the MV>". Many other similar systems have been studied using a variety of different dyes (e.g.,
proflavin), relays (e.g., many other viologens, Co(Il) and Rh(II) bipyridyl complexes) and

sacrificial donors (e.g., triethanolamine).

4.1.2 Oxidation Half Reactions: This half reaction has been less well studied. One such scheme
is that of Lehn (1981), as shown in Figure 4. RuOx particles serve as the redox catalyst (cat-ox),

and Co”" as the sacrificial acceptor. Only modest quantum yields ((5%) have been reported.

Calzaferri (1993) summarizes his group’s work on a system in which silver clusters in a zeolite

structure are able to photochemically generate oxygen from water.

4.1.3 Complete Photochemical Water Splitting Systems: The only photochemical system, in
which a complete water-splitting reaction is reported, is the work of Katakis et al. (1992, 1994).
They wused tris-[1-(4-methoxyphenyl)-2-phenyl-1,2-ethyleno-dithiolenic-S,S Jtungsten as the
sensitizer and MV>" as an electron relay. Remarkably with no other components, they report
sustained yields of hydrogen and oxygen in a 2:1 molar ratio. The solution (acetone:water) had
to be continuously purged with nitrogen, as the complex undergoes degradative photooxidation
in the presence of oxygen. This is an S1 system, and so the reported energy storage efficiency of

[77% 1is highly suspect. No other groups have as yet attempted to repeat these experiments.

17



4.2 Semiconductor Systems

Here sunlight is absorbed by a semiconductor creating excess electrons in the conduction band of
the semiconductor and excess holes in the valence band. If the semiconductor contains a
junction (e.g., a p-n junction), the chemical potential of the excess carriers can be converted into
electricity, as it is in a photovoltaic cell. The electrical energy can then be used to electrolyze

water to H, and O,.

Alternatively, the excess electrons and/or holes can undergo chemical reactions at the surface of
the semiconductor to produce H, and/or O,, either in a photoelectrochemical cell or in a

suspension of semiconductor particles.

4.2.1 Photovoltaic (PV) Cells Plus Electrolyzer: This is certainly the most developed option at
present because silicon photovoltaic cells routinely achieve efficiencies of >15% and the
efficiency of electrolyzers is often >75%." There is extensive fundamental work underway to
improve the performance of PV cells. However, research is needed to explore the special
requirements of a coupled PV cell/electrolyzer system. Several pilot-plant scale studies are now
underway (Winter and Fuchs, 1991; Zahed et al., 1991; Brinner et al., 1992; Szyszka, 1992;
Lehman and Parra, 1994). Computer simulations of a PV-electrolyzer system have now been
developed (Vanhanen et al., 1994). At the scale of [110 kW, the best overall efficiency for H,

generation from water is [6%.

" The efficiency of an electrolyzer is defined as ), = E°/V, where E° is the thermodynamic cell

potential (1.23 V for reaction 7) and ¥V is the voltage appled to the cell under operating condition.

18



4.2.2 Photoelectrochemical Cells (PECs): Here a light-absorbing semiconductor is either the
anode or cathode (or both) in an electrochemical cell. In the famous cell of Fujishima and Honda
(1972), a single-crystal of TiO; acted as the photoanode, at which oxygen was evolved; electrons
released from the anode traveled by a wire to a Pt electrode, at which hydrogen evolved.
Although that cell evolved H; and O, without a bias, the cell was chemically biased because the

pH was quite different in the anode and cathode compartments.

Since 1972, there has been considerable progress [Gerischer (1981) presents a thorough overview
of the theory, Nozik (1981) gives a good overview of the various PEC devices, Heller (1984)
gives an excellent analysis of efficiencies of various PEC systems and the review by Getoff
(1990) and the book by Pleskov (1990) provide more recent analyses]. The most efficient cells
(L13%) are those involving a p-InP photocathode, onto which tiny islands of Pt have been
deposited. Cells involving n-CdS, n-TiO, or n-SrTiO; as photoanodes, have achieved

efficiencies of [110%.

A group in Texas (Cervera-March and Smotkin), 1991; Smotkin et al., 1986, 1987) coupled
several photoelectrochemical cells, without wire connections, in a bipolar array and thus

achieved water photolysis without any external bias. They have used cells based on n-TiO, and

CdS.

A photoelectrochemical cell containing both an n-type semiconductor photoanode and a p-type
semiconductor photocathode would have the potential for a much higher efficiency because it
would be a D4 system (see Section 2). However, very little work has been done on such a

combination.
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4.2.3 Microheterogeneous Systems: Here the semiconductor is in the form of tiny particles
suspended in a solvent (usually an aqueous solution). [The book by Kalyanasundaram (1987)
provides a good overview of this subject.] The process operates much like the reduction half
reaction of the photochemical system, except that the semiconductor particle takes the place of
the molecular absorber. Excess conduction-band electrons reduce the electron relay and excess
holes oxidize the sacrificial donor. »n-TiO,, n-SrTiO; and n-CdS have been used in this manner

[see reviews by Gritzel (1981b) and Willner and Steinberger-Willner (1988)].

There have been some attempts to load a semiconductor, such as TiO,, with Pt and RuQO; islands,
which act as reduction and oxidation catalysts, respectively. Some unconfirmed claims of
complete water photolysis have been reported (Borgarello et al., 1981a,b) with this system, but

the results have been strongly criticized (Willner and Steinberger-Willner, 1988).

4.3  Photobiological Systems

Photosynthetic organisms carry out an energy-storing fuel production reaction, which stores solar
energy in vast quantities all over the world. Normally, photosynthetic systems do not evolve
hydrogen, but rather reduce CO, to carbohydrates. However, it is possible to modify conditions
such that the reducing end of the photosynthetic process (Photosystem I) is coupled to a
hydrogen-evolving enzyme, such as hydrogenase or nitrogenase. Three recent reviews

(Greenbaum, 1988b; Benemann, 1994a,b; Markov et al., 1995) cover this field quite well.

The most effective photobiological systems for H,/O, evolution are those based on microalgae,

such as green algae and cyanobacteria.

20



Green algae produce hydrogen after incubation under anaerobic conditions, during which
hydrogenase is synthesized and activated. When these dark-adapted algae are returned to the
light, they evolve H; and O initially at efficiencies approaching 12% (Greenbaum, 1988a), but

yields fall off as normal photosynthesis is reestablished.

Nitrogen-fixing cyanobacteria can produce hydrogen, catalyzed by the nitrogenase enzyme, if the

bacteria are starved of N,.

Efficiencies under ideal conditions approach [10%; however, a major difficulty is that the algal
systems saturate at solar irradiances above [0.03 suns. Thus genetic engineering will be required
to reduce the size of the antenna chlorophyll pool to allow higher irradiances to be used. A
recent paper by Greenbaum et al. (1995) shows promise that higher efficiencies (perhaps
approaching 15-20%) may be possible in certain mutants of Chlamydomonas reinhardii algae,

which lack Photosystem 1.

4.4  Hybrid and Other Systems

4.4.1 Hybrid Systems: Some hybrid systems have been investigated. For example, it is possible
to adsorb molecular dyes onto the surface of a semiconductor and thus sensitize the action of the
system to wavelengths longer than those that would be absorbed directly by the semiconductor
itself.  Also there have been reports of photoelectrochemical cells based on chloroplast
preparations in the electrolyte or adsorbed onto an electrode. However, none of these systems

have been successful in efficient hydrogen production.

4.4.2 Photodegradation Systems: There is another option for solar hydrogen production that

does not involve the evolution of oxygen. In this case an organic substrate, which may be a
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pollutant, is used as the sacrificial donor in a reduction half reaction. There is no net energy
storage (indeed most of these reactions are exergonic), but hydrogen is produced at the same time

as a surplus or even polluting organic compound is oxidized. For example, the reaction
CH;COOH(aq) + O, - 2CO,+2H, (7)

is exergonic by 392.3 kJ but the fuel value of the H, produced is 474 kJ. The process involves
the conversion of one fuel (CH;COOH, with a fuel value of 866 kJ) into another fuel (2 H,, with
a fuel value of 474 kJ). The potential added value is in the destruction of a pollutant. For
example, UV light (and also sunlight) is now used to oxidize organic pollutants to CO, and H,O.

It may be possible to modify these processes so that hydrogen would be produced as a byproduct.

5. TECHNOLOGY ASSESSMENT

In this section a general technology assessment of the various solar hydrogen technologies will be
presented. I will not attempt a detailed economic assessment [such an assessment has been given
by Biddle et al. (1985)]; however, I will begin by restating an analysis I carried out six years ago
for an IEA Workshop (Bolton, 1989) because this emphasizes the constraints placed on any solar

conversion process by the characteristics of solar radiation, as received at the Earth’s surface.

Solar radiation is quite diffuse, having a normal irradiance of only 0l kW m™ in bright sunlight.
This means that, if the average irradiance (over 24 hours a day and 365 days per year) is [200
W m? (typical of the southwestern USA), the total annual solar energy received is 6.31 GJ. If the

conversion efficiency is [110%, then the useful energy (say as electricity) is 631 MJ or 175 kWh.
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This is equivalent to 2660 moles of H, or [b6 standard m’ of H,. At $0.25/m> , the annual value
of this hydrogen per m? of collector area is only $16.50. At a 10% return on investment, the
maximum capital cost that would be reasonable is $165 per m*. It is interesting that Biddle et al.
(1985) come to a very similar conclusion ($162 per m?) and note that only 36% of the capital cost
is that of the solar reactor and collector system; the other 64% is comprised of piping and reactor
support, field piping, gas compression and balance of plant. This means that any system for the
solar generation of hydrogen from water will have to be very simple and fabricated from very
cheap materials. Exotic and costly substances, such as Ru, are clearly too expensive for any
practical system. The analysis also indicates that efficiency is the key to practical economic

systems and that any system with an efficiency <10% doesn’t have much of a chance to succeed.

5.1 Photochemical Systems

No photochemical system has as yet approached an efficiency of 10%; indeed it is arguable that
no complete solar water splitting process has yet been demonstrated and confirmed in several

other laboratories. Photochemical systems suffer from several difficulties:

1. The molecular absorber must remain robust through millions of cycles. Under normal
sunlight conditions, each molecule would receive C10° photons per year. This means that the
quantum yield for photodegradation reactions (which would destroy the photosensitizer) must be

<107, This is a very severe constraint.
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2. Unless contained in a highly ordered system, excited-state molecules formed by light
absorption must diffuse in solution to encounter quenchers where electron-transfer can take
place. Diffusion in a liquid is a relatively slow process and so excited-state lifetimes must be
long (or quencher concentrations very high) to allow this primary photochemical process to take

place. Long lifetimes open the door to degradative side reactions (e.g., with O,).

3. Even if the primary electron-transfer process occurs efficiently (high quantum yield),
the energy-wasting back-electron transfer is always spontaneous and will occur unless elaborate
methods are employed to minimize this ubiquitous reaction. This is probably the reason that the
photochemical energy storage reaction of photosynthetic organisms occurs in highly organized

reaction center proteins.

4. All systems studied to date produce H, and O, together, and these bubble out as a 2:1
highly explosive mixture. Some method must be employed to separate the gases. This will add

to the costs.

Given the above difficulties, my prognosis for photochemical systems is low.

5.2 Semiconductor Systems

Semiconductors are much more robust than molecular chromophores and thus show considerably
more promise. Because electrons and holes can rapidly delocalize through the bulk

semiconductor, recombination (i.e., the back reaction) is less of a problem, but still prevalent.

5.2.1 Photovoltaic Cells Plus Electrolyzer: The photovoltaic (PV) cell is currently the most

successful device for the conversion of solar photons into an energy form other than heat. Si PV
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cells have now exceeded 20% efficiency (at 1 sun, i.e., an irradiance of 1000 W m™), and

commercial PV modules are now available with cell efficiencies of [18%. Tandem

GaAs/GaAlAs PV cells have achieved efficiencies of over 30%.

With the success of PV cells, it is natural to examine the coupling of a PV array to generate solar
electricity, which then can drive an electrolyzer system to convert water into hydrogen and
oxygen. As noted in Section 4.2.1, this has been achieved on a pilot-plant scale (L110 kW) with
an overall efficiency of [6%. Undoubtedly with improvements in the component efficiencies and

coupling of the systems, efficiencies in excess of [110% can be expected in the near future.

Currently the cost of a PV array is [56/Wp.% At 10% efficiency, this would impose a capital cost

of (32400 per m? at an average solar irradiance of 250 W m™.  The electrolyzer might add

another (5100 per m*

. Thus the PV cell/electrolyzer option is [116 times that estimated for an
economic system. As the costs of PV cells drop and overall efficiencies improve, it is reasonable

to expect that this gap will narrow considerably in the near future.

5.2.2 Photoelectrochemical Cells (PECs): PECs have the advantage of combining the PV cell
and the electrolyzer into one system without wires. PECs potentially have the same favorable
characteristics as do PV cells. One advantage over PV cells is that no semiconductor/
semiconductor junction is required; the junction is formed spontaneously at the semiconductor/
electrolyte interface. However, a potential disadvantage is that PECs can exhibit photocorrosion

leading to the dissolution and degradation of the active photoelectrode.

£ A peak watt (Wp) is defined as the generation of 1 W of electrical power, when the PV cell is

illuminated by sunlight with an irradiance of 1 kW m™.
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Efficiencies of PECs designed to split water are so far quite encouraging; however, except for the
work of Smotkin and coworkers (Cervera-March and Smotkin, 1991; Smotkin et al., 1986,
1987), there have been very few larger-scale studies aiming toward a practical system. There

have not been any studies at the pilot-plant scale.

5.2.3 Microheterogeneous Systems: These systems suffer from most of the same disadvantages
as the photochemical systems (Section 5.1). It is not likely that viable systems will be developed

based on this option.

5.3 Photobiological Systems

Photobiological systems have the distinct advantage that the collector system self assembles.
Thus as long as the cells can be kept alive and viable for extended periods of time, the capital
costs of such a systems are potentially quite low. However, there may be considerable costs
involved in the fabrication of reactor systems necessary to maintain the organisms under
optimum conditions. As noted in Section 4.3, these systems saturate at unacceptably low
irradiances. Nevertheless, there is a reasonable possibility that this deficiency can be removed by
genetic engineering. Another major disadvantage is that hydrogen and oxygen are generated
together and must be separated rapidly to avoid an severe explosion hazard. Benemann (1994)
has proposed a two-stage process in which green algae would be cultivated in large open ponds
to produce a high carbohydrate algal biomass, which then becomes the substrate for the

production of hydrogen in closed tubular photobioreactors.
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5.4  Hybrid and Other Systems

5.4.1 Hybrid Systems: Since no hybrid systems have yet been developed that give significant

amounts of water splitting, this option is not viable at present.

5.4.2 Photodegradation Systems: By using solar energy to couple hydrogen evolution to the
photodegradation of organic pollutants, value is added to the photodegradation process. The use
of UV or solar light to destroy organic pollutants in contaminated waters is quite expensive, with
treatment costs varying between $1 and $50 per kg of pollutant removed. If hydrogen could be
evolved at the same time as organic pollutants are photodegraded, considerable value could be
added to the process. This option has not been pursued very much in the literature, but, in my

opinion, it deserves to be examined in considerable detail.

6. GENERAL COMMENTS AND VALUE-ADDED CONSIDERATIONS

Much has been made of the added value of hydrogen as a fuel [see books by Bockris (1976,
1980), Justi (1987), Ohta (1979) and Skelton (1984)] in terms of its favorable environmental
aspects (no CO, emissions, no organic air pollutants, very little CO). There is little argument that
a cheap method for generating hydrogen from water using solar energy would be highly
desirable. The question to be answered here is: “Can solar photoproduction of hydrogen compete
with other solar methods of generating hydrogen?”. The competition is primarily in two

technologies:
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1. Solar thermochemical hydrogen generation reactions

2. Wind electricity plus electrolyzer

Many solar thermochemical hydrogen generation systems [see Sato (1979)] have been proposed;

however, all are quite complex and none has shown potential for a practical economic system.

On the other hand, wind-generated electricity is already a significant component in the electrical
capacity of some utilities (e.g., in California). To the extent that wind-generated electricity
competes with photovoltaic generation, this option will be more or less economic than the
photoproduction of hydrogen. At present wind-generated electricity is cheaper than photovoltaic-

generated electricity; however, that picture may change in the future.

In my opinion, excessive stress on economics should be avoided when considering new
technologies for hydrogen production, such as the photoproduction option. My approach would
be to pick a few promising systems, set realistic development targets and then evaluate again in

perhaps five years.

Finally, there is one other very important value-added factor in research on the solar
photoproduction of hydrogen. This research area is exciting and environmentally meaningful.
As a result, many bright scientists have been attracted to this field. The result has been not only
steady progress in the direct goal of the solar photoproduction of hydrogen, but also considerable
“spin-offs” in other applied areas. For example, advances in the development of photosensors,
biosensors, microelectronics, molecular electronics, and the photodegradation of pollutants has

been aided considerably by research initially conducted with a focus on solar photoconversion
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processes. It is highly probable that many more spin-offs will accrue in the future through

continued support of this research objective.

7. CONCLUSIONS AND RECOMMENDATIONS

It now remains for me to summarize with some conclusions and formulate some
recommendations. The possibility of using cheap solar energy to generate hydrogen, a virtually
non-polluting and extremely clean fuel, from water has been an exciting prospect for scientists
and engineers for several decades. Although progress has been slower than many of us hoped,
there are some systems that show sufficient promise to justify further investments in research and

development. The four processes that in my opinion deserve further attention are:

1. PV Cells plus Electrolyzer
2. Photoelectrochemical Cells
3. Photobiological Systems

4. Photodegradation Systems

I believe that the other systems do not show enough promise to justify support from targeted
programs. Many will continue to be developed through basic research programs, so they will not

be totally neglected if my recommendations are followed.
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My recommendations are as follows:

1. Define and measure solar hydrogen conversion efficiencies as the ratio of the rate of
generation of Gibbs energy of dry hydrogen gas (with appropriate corrections for any bias

power) to the incident solar power (solar irradiance times the irradiated area).

2. Expand support for pilot-plant studies of the PV Cells plus Electrolyzer option with a view to
improving the overall efficiency and long-term stability of the system. Consideration should
be given, at an appropriate time, to a full-scale installation as part of a solar hydrogen based

model community.

3. Accelerate support, at a more fundamental level, for the development of photo-
electrochemical cells, with a view to improving efficiency, long-term performance and multi-

cell systems for non-biased solar water splitting.

4. Maintain and increase support for fundamental photobiological research with the aim of
improving long-term stability, increasing efficiencies and engineering genetic changes to

allow operation at normal solar irradiances.

5. Initiate a research program to examine the feasibility of coupling hydrogen evolution to the

photodegradation of waste or polluting organic substances.
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If implemented, I am convinced that these policies will see significant development in some
practical solar hydrogen systems within the next decade. It will also provide the base for the

advance of other options that should become viable in the 15-25 year time period.
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Ry

Rp

(]1088

GLOSSARY

irradiated area (m?)

thermodynamic standard cell potential (V) for an electrochemical cell
bias voltage (V) applied to a photoelectrochemical cell

total solar irradiance (W m™)

spectral irradiance (W m™ nm™") at wavelength A

current (A) in a photoelectrochemical cell

absorbed photon flux (photons s m™) with A < A, (see eq. 2)

stoichiometric number equal to the number of photons (assuming @..,, = 1) required to

drive a photochemical storage reaction as written
dry pressure of hydrogen
gas constant (L atm K™ mol™)

rate (mol s™) of generation of hydrogen gas
rate (mol s™) of generation of product P
absolute temperature (K)

energy (J)

bandgap or threshold energy (J), that is, the minimum photon energy which will excite the

system

energy (J) lost to heat when an excited state is converted to a product.
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AG®

ASmix

Aptex

%OHV

Nec

nchem

Ne

ne

nz

volume (L) of hydrogen generated

voltage (V) applied to an electrochemical cell under operating conditions
open-circuit voltage (V) of a photovoltaic cell

standard Gibbs energy (J mol™) for the energy-storage reaction generating product P
entropy of mixing (J K™ mol™)

chemical potential (or Gibbs energy per molecule) (J) of the excited state relative to the
ground state, representing the maximum energy available to do work or to be stored as

chemical energy

conversion quantum yield, which represents the fraction of the excited states that go on to

generate a product, rather than relax to the ground state

energy storage efficiency (eq. 3 or 4), which represents the efficiency of conversion of

light energy into the stored chemical energy of a chemical product

fraction of the excited state energy that is converted to stored chemical energy of a

product (eq. 6)

hypothetical (unattainable) efficiency (eq. 5), which represents the efficiency that would
be obtained if the relaxed energy of the excited states could be converted to chemical or

electrical energy

limiting (or ideal) conversion efficiency (eq. 1), representing the maximum possible
conversion efficiency for any photoconverter operating with a bandgap wavelength A,

efficiency of a water electrolysis cell
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A wavelength (nm)
Aq bandgap or threshold wavelength (nm)

Amin  Mminimum wavelength at which a light source has a significant output

40



Table 1 Classification systems for solar water photolysis schemes”

n = Minimum

Scheme No. of no. of
classifi- photo- absorbed
cation systems photons Reaction
per H,
1 hv
S1 1 1 H,O [ H, +1/2 0,
2 hv
S2 1 2 H,O [ H,; +1/2 0,
4 hv
S4 1 4 H,O I H, +1/2 O,
hv, + hv,
D2 2 2 H,O [ H,; +1/2 0,
2 hvy +2 hv,
D4 2 4 H,O I H, +1/2 O,

a. Taken from Bolton et al. (1985).
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Table 2 Solar conversion efficiencies and other related data for solar photolysis of

water using global AM 1.5 solar radiation”

Ideal Chem. Uloss per Threshold
effic. effic. photon wavelengths (nm)
Scheme Conditions N,(%) Ne(%) (eV) A or Ay A

S1 Ideal limit 5.3 --- 0.49 420 ---
S2 Ideal limit 30.7 --- 0.37 775 ---
S2 Chemical conversion --- 235 0.60 680 ---
S2 Chemical conversion --- 17.4 0.80 610 ---
S2 Chemical conversion --- 12.7 1.00 555 ---
S4 Ideal limit 30.6 --- 0.31 1340 ---
D2 Ideal limit 42.4 --- 0.38" 655 930
D4 Ideal limit 41.0 --- 0.31° 910 2610
D4 Chemical conversion --- 323 0.60 785 1465
D4 Chemical conversion --- 27.1 0.80 720 1120
D4 Chemical conversion --- 21.6 1.00 655 925

a. Taken from Bolton et al. (1985).
b. Average U, per absorbed photon.
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Figure Captions

Figure 1 Efficiencies for conversion of solar radiation to stored Gibbs energy using single-
bandgap devices. The full curve shows 1), the ideal limiting efficiency. The vertical lines at
420, 775 and 1340 nm show the maximum threshold wavelengths for the water photolysis
reaction (reaction 7) carried out by S1, S2 and S4 schemes, respectively, under ideal conditions.
The descending curves through the dots show the changes in efficiencies and bandgap
wavelengths for values of U, greater than the optimum; the numbers at the dots are the

respective values of Ujyss in €V per photon at those points. [Taken from Bolton et al. (1985)].

Figure 2. Minimal scheme for the photo-chemical splitting of water. cat-red is a catalyst capable

of storing reducing equivalents, cat-ox is a catalyst capable of storing oxidizing equivalents and S

is the photochemical sensitizer.

Figure 3. Scheme for the photochemical generation of hydrogen in a reduction half reaction.

Figure 4. Scheme for the photochemical generation of oxygen in an oxidation half reaction.
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