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Abstract

The present work considers hydrogen generation from water using solar energy. The work is focused on the
materials-related issues in the development of high-e0ciency photo-electrochemical cells (PECs). The property requirements
for photo-electrodes, in terms of semiconducting and electrochemical properties and their impact on the performance of
PECs, are outlined. Di3erent types of PECs are overviewed and the impact of the PEC structure and materials selection on
the conversion e0ciency of solar energy are considered.

Trends in research in the development of high-e0ciency PECs are discussed. It is argued that very sophisticated materials
engineering must be used for processing the materials that will satisfy the speci5c requirements for photo-electrodes. An
important issue in the processing of these materials is the bulk vs. interface properties at the solid=solid interfaces (e.g., grain
boundaries) and solid=liquid interfaces (e.g., electrode=electrolyte interface). Consequently, the development of PECs with
the e0ciency required for commercialization requires the application of up-to-date materials processing technology.

The performance of PECs is considered in terms of:

• excitation of electron–hole pair in photo-electrodes;
• charge separation in photo-electrodes;
• electrode processes and related charge transfer within PECs;
• generation of the PEC voltage required for water decomposition.

This work also gives empirical data on the performance of PECs of di3erent structures and materials selection.
It is argued that PEC technology is the most promising technology for hydrogen production owing to several reasons:

• PEC technology is based on solar energy, which is a perpetual source of energy, and water, which is a renewable resource;
• PEC technology is environmentally safe, with no undesirable byproducts;
• PEC technology may be used on both large and small scales;
• PEC technology is relatively uncomplicated.

According to current predictions, the production of hydrogen will skyrocket by 2010 (Morgan and Sissine, Congressional
Research Service, Report for Congress. The Committee for the National Institute for the Environment, Washington, DC,
20006-1401, 28 April 1995). Consequently, seed funding already has been allocated to several national research programs
aiming at the development of hydrogen technology. The countries having access to this PEC technology are likely to form the
OPEC of the future. ? 2002 International Association for Hydrogen Energy. Published by Elsevier Science Ltd. All rights
reserved.
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1. Introduction

1.1. Hydrogen: fuel of the future

Hydrogen is widely considered to be the fuel of the fu-
ture. Consequently, there have been intensive e3orts in the
development of di3erent technologies based on the applica-
tions of hydrogen as a fuel instead of fossil fuels owing to
the following reasons:

• the use of fossil fuels is responsible for climate change
[1–5];

• deposits of fossil fuels are limited;

• the price of the fossil fuels is increasing;
• there is a need for a fuel generated from the raw materials

which are abundantly available;
• there is a need for a fuel that is environmentally

safe.

Hydrogen has many potential applications, including the
powering of nonpolluting vehicles, domestic heating, and
aircraft. Therefore, hydrogen, as an energy carrier, is antici-
pated to join photovoltaic electricity as the foundation of
sustainable energy system [1,2,6]. Recent e3orts in the de-
velopment of vehicles fuelled by hydrogen, either directly
or through hydrogen fuel cells, may serve as examples of
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Nomenclature

A irradiated area (m2)
a Anode=photo-anode
AM air mass
c speed of light in vacuo (2:99793×108 m=s)
c cathode=photo-cathode
Dye photo-sensitizer at ground state
Dye∗ dye at excited state
Dye+ dye at charged state
e elementary charge (1:602 × 10−19 C)
e′ quasi-free electron
E energy (eV)
EB potential energy related to the bias (EB =

eVbias)
Ec energy of the bottom of the conduction band

(eV)
EF Fermi energy (eV)
Eg band gap (eV)
Ei threshold energy (eV)
E(H+=H2) energy of the redox couple H+=H2 (eV)
E(O2=H2O) energy of the redox couple O2=H2O (eV)
Eloss energy loss (eV)
El electrolyte
En;d free enthalpy of electrochemical oxidation

(per one electron hole) (eV)
Ep;d free enthalpy of electrochemical reduction

(per one electron) (eV)
Ev energy of the top of the valence band (eV)
EMF electromotive force (open circuit voltage)

(V)
F Faraday constant (F = eNA) (9:648 ×

104 C mol−1)
G Gibbs energy (free enthalpy) (kJ mol−1)
G0 standard Gibbs energy (standard free en-

thalpy) (kJ mol−1)
MGa free enthalpy of anodic decomposition

(kJ mol−1)
MGc free enthalpy of cathodic decomposition

(kJ mol−1)
MGloss free energy losses related with anodic and

cathodic over-potentials
MG(H2O) free energy of H2O formation
h Planck constant (6:626 × 10−34 J s)
h: quasi-free electron hole
H+ hydrogen ion (can be considered as

hydronion ion H3O+)
HPE hybrid photo-electrode
I current (A)
IPCE incident photon-to-current e0ciency
Ir incidence of solar irradiance (W m−2)
i concentration of ionic charge carriers

(cm−3)

J Nux density (amount of some quantity Now-
ing across a given area—often unit area per-
pendicular to the Now—per unit time, e.g.
number of particles) (m−2 s−1)

Jg Nux density of absorbed photons (m−2 s−1)
M metal
MOx metal oxide (x corresponds to oxygen stoi-

chiometry)
N number of photons
NA Avogadro number (6:022 × 1023 mol−1)
Ne3 e0cient number of incidents
N (E) distribution of photons with respect to energy

(s−1 m−2 eV−1)
Ntot total number of incidents
NHE normal hydrogen electrode
n concentration of electrons (cm−3)
OH− hydroxyl ion
PC polycrystalline specimen
PEC photo-electrochemical cell
p concentration of electron holes (cm−3)
pH −log [H+]
R Universal gas constant (8:3144 J mol−1K−1)
R resistance (Q)
R(H2) rate of hydrogen generation (mol s−1)
S surface area (m2)
SC single crystal
TF thin 5lm
t time
Ua anodic over-potential (V)
Uc cathodic over-potential (V)
Ufb Nat band potential (V)
Vbias bias voltage (V)
VB surface potential (corresponding to band cur-

vature) (V)
Vn;d cathodic decomposition potential (V)
Vp;d anodic decomposition potential (V)
VH potential drop across the Helmholtz layer (V)
Vh potential drop across the hybrid photo-

electrode (V)
Vph(Si) photo-voltage across the Si cell (V)
Vph (TiO2) photo-voltage across the oxide photo-

electrode (V)
x number (related to nonstoichiometry in

chemical formulas)
X anion in salts, such as Cl− or SO2−

4
z number of electrons (electron holes)
[H+] concentration of hydrogen ions (M)
M di3erence
� electrical conductivity (Q−1 cm−1)
�i mobility of ionic charge carriers

(cm2 V−1 s−1)
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�n mobility of electrons (cm2 V−1 s−1)
�p mobility of electron holes (cm2 V−1 s−1)
�g fraction of e0cient solar irradiance
�ch chemical e0ciency of irradiation
�QE quantum e0ciency
� wavelength (nm)

�i threshold wavelength
v frequency (Hz)
� angle (rad)
� work function (eV)
�a work function of photo-anode (eV)
�el work function of electrolyte (eV)

how close is the hydrogen age. The diagram in Fig. 1 shows
that, while the introduction of fuel cell technology will lead
to a substantial reduction in the emissions of greenhouse
gases (expressed in carbon units per kilometer), the use of
fuel cells powered by hydrogen obtained from solar energy
will reduce the emissions to nearly zero [5]. Hydrogen
is not present in nature in a gaseous form. However,
it is abundantly available in plants as well as in sev-
eral compounds, such as methane, methanol, and higher
hydrocarbons. Most importantly, it is available in wa-
ter. Therefore, hydrogen must be extracted from these
compounds.

So far, hydrogen has been produced principally from
methane using steam reforming [1,6]. However, this tech-
nology results in the emission of CO2. Also, the hydro-
gen obtained by water electrolysis using the electricity
obtained from the combustion of fossil fuels cannot be
considered to be environmentally friendly for the same
reason. On the other hand, the use of photo-electricity is
considered to be the safe option for hydrogen generation.
Further, such hydrogen represents a storable fuel that is
produced from a nonstorable source of energy (photo-
electricity).

1.2. Hydrogen generation using solar energy

The general enthusiasm for the use of hydrogen as an
environmentally friendly fuel has been encouraged by the
fact that the combustion of hydrogen results in the gener-
ation of water, which neither results in air pollution nor
leads to the emission of greenhouse gases. This considera-
tion is correct—assuming that hydrogen is generated using
a source of renewable energy, such as solar, wind, hydro-
electric, or hydrothermal energy. To date, the technologies
for hydrogen generation using sources of renewable energy
are in the incubation stage. The growing interest in hy-
drogen has resulted from the increasing need to develop
hydrogen technologies that are based on the utilization of
renewable sources of energy. The countries having access
to such technologies are likely to form the OPEC of the
near-future. Therefore, the development of hydrogen gener-
ation technologies based on sources of renewable energy is
expected to demand substantial support from both govern-
ment programs and major energy producers.

There is a large body of literature that indicates that
the most promising method of hydrogen generation us-
ing a source of renewable energy is that based on photo-
electrochemical water decomposition using solar energy
[7–51]. Since the 5rst reports of this method published by
Honda et al. [7–10] almost 30 years ago, there have been
many papers published on the impact of di3erent structures
and materials on the performance of photo-electrochemical
cells (PECs).

The energy conversion e0ciency of water photo-
electrolysis is determined principally by the properties
of the materials used for photo-electrodes. Consequently,
commercial applications for hydrogen generation from
solar energy and water will be determined by the progress in
materials science and engineering applied to the candidate
materials for photo-electrodes.

1.3. Materials aspects of photo-electrochemical cells
(PECs)

The materials required for the photo-electrodes of PECs
should perform two fundamental functions:

• optical function required to obtain maximal absorption of
solar energy;

• catalytic function required for water decomposition.

Most PEC photo-electrodes that exhibit sustainable perfor-
mance are fabricated from oxide materials [7–34,36,39–51],
although the application of valence semiconductors, such as
GaAs, has been studied as well [52,53]. The properties of
photo-electrodes should satisfy several speci5c requirements
in terms of semiconducting and electrochemical properties,
including [10,22,27,38,51]:

• band gap
• Nat band potential
• Schottky barrier
• electrical resistance
• Helmholtz potential
• corrosion resistance
• Microstructure

Consequently, the development of high-e0ciency photo-
electrodes that satisfy all of these requirements entails



T. Bak et al. / International Journal of Hydrogen Energy 27 (2002) 991–1022 995

Fig. 1. Relative emission of greenhouse gases (expressed in carbon units per km) for vehicles powered by today’s internal combustion
engine using gasoline compared to vehicles powered by fuel cells [5].

processing of the materials in order to achieve optimized
properties in terms of performance characteristics, includ-
ing:

• high e0ciency
• durability
• low cost of manufacturing
• low cost and ease of maintenance

These properties and performance characteristics will be
achieved principally through the imposition of bulk vs.
interface properties in a controlled manner. This chal-
lenging requirement can be met through the develop-
ment of new processing technologies that address this
issue and characterization techniques that allow the de-
termination of the electrochemical properties of inter-
faces.

It has been documented that interfaces have a substantial
impact on functional properties. For example, grain bound-
aries may act as weak links for the charge transport in poly-
crystalline materials [54–57]. On the other hand, these grain
boundaries also may act as recombination traps for elec-
tronic charge carriers [22,51].

The science and engineering of materials interfaces
is an area in which a substantial progress has been
made recently. This progress is due to the development
of new experimental approaches in the studies of sur-
face properties of compounds [54] and, particularly, in
situ monitoring of surface properties during materials

processing [55]. The latter techniques allow the pro-
cessing of materials with controlled surface properties
that exhibit targeted functionalities in electrochemical
devices.

The purpose of the present work is to consider the progress
in R& D on PECs for hydrogen generation from water us-
ing solar energy. Speci5cally, the work considers the key
materials properties of photo-electrodes and the trends in
research aiming at the development of photo-electrodes that
may bring the PEC technology to commercial maturity.
Finally, the economic aspects of the use of hydrogen as
a fuel are outlined. These considerations are limited solely
to oxide materials, which appear to exhibit superior prop-
erties as photo-electrodes in comparison to other types of
materials.

2. Photo-electrochemistry of water decomposition

2.1. Principles

In the most simple terms, the principle of photo-
electrochemical water decomposition is based on the
conversion of light energy into electricity within a cell in-
volving two electrodes, immersed in an aqueous electrolyte,
of which at least one is made of a semiconductor exposed
to light and able to absorb the light. This electricity is then
used for water electrolysis. In theory, there are three options
for the arrangement of photo-electrodes in the assembly of



996 T. Bak et al. / International Journal of Hydrogen Energy 27 (2002) 991–1022

PECs [10,22,51,58,59].

• photo-anode made of n-type semiconductor and cathode
made of metal;

• photo-anode made of n-type semiconductor and
photo-cathode made of p-type semiconductor;

• photo-cathode made of p-type semiconductor and anode
made of metal.

The following sections will be limited to the 5rst photo-cell
option, although the performance principles of PECs are the
same for all three options.

2.2. Reaction mechanism

Water photo-electrolysis using a PEC involves several
processes within photo-electrodes and at the photo-electrode=
electrolyte interface, including:

• light-induced intrinsic ionization of the semiconducting
material (the photo-anode), resulting in the formation of
electronic charge carriers (quasi-free electrons and elec-
tron holes);

• oxidation of water at the photo-anode by electron holes;
• transport of H+ ions from the photo-anode to the cathode

through the electrolyte and transport of electrons from
photo-anode to the cathode through the external circuit;

• reduction of hydrogen ions at the cathode by electrons.

Light results in intrinsic ionization of n-type semiconducting
materials over the band gap, leading to the formation of
electrons in the conduction band and electron holes in the
valence band:

2h → 2e′ + 2h · ; (1)

where h is the Planck’s constant,  the frequency, e′ the
electron, h · the electron hole.

Reaction (1) may take place when the energy of pho-
tons (h ) is equal to or larger than the band gap. An elec-
tric 5eld at the electrode=electrolyte interface is required in
order to avoid recombination of these charge carriers. This
may be achieved through modi5cation of the potential at the
electrode=electrolyte interface.

The light-induced electron holes result in the splitting
of water molecules into gaseous oxygen and hydrogen
ions:

2h · + H2O(liquid) → 1
2

O2(gas) + 2H+: (2)

This process takes place at the photo-anode=electrolyte
interface. Gaseous oxygen evolves at the photo-anode and
the hydrogen ions migrate to the cathode through the internal
circuit (aqueous electrolyte). Simultaneously, the electrons,
generated as a result of Reaction (1) at the photo-anode, are
transferred over the external circuit to the cathode, resulting
in the reduction of hydrogen ions into gaseous hydrogen:

2H+ + 2e′ → H2(gas): (3)

Accordingly, the overall reaction of the PEC may be ex-
pressed in the form:

2h + H2O(liquid) → 1
2

O2(gas) + H2(gas): (4)

Reaction (4) takes place when the energy of the photons
absorbed by the photo-anode are equal to or larger than Et ,
the threshold energy:

Ei =
MG0

(H2O)

2NA
; (5)

where MG0
(H2O) is the standard free enthalpy per mole of

Reaction (4)=237:141 kJ=mol; NA =Avogadro’s number=
6:022 × 1023 mol−1.

This yields:

Ei = h = 1:23 eV (6)

According to Eq. (6), the electrochemical decomposition of
water is possible when the electromotive force of the cell
(EMF) is equal to or larger than 1:23 V.

The most frequently studied material for the photo-anode
is TiO2 [7–14,17, 20–24, 26–35, 37–41, 43–51]. Despite its
high band gap of 3 eV, it is the favored material owing to its
high corrosion resistance. The maximal value obtained for
the photo-voltage of a PEC equipped with a photo-anode of
TiO2 is ∼ 0:7–0:9 V [12]. Consequently, at present, the ap-
plication of this material as a photo-electrode requires a bias
in order to decompose water through one of the following
procedures:

• imposition of an external bias voltage;
• imposition of an internal bias voltage through the use of

di3erent concentrations of hydrogen ions;
• imposition of an internal bias voltage through the use of

a photovoltaic unit in conjunction with the photo-anode
(hybrid electrode [17]).

A photo-electrochemical cell for the photo-electrolysis of
water and the associated electrochemical chain are shown
in Figs. 2 and 3, respectively. A typical cell involves both
a photo-anode (made of an oxide material) and cathode
(made of Pt) immersed in an aqueous solution of a salt
(electrolyte). The process results in oxygen and hydrogen
evolution at the photo-anode and cathode, respectively. The
related charge transport involves the migration of hydrogen
ions in the electrolyte and the transport of electrons in the
external circuit.

2.3. Photo-catalytic water decomposition

Concerning the mechanisms of the reactions, the prin-
ciple of photo-catalytic water decomposition is similar
to that of photo-electrochemical water decomposition
[60,61]. The essential di3erence between the two consists
of the location of the sites of Reactions (2) and (3). In
the photo-electrochemical process, these reactions take
place at the photo-anode and cathode, respectively. In the
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Fig. 2. Structure of photo-electrochemical cell (PEC) for water photo-electrolysis [7].

Fig. 3. Electrochemical chain of PEC cell shown in Fig. 2.

photo-catalytic process, both oxidation and reduction occur
on the surface of the photo-catalyst, which exhibits the
functions of both anode and cathode. The practical di3er-
ence between photo-catalytic and photo-electrochemical
water decomposition is that the latter results in both oxygen
and hydrogen evolving separately while, in the former, a
mixture of both gases is evolved.

3. Formation of electrochemical chain of PEC (band
model representation)

The band structures of both electrodes, involving the
photo-anode of an n-type semiconductor and metallic
cathode, at di3erent stages in the formation of the electro-
chemical chain of the PEC, are shown schematically in

Figs. 4–7. These 5gures show the band structure, illustrating
various energy quantities, such as work function; band
levels of the electrodes before and after the chain is estab-
lished (in comparison with the potentials corresponding to
the H+=H2 and O2=H2O redox couples); and band bending.
Fig. 4 shows the energy diagram before the galvanic contact
is made between the two electrodes. As seen in Fig. 5, the
contact between the two electrodes (in the absence of light)
results in electronic charge transfer from the solid of lower
work function (semiconductor) to the solid of higher work
function (metal) until the work functions of both electrodes
assume the same value. This charge transfer results in a
change in the semiconductor surface’s electrical potential
by VB, leading to band bending. This energy relation is
not favourable for water decomposition because the H+=H2

energy level is above the Fermi energy level of the cathode.
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Fig. 4. Energy diagram of PEC components: anode (semiconduc-
tor), electrolyte, and cathode (metal) before galvanic contact.

Fig. 5. Energy diagram of PEC components after galvanic contact
between anode and cathode.

As seen in Fig. 6, the application of light results in the
lowering of the surface potential of the photo-anode and the
lowering of the H+=H2 potential. However, the latter still
is above the EF level of the cathode. Consequently, Fig.
7 shows that the application of an anodic bias is required
to elevate the cathode EF level above the H+=H2 energy
level, thus making the process of water decomposition
possible.

4. Impact of band structure of photo-electrode material
on solar energy conversion e%ciency

4.1. Solar energy spectrum

The purpose of the present section is to consider
the impact of the semiconducting properties of the
photo-electrode on the solar energy conversion e0ciency

Fig. 6. E3ect of light on electronic structure of PEC components.

Fig. 7. E3ect of light on energy diagram of PEC with externally
applied bias.

in photo-electrolysis. Fig. 8 schematically illustrates the
solar spectrum in terms of the number of photons vs. the
photon energy. The shaded area below the spectrum curve
corresponds to the Nux of photons (J ) of energy equal to
or larger than Ei:

J =
∫ ∞

Ei

N (E) dE [s−1 m−2]; (7)

where N (E) is the distribution of photons with respect
to their energy, E the energy of photons, Ei the threshold
energy.

The band gap of the photo-electrode has a critical impact
on the energy conversion of photons [62,63]. That is, only
the photons of energy equal to or larger than that of the
band gap may be absorbed and used for conversion. The
maximal conversion e0ciency of photovoltaic devices may
be achieved at band gaps in the range 1.0–1:4 eV; this will
be discussed subsequently in Section 8.2.3.
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Fig. 8. Schematic illustration of light spectrum (number of photons
vs. photon energy), showing photon Nux available for conversion
at energy ¿ energy Ei .

Fig. 9 illustrates the solar energy spectrum, depicting
segments de5ning phonon Nuxes corresponding to di3erent
energy ranges. Theoretically, the lowest limit for the band
gap of a PEC’s photo-anode is determined by the energy
required to split the water molecule (1:23 eV), which is de-
termined by the photon Nux as represented by the integral
of J1 − J2. Accordingly, this photon Nux, within this part of
the spectrum, is not available for conversion owing to the
theoretical energy limit of 1:23 eV [62].

In practice, the energy that may be used for conversion
is smaller than the theoretical energy limit. The di3erence
between the two is due to energy losses caused by the
following [63]:

• polarization within the PEC;
• recombination of the photo-excited electron–hole pairs;

Fig. 9. Solar energy spectrum (AM of 1.5) in terms of number of photons vs. photon energy, showing di3erent Nux photon regimes
corresponding to speci5c properties of photo-electrodes [62].

• resistance of the electrodes;
• resistance of the electrical connections;
• voltage losses at the contacts.

The estimated value of these combined losses is ∼ 0:8 eV
(J2 − J3); this part of the spectrum is not available for con-
version. Therefore, the optimal energy range in terms of the
photons available for conversion is ∼ 2 eV. This situation
is represented in Fig. 9 by the integral of J1 − J3.

In consequence, the energy corresponding to the photon
Nux J3 in Fig. 9 is available for conversion. However, the
availability of this energy is contingent upon the use of a
photo-anode with band gap of 2 eV. Unfortunately, oxide
semiconductors that have such a band gap, such as Fe2O3,
are susceptible to corrosion, as will be discussed subse-
quently in Section 5.6.

The material that has been used most frequently as
a photo-anode, due to its high corrosion resistance, is
TiO2. However, its band gap is 3 eV [7,10,14,17] and,
consequently, the part of the energy spectrum available
for conversion corresponds to photon Nux J4. Thus, there
is a need to increase the amount of energy available for
conversion from J4 to J3. This can be done by processing
a corrosion-resistant material, which is the challenge for
materials engineers.

Alternatively, the solar energy spectrum frequently is
considered in terms of radiation energy vs. wavelength, as
shown in Fig. 10. The area under this spectrum is termed
incidence of solar irradiance, Ir . The e3ectiveness of the
conversion is determined by the part of the spectrum over
which the photons exhibit energies equal to or higher than
that available for conversion, �i, which is shown in Fig. 11:

Ir =
∫ �i

0
E(�) d� [W m−2]: (8)
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Fig. 10. Solar energy spectrum (AM of 1.5) in terms of radiation
energy vs. photon wavelength [63].

4.2. Radiation standard

The e3ect of the earth’s atmosphere on solar radiation is
considered in terms of the so-called air mass (AM):

AM =
1

cos �
; (9)

where � is the angle between the overhead and actual posi-
tion of the sun.

At the Earth’s surface, the AM assumes values between
unity (� = 0) and in5nity (� = 90

◦
). The AM characterizes

the e3ect of the Earth atmosphere on solar radiation and,
therefore, depends on geographical position, local time, and

Fig. 12. Diagram showing band gap energy of di3erent oxide materials and relative energies with respect in terms of vacuum level and
normal hydrogen electrode level in electrolyte of pH = 2 [64].

Fig. 11. Schematic illustration of light spectrum (radiation energy
vs. wavelength), showing incidence of solar irradiance (Ir) avail-
able for conversion.

date. It is assumed that, outside the Earth’s atmosphere,
the AM is zero. The radiation standard [63] assumes an
AM of 1.5, which corresponds to � = 0:841 radians or 48

◦
.

Of course, the solar energy available for conversion de-
pends also on local atmospheric conditions, such as cloudi-
ness, air pollution, airborne dust particles, and relative
humidity.

4.3. Property limitations of oxide materials as
photo-electrodes

Fig. 12 shows that the band gaps of candidate oxide ma-
terials for photo-electrodes vary between 2.3 and 3:7 eV.
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Fig. 13. E3ect of pH on energy of TiO2 in terms of vacuum level and normal hydrogen electrode level in electrolyte.

These data are shown in terms of their energies compared
to the vacuum level and the normal hydrogen electrode
(NHE) level in an aqueous solution of pH = 2 [64]. Un-
fortunately, the most promising materials from the view-
point of the band gap width, such as Fe2O3 (Eg = 2:3 eV)
[65], GaP (Eg = 2:23 eV) [66], and GaAs (Eg = 1:4 eV)
[66], are not stable in aqueous environments and so
exhibit signi5cant corrosion by water. Therefore, these
materials are not suitable as photo-electrodes in aqueous
environments. The most promising oxide materials, which
are corrosion resistant, include TiO2 and SrTiO3 [7–14,17,
20–35, 37–51].

Fig. 13 shows the e3ect of pH on the energy bands of TiO2

vs. the vacuum level and the normal hydrogen electrode
(NHE) level in aqueous solutions. These data show that
adjustment of the pH to the lowest levels results in moving
the H+=H2 potential to the level at which the photo-anode
may perform spontaneously.

In some candidate materials, such as In2O3, with Eg =
2:6 eV, indirect intrinsic ionization requires higher energies
than the band gaps [67]. Therefore, these materials also are
not suitable for photo-anodes.

5. Key functional properties of photo-electrodes

The materials used for photo-electrodes satisfy several
speci5c functional requirements with respect to semicon-
ducting and electrochemical properties. Although these
properties have been identi5ed, it is di0cult to process ma-
terials such that all requirements are satis5ed. The purpose
of the present section is to consider the most important
property requirements.

5.1. Band gap

The band gap, Eg, is the smallest energy di3erence
between the top of the valence band and the bottom of the
conduction band (see Figs. 4–7). The width between the
bands, through which the photon-induced ionization takes
place, is an important quantity for materials that are candi-
dates for photo-electrodes.

As discussed in Section 4.1, the optimal band gap for high-
performance photo-electrodes is∼ 2 eV [10,22,27,51,58,59].
Such a material, which satis5es this requirement and is
corrosion resistant, is not available commercially. There-
fore, there is a need to process such a material. One
possibility by which this can be achieved is through the
imposition of a band located ∼ 2 eV below the conduction
band. Experimentally, this impurity band can be achieved
through the heavy doping of TiO2 with aliovalent ions.
As seen in Fig. 14 [68,69], the most promising dopant to
use is V4+=5+, which forms the solid solution (Ti1−xVx)O2

[47,48,70]. However, these reports are not in agreement
concerning the e3ect of doping on the electrochemical
properties of TiO2. Philips et al. [70] have observed that,
although the addition of 30 mol% V to TiO2 results in
a reduction in the band gap to 1:99 eV, the formation of
(Ti0:7V0:3)O2 had a detrimental e3ect on the photo-activity
due to a substantial increase in the Nat band potential
by ∼ 1 V). As a result, this necessitated the imposition
of an adequate external bias voltage. On the other hand,
Zhao et al. [47,48] observed that increasing the V content
resulted in an increase in the energy conversion e0ciency.
While Philips et al. [70] reported data for single crystals
and polycrystalline specimens and Zhao et al. [47,48] stud-
ied thin 5lms, it is possible that the e3ect of V on the
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Fig. 14. Energy levels of aliovalent ions in TiO2 (rutile) lattice [68,69].

photo-electrode is morphological rather than compositional.
Further studies in this area are required.

E3ective processing of a material with the desired semi-
conducting properties obtained through doping requires in
situ evaluation of the establishment and progression of these
properties during processing. This may be achieved by com-
bined measurements of electrical conductivity, thermoelec-
tric power, and work function at elevated temperatures and
under controlled gas phase composition [71,72].

Another method of increasing the conversion e0ciency
is to fabricate a hybrid photo-electrode involving a stack of
materials of di3erent band gaps, where each of these absorbs
light of di3erent wavelength. The best material that can be
exposed to aqueous solutions is TiO2, which has a limited
ability for light absorption due to its high band gap. How-
ever, a material with a much lower band gap, such as Si, can
be used in the lower part of the stack. In this case, the total
amount of energy absorbed would be substantially higher
than that of TiO2 alone. The 5rst such hybrid electrode was
reported by Morisaki et al. [17]; this will be discussed sub-
sequently in Section 6.

5.2. Flat-band potential

The Nat-band potential, Ufb, is the potential that has to
be imposed over the electrode=electrolyte interface in order
to make the bands Nat [22,51,58]. This potential is an im-
portant quantity in photo-electrode reactions. Speci5cally,
the process of water photo-electrolysis may take place when
the Nat-band potential is higher than the redox potential of
the H+=H2 couple [22,51,58]. The Nat-band potential may
be modi5ed to the desired level through surface chemistry
[48,49].

Fig. 15 shows the Nat-band potential of several oxide
materials vs. the band gap compared to the vacuum level and

the normal hydrogen electrode (NHE) [64]. According to
Figs. 6 and 7, photo-cells equipped with a photo-anode made
of materials with negative Nat-band potentials (relative to
the redox potential of the H+=H2 couple, which depends on
the pH) can split the water molecule without the imposition
of a bias. Alternatively, all other materials require a bias
in order to generate the total voltage su0cient for water
decomposition.

5.3. Schottky barrier

A potential drop in the potential within the interface layer
of the solid, formed as a result of concentration gradients,
surface states, and adsorption states, is termed a Schottky
barrier. The Schottky barrier plays an important role in pre-
venting recombination of the charge formed as a result of
photo-ionization.

It has been documented that an electrical potential barrier
across the surface layer can be formed as a result of the
following [47–49]:

• structural deformations within the near-surface layer due
to an excess of surface energy;

• segregation-induced chemical potential gradients of alio-
valent ions across the surface layer imposed during pro-
cessing;

• chemical potential gradients of aliovalent ions across
the surface layer imposed as a result of surface
processing.

Accordingly, the formation of these gradients may be used
for the modi5cation of the Schottky barrier in a controlled
manner. The use of this procedure requires in situ monitoring
of the surface vs. bulk electrochemical properties during the
processing of the electrode materials [72].
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Fig. 15. Flat band potential of di3erent oxide semiconductors vs. energy gap and normal hydrogen energy level in electrolyte of pH = 2 [64].

Studies on the e3ect of doping on the surface vs. bulk
semiconducting properties are needed in order to impose
the desired band curvatures. The e3ect of doping may be
assessed through the determination of surface vs. bulk sen-
sitive properties, which can be assessed by work function
[55,72] and thermoelectric power (Seebeck coe0cient),
respectively [71,72].

5.4. Electrical resistance

The major sources of energy losses derive from the ohmic
resistances of the external and internal circuits of the PEC,
including:

• electrodes
• electrolyte
• electrical leads (wires)
• electrical connections
• measuring and control equipment

In order to achieve the maximum conversion e0ciency,
the electrical resistances of all of these items must
be minimized.

5.4.1. Electrodes
The electrical resistance of the semiconducting photo-

anode is several orders of magnitude larger than that of the
metallic cathode. The electrical conductivity of the
photo-anode, which is determined by the concentration
of the charge carriers and their mobilities, is described

in Eq. (10):

� = en�n + ep�p + Ziei�i; (10)

where n is the concentration of electrons, p the concentration
of electron holes, i the concentration of ions, �n the mobility
of electrons, �p the mobility of electron holes, �i the mobility
of ion, Zi charge number of ion.

At room temperature, the ionic component of the elec-
trical conductivity may be ignored. The mobility terms do
not change with concentration when interactions between
the charge carriers are absent. However, at higher concen-
trations, these interactions result in a decrease in the mobil-
ities. Therefore, the maximal � is a compromise between
the e3ect of increasing the concentrations while decreasing
the mobilities. The optimal value of � may be achieved
through the imposition of a defect disorder that is optimal
for conduction [72]. The defect disorder and electrical
properties may be modi5ed through the incorporation of
aliovalent cations (forming donors and acceptors) and the
imposition of controlled oxygen partial pressure during
processing. Again, these required electrical properties may
be achieved through in situ monitoring of the electrical con-
ductivity, thermo- electric power, and work function during
processing [71,72].

The electrical resistance of the TiO2 photo-electrode may
be reduced by partial reduction of TiO2 at high temperatures
in a hydrogen=argon mixture. In nonstoichiometric TiO2−x,
the higher x, the lower the resistance [71,72]. It would be ex-
pected that the resistance of the photo-anode during perfor-
mance of a PEC in contact with oxygen would increase due
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to oxidation. Therefore, the electrical resistance of PEC’s
must be regenerated after oxidation by postreduction in a
hydrogen=argon mixture.

An alternative method of reducing the resistance is
through minimization of the thickness of the photo-electrode
by fabrication of a thin 5lm. This method has the advantage
that the substrate can be made of Ti metal, which imposes
a strong reduction potential, thereby possibly obviating the
need for post-reduction.

5.4.2. Electrolyte
Analogous to the situation concerning the semiconduct-

ing electrode, maximal conduction of the electrolyte may
be achieved by selection of optimal ions and their concen-
trations, leading to maximal mobility. The ions with the
highest mobilities are H+ and OH−. However, their use in
high concentrations is problematic owing to their chemical
aggressiveness. Alkaline cations, such as K+ and Ba2+, and
anions, such as Cl− and NO−

3 , are alternative candidates
owing to their relatively high mobilities. These ions as-
sume minimal resistances at concentrations between 3 and
4 M.

5.4.3. Electrical leads
Electrical leads usually are made of metal wires with resis-

tances substantially lower than those of the photo-electrode
and the electrolyte. In this sense, selection of the wire is of
secondary importance.

5.4.4. Electrical connections
Connections, such as those between wires and those

between wires and electrodes, may be sources of high resis-
tance due to (i) contact potential di3erence (CPD), which
develops between solids of di3erent work function, and (ii)
local corrosion resulting in the formation high-resistance
scales. Therefore, it is desirable to minimize or, preferably,
eliminate the number of interwire connections. Also, the
engineering of other types of connections, those between
the leads and the other circuit elements, is of considerable
importance.

The issue of the connections is particularly important for
the elements of hybrid electrodes, which involve a stack
of di3erent semiconducting materials [17]; this will be dis-
cussed subsequently in Section 6.

5.4.5. Measuring and control equipment
The internal resistances of the measuring and control

equipment are important because it is essential to maintain
these resistances at the appropriate levels. That is, voltmeters
should have resistances as high as possible and ammeters
should have resistances as low as possible.

5.5. Helmholtz potential barrier

When a semiconducting photo-electrode material is
immersed in a liquid electrolyte (in which the chemical

Fig. 16. Energy diagram of solid=liquid interface consisting of
photo-anode (n-type semiconductor) and electrolyte.

potential of the electrons is determined by the H+=H2

redox potential), the charge transfer at the solid=liquid
interface results in charging of the surface layer of the
semiconductor. The charge transfer from the semiconductor
to the electrolyte leads to the formation of a surface charge
and results in upwards band bending, forming a potential
barrier, as shown in Fig. 16. This barrier is similar to that
of the solid=solid interface, shown in Fig. 5. This surface
charge is compensated by a charge of the opposite sign,
which is induced in the electrolyte within a localized layer,
known as the Helmholtz layer. It is ∼ 1 nm thick and is
formed of oriented water molecule dipoles and electrolyte
ions adsorbed at the electrode surface [51,73,74]. The height
of this potential barrier, known as the Helmholtz barrier,
is determined by the nature of the aqueous environment
of the electrolyte and the properties of the photo-electrode
surface.

The performance characteristics of PECs depend, to
a large extent, on the height of the Helmholtz barrier
[51]. Therefore, it is essential to obtain further infor-
mation on (i) the e3ect of the speci5c properties of the
electrode=electrolyte interface on the height of the barrier
and (ii) the determination of the e3ect of the Helmholtz
barrier on the e0ciency of the photo-electrochemical
process.

5.6. Corrosion and photo-corrosion resistance

An essential requirement for the photo-electrode is resis-
tance to reactions at the solid=liquid interface, resulting in
degradation of its properties. These reactions include:

• electrochemical corrosion
• photo-corrosion
• dissolution

Any form of reactivity results in a change in the chemical
composition and the related properties of the electrode and
photo-electrode [51,58]. These processes are particularly
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damaging to the properties of the photo-electrode, which are
essential for photo-conversion. Therefore, is essential for the
photo-electrodes to be resistant to these types of undesired
reactivities.

Certain oxide materials, such as TiO2 and its solid so-
lutions, are particularly resistant to these reactivity types
[7,17,51]. Therefore, they are suitable candidates for
photo-electrodes for electrochemical water decomposition.

A large group of valence semiconductors [52,53], which
exhibit suitable semiconducting properties for solar energy
conversion (width of band gap and direct transition within
the gap), are not resistant to these types of reactivity (see
Fig. 17). Consequently, their exposure to aqueous envi-
ronments during the photo-electrochemical process results
in the deterioration of their properties as photo-electrodes
mainly due to electrochemical corrosion.

In liquid environments, corrosion is an electrochemical
process when it is accompanied by charge transfer at the
solid=liquid interface. The electrochemical corrosion of an
AB semiconductor, which leads to anodic and cathodic
decomposition, may be represented by the following reac-
tions, respectively:

AB + zh: → A+z + B + MGa ; (11)

AB + ze′ → B−z + A + MGc; (12)

where z is the number of electrons or holes, MGa the free
energy change at the anode, MGc the free energy change at
the cathode.

MGa and MGc are related to the following enthalpy terms
at the anode and cathode, respectively:

Ep;d =
MGa

zNA
; (13)

En;d =
MGc

zNA
; (14)

where Ep;d is the free enthalpy of oxidation Reaction (11)
per one electron hole, En;d the free enthalpy of reduction
Reaction (12) per one electron.

The following criteria for stability of photo-electrodes
against electrochemical corrosion have been formulated
by Gerischer [74] for the photo-anode and photo-cathode,
respectively:

E(O2=H2O)¡Ep;d ; (15)

E(H+=H2)¿En;d ; (16)

where E(H+=H2) is the energy of the redox couple H+=H2,
E(O2=H2O) the energy of the redox couple H2=H2O.

Inequalities (15) and (16) correspond to the energy
values on the electrochemical scale (relative to the normal
hydrogen electrode NHE) shown in Fig. 17. As seen, this
shows band gap ranges and energies of the redox couples
(Ep;d ; En;d) for a number of ionic and valence semicon-
ductors. It can be seen that the stability condition (15)

required for the photo-anode is not met for all valence semi-
conductors and Cu2O (viz., the Ep;d level is less than the
O2=H2O level). Therefore, these compounds are thermody-
namically unstable in aqueous environments. On the other
hand, several oxide semiconductors, such as TiO2, SnO2,
and WO3, are resistant to electrochemical corrosion while
ZnO is stable only as a photo-cathode (viz., the En;d levels
are greater than the H+=H2 level).

From the viewpoint of its energy gap, GaAs should be
an excellent candidate material for solar energy conversion
(Eg = 1:4 eV). Unfortunately, it is not stable in aqueous
environments.

The decomposition mechanism of GaAs depends on the
pH of the aqueous environment. In neutral and basic solu-
tions, GaAs reacts with water according to the reaction [67]:

GaAs + 6H2O + 6h: → Ga(OH)3 + As(OH)3 + 6H+: (17)

In acidic solutions, GaAs exhibits either anodic or cathodic
corrosion, which may be represented by the following equi-
libria, respectively:

GaAs + 3e′ + 3H+ → Ga + AsH3(gas); (18)

GaAs + 2H2O → Ga+3 + AsO−
2 + 6e′ + 4H+: (19)

The products of both reactions, including As(OH)3 and
AsH3, are highly toxic.

E3orts have been made to protect valence semicon-
ductors from corrosion by imposition of protective layers
[75–78]. However, this type of protection results in a
substantial reduction in the energy conversion e0ciency.

5.7. Microstructure

It is anticipated that future commercial photo-electrodes
will be polycrystalline rather than single-crystal. So far, little
is known of the e3ect of interfaces, such as surface linear de-
fects caused by grain boundaries, on photo-electrochemical
properties of photo-electrodes. Therefore, there is an urgent
need for the following:

• Understanding of the e3ect of the microstructure of
polycrystalline photo-electrodes, speci5cally that of sur-
face structural defects, on the photo-electrochemical
properties.

• Development of interface processing technologies leading
to the optimization of the energy conversion e0ciency of
photo-electrodes of polycrystalline materials.

6. Photo-cell structures

The PECs reported in the literature may be categorized
as follows:

• single photo-electrode system;
• hybrid photo-electrode [21,74];
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Fig. 17. Position of decomposition potentials En;d and Ep;d vs. Ec and Ev of selected semiconducting materials [74].

• photo-electrode sensitized through doping by foreign ions
[30,47,59,79–94,70,95–111];

• photo-electrode sensitized through incorporation of parti-
cles of noble metals [39,95,112–116];

• photo-electrode sensitized through dye deposition
[117–123];

• bi-photo-electrode system [23].

The single photo-electrode PEC system, similar to that
reported by Fujishima and Honda [7], is equipped with
one photo-electrode while the second electrode is not
light-sensitive.

The bi-photo-electrode system is based on the use of semi-
conducting materials as both photo-electrodes [23]. In this,
case n- and p-type materials are used as the photo-anode
and photo-cathode, respectively. The advantage of such sys-
tem is that the photo-voltages are generated on both elec-
trodes, resulting, in consequence, in the formation of an
overall photo-voltage that is su0cient for water decompo-
sition without the application of a bias.

The concept of a hybrid photo-anode is based on the
use of two di3erent n-type semiconductors that form a
heterogeneous system [74]. However, in this case, the ex-
ternal materials exposed to light must be transparent to
radiation.

Both the bi-photo-electrode and hybrid photo-electrode
systems allow a substantial increase of solar energy conver-
sion [23]. The quantitative aspects of this are considered in
Fig. 9.

Morisaki et al. [17] reported a hybrid photo-electrode
(HPE), consisting of a combination PEC made of a TiO2

layer, forming the photo-anode, and Si photovoltaic cell un-
derneath.

Fig. 18. The hybrid photo-electrode (HPE), involving TiO2
photo-anode and Si solar cell (according to Morisaki et al. [17]).

Fig. 18 illustrates the structure of the HPE, involving the
metal contact, Si photovoltaic cell, photo-anode of TiO2,
and aqueous electrolyte [17]. In this structure, only the TiO2

layer is exposed to the aqueous environment, while the Si
solar cell forms a sublayer that is not in contact with the
electrolyte. The purpose of the Si solar cell is to generate
a photo-voltage that can be used as an internal electrical
bias. Consequently, this type of HPE cell is expected to
exhibit intrinsic (spontaneous) performance in the absence
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Fig. 19. Electrochemical chain of PEC incorporating HPE shown
in Fig. 18.

Fig. 20. Principle of performance of PEC involving sensitized
photo-anode.

of an external bias. Fig. 19 shows the electrochemical chain
incorporated within the HPE.

The HPE cell allows very e0cient use of solar energy.
Although the external layer of TiO2 absorbs only photons
of energy ¿ 3 eV, the remaining part of the solar spec-
trum is transmitted to the Si solar cell (beneath the TiO2

layer), which has Eg = 1:2 eV. Consequently, the Si cell
absorbs the photons of the energy between 1.2 and 3 eV.
According to Morisaki et al. [17], the anodic bias gener-
ated by the Si cell is ∼ 0:7 V. Since a PEC based solely
on TiO2 exhibits ∼ 0:8 V, this gives a total HPE output of
∼ 1:5 V, which is su0cient for the e0cient performance of
an HPE.

The performance of most of PECs reported in the lit-
erature requires the imposition of an electrical bias by an
external d.c. voltage. Such an external bias may be con-
sidered as environmentally friendly only when provided by
a source of renewable energy, such as a photovoltaic unit. A
bias also may be imposed through the use of electrolytes of
two di3erent pH values over the anode and cathode, so pro-
ducing a chemical bias. This arrangement requires the use
of an ionic bridge (e.g., agar) dividing the two electrolytes.
The voltage imposed by the chemical bias is determined

at room temperature by the pH di3erence between the two
electrolytes:

MV =
2:303RT

F
MpH = 0:059MpH [V]; (20)

where R is the universal gas constant, T the absolute tem-
perature, F the Faraday constant.

Of course, the chemical bias maintains a constant value
as long as an open-circuit voltage (EMF) is measured. The
performance of a PEC and the associated photo-current
Nowing between the electrodes lead to the consumption of
OH− and H+ ions at the anodic and cathodic cell com-
partments, respectively. Consequently, this results in the
neutralization of the electrolyte and a reduction of the
bias.

Photo-anode sensitization through doping by foreign ions
has been discussed in Section 5.1.

It has been reported that photo-anodes made of TiO2 thin
5lms may be sensitized by incorporation of small particles
of noble metals, such as Ag and Pt, thus forming a dispersed
system involving micron-sized particles [39,95,112–116].
The conversion e0ciency may be increased substantially
through dye-sensitization of photo-electrodes [117–123].
The principle of the performance of a PEC equipped
with a sensitized photo-anode is shown in Fig. 20. The
photo-sensitizer, which is an organic dye, is physically
attached to the surface of the photo-electrode. Light ab-
sorption by the dye leads to the transformation of the dye
molecules from the ground-state (Dye) to the excited-state
(Dye∗):

Dye + h → Dye∗: (21)

The transition from the excited state (Dye∗) to a higher
oxidation state (Dye+) results in the formation of electrons:

Dye∗ → Dye+ + e′: (22)

Consequently, the oxidized dye molecule reacts with water,
resulting in the formation of O2 at the photo-anode:

Dye+ +
1
2

H2O → Dye +
1
4

O2 + H+ (23)

and H2 at the cathode:

e′ + H+ → 1
2

H2: (24)

The dye-sensitized semiconducting photo-electrode exhibits
two functions, these being (i) absorption of light by the dye
and (ii) charge transport by the semiconductor.

Dye sensitization may lead to sustainable performance
of photo-electrodes only when sensitizers exhibit a stable
performance in aqueous solutions.

7. Dynamics of TiO2-based PEC

Fig. 21 shows the open circuit voltage vs. time for a PEC
based on TiO2 with an electrochemical chain as shown in
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Fig. 21. Dynamics of PEC consisting of TiO2 thin 5lm as photo-anode, Pt as cathode, and aqueous solution of Na2SO4 as electrolyte during
light-on and light-o3 regimes [124].

Fig. 3. This cell involves two electrodes immersed in the
same electrolyte [124]. The plot was recorded during a sunny
day when the air mass (AM) was near its standard level of
1.5. As seen, the photo-voltage reaches its maximum value
within 25 min after exposure to sunlight and the initial value
is restored within 1 h after the sun exposure is terminated.
The voltage generated in this cell (EMF = 0:7 V) is less
than that required for water decomposition because the Ufb

level of undoped TiO2 is above the H+=H2 energy level.
This situation is represented in Figs. 6 and 12.

Fig. 22 shows the dynamics of a TiO2-based PEC with
an applied chemical bias. The related electrochemical chain
is shown in Fig. 23.

With a MpH = 14:6, Eq. (20) yields an imposed volt-
age of 0:86 V during the 5rst cycle of the experiment (1.56
–0:70 V). Consequently, the EMF data recorded for both
PECs are relatively consistent.

8. E%ciency of photo-electrochemical cell

8.1. General issues

The e0ciency of photo-electrochemical cells will be the
main determining factor of hydrogen production costs using
PEC technology. Consequently, the potential for commer-
cialization of this technology will be likely to be determined
largely by its costs compared to those of the conversion of

methane according to the following reaction:

2H2O + CH4 � 4H2 + CO2; (25)

The cost of hydrogen generation using methane reforming
technology is US$0.65=kg [1]. The cost of hydrogen gener-
ated using PEC technology is not available at present since
this technology is not yet at the stage of commercial matu-
rity. Intensive research activities aim at increasing the e0-
ciency of this technology and, in particular, decreasing the
energy losses when converting solar energy into chemical
energy (viz., hydrogen) [125].

8.2. Energy losses

8.2.1. Major components
The energy losses associated with energy conversion

using PECs include several components that are associated
with the following e3ects:

• Photons with energies lower than Eg are not absorbed. Fig.
24 shows the fraction of the solar energy spectrum with
photon energy Eph ¿Eg vs. Eg. This fraction is available
for conversion.

• While photons with energy '¿Eg are absorbed, the en-
ergy in excess of Eg is dissipated as heat and, conse-
quently, only a fraction of photon energy is e0ciently
used for conversion.
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Fig. 22. Dynamics of PEC consisting of TiO2 ceramic as photo-anode, Pt as cathode, aqueous solution of HCl as anodic electrolyte, and
aqueous solution of KOH as cathodic electrolyte during light-on and light-o3 regimes [124].

Fig. 23. Electrochemical chain of PEC used to generate data in
Fig. 22.

• The energy of the excited state thermodynamically is
internal energy rather than Gibbs free energy. Only 75%
of the internal energy may be converted into chemical en-
ergy, while the remaining 25% constitute entropy-related
losses [126].

• Fig. 25 shows that there are optical energy losses associ-
ated with di3erent types of reNection and absorption.

• There are irreversible processes associated with (i)
recombination of the electron–hole pairs, (ii) ohmic
resistivity of the electrodes and electrical connections,
and (iii) over-potentials at the electrode=electrolyte
interface.

8.2.2. De@nition of terms
The overall e0ciency of a PEC unit, which is known

as the solar conversion eAciency �c, has been de5ned by
Parkinson [127] according to the following expression:

�c =
MG0(H2O)R(H2) − VbiasI

IrA
; (26)

where MG0(H2O) is the standard free enthalpy (Gibbs
free energy of formation for 1 mol of liquid H2O =
237:141 kJ=mol) [128], R(H2) the rate of hydrogen gener-
ation (mol=s), Vbias the bias voltage applied to the cell (V),
I the current within the cell (A), Ir the incidence of solar
irradiance, which depends on geographical location, time,
and weather conditions (W=m2), A the irradiated area (m2).

With a known value for MG0(H2O) and the fact that
R(H2) = I=F , then Eq. (26) assumes the form:

�c =
I(1:23 − Vbias)

IrA
: (27)

All of the quantities in Eq. (27) may be determined exper-
imentally, so it may be used for evaluation of the overall
e0ciency �c.

The determination of the Ir requires knowledge of the
air mass AM. It has been proposed to assume a value of
Ir = 970 W=m2 as the standard level, corresponding to an
AM of 1.5 [63].
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Fig. 24. Fraction of solar spectrum used e0ciently for generation of electron–hole pairs vs. band gap.

Fig. 25. Illustration of optical losses in PEC: (1) reNection from
window external surface, (2) reNection from window internal sur-
face, (3) absorption by window, (4) absorption by electrolyte, (5)
reNection from surface of photo-anode, (6) photon absorbed by
photo-anode and e0ciently used for generation of electron–hole
pair, (7) reNection from surface of metal contact, (8) reNection
from surface of metal contact and e0ciently used for generation
of electron–hole pair, (9) absorption by metal contact.

Eqs. (26) and (27) are general expressions associated with
the overall value of �c; they cannot be related to speci5c
aspects of the PEC, such as the properties of the electrodes
and electrolyte, structure of the PEC, and the nature of the
solar radiation. Therefore, the overall e0ciency �c cannot be

used for guidance in the optimization of PEC performance
unless the characteristics of the above-mentioned compo-
nents of the PEC are well de5ned [129]:

�c = �g�ch�QE; (28)

where �g is the solar irradiance e0ciency, �ch the chemical
e0ciency, �QE the quantum e0ciency.

The �g is de5ned as the fraction of the incident solar
irradiance with photo-energy¿Eg and may be expressed as

�g =
JgEg

ES
=

Eg
∫∞
Eg

N (E) dE∫∞
0 EN (E) dE

; (29)

where Jg is the Nux density of absorbed photons.
The chemical e0ciency is de5ned as the fraction of the

excited state energy e3ectively converted to chemical energy
and may be expressed as

�ch =
Eg − Eloss

Eg
; (30)

where Eloss is the energy loss per molecule in the overall
conversion process.

For ideal systems, Eloss is de5ned as the di3erence be-
tween the internal energy and Gibbs free energy of the
excited states. For real systems, Eloss assumes considerably
larger values.

The quantum e0ciency is de5ned as the ratio:

�QE =
Ne3

Ntot
; (31)
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Fig. 26. Quantum energy conversion e0ciency vs. wavelength for
ideal case.

Fig. 27. Conversion e0ciency of solar energy vs. band gap ac-
cording to Gerischer [74]: (1) hypothetical e0ciency without any
losses, (2) e0ciency including losses in semiconducting electrode,
(3) e0ciency of PEC with two photo-electrodes, (4) e0ciency of
PEC with one photo-electrode.

where Ne3 is the number of e3ective incidents leading to the
generation of photo-electron=photo-hole pairs, Ntot the total
number of absorbed photons.

Fig. 26 illustrates the dependence of the quantum e0-
ciency on the wavelength for the ideal case, where all pho-
tons of energies ¿Eg are e3ective in ionization. As seen,
the maximal quantum e0ciency (�QE = 1) is achieved for
the wavelength (�g) with a photon energy equal to or larger
than the band gap.

8.2.3. EBect of band gap on losses in energy conversion
Fig. 27 shows the conversion e0ciency of solar energy

at di3erent levels of losses [74].
Curve 1 in Fig. 27 represents a hypothetical conversion

e0ciency �g (solar irradiance e0ciency for AM of 1.0) for
the case of e3ective light absorption that ignores the losses

due to charge transport within the semiconducting material
and those resulting from over-potentials in the electrolyte
(5rst two bulleted items in Section 8.2.1). As seen, the max-
imal value of solar irradiance e0ciency �g corresponds to
semiconductors of 1:06Eg 6 1:4 eV.

Curve 2 in Fig. 27 represents the overall conversion e0-
ciency �c (solar conversion e0ciency), in this case, includ-
ing the losses due to charge transport in the solid state but
still ignoring the losses in the electrolyte. This curve repre-
sents the case of energy conversion involving the following
processes:

• Transport of electrons within solid (from the near-surface
location of their generation inwards into the bulk) and,
in particular, across the band bending (see Fig. 6), which
is required for charge separation in order to prevent re-
combination. The estimated energy loss of these types of
transport is ∼ 0:2 eV.

• Transport of electrons from photo-anode to cathode. The
related energy loss, which is equal to the di3erence be-
tween the Ec and EF (see Fig. 6), is determined by the
position of the donor level. The estimated loss of this type
of transport is ∼ 0:1 eV.

• Transport of electron holes from the position of
their generation at the near-surface outwards to the
photo-electrode=electrolyte interface (see Fig. 6). The
estimated energy loss of this type of transport is
∼ 0:2 eV.

• Charge transport within the electric circuit of the cell. The
estimated loss of this type of transport is related to the
Joule heating (I 2Rt, where t is the time).

As seen, the maximum in curve 2 corresponds to
1:46Eg 6 1:6 eV. This curve, which represents the ideal
limits for photovoltaic energy conversion [63], is shifted
toward higher Eg relative to curve 1. This illustrates the
impact of band gap on energy losses.

Curves 3 and 4 in Fig. 27 represent the overall conver-
sion e0ciency �c (solar conversion e0ciency), taking into
account all types of losses for PECs constructed using one
photo-electrode or two photo-electrodes, respectively. In
this case the energy losses take into account the evolution of
gases at the electrodes and they are related to the cathodic
and anodic over-voltages. The values of these losses are a
complex function of the (i) mechanisms of the electrode
reactions, (ii) current density, (iii) structures of the elec-
trodes, (iv) surface properties of the electrodes, (v) tem-
perature, (vi) composition of the electrolyte, and other
relevant factors. The energy term (MGloss), related to the
energy losses due to these overvoltages, may be expressed
by the following expression [74]:

|MGloss|¿ 0:5 + e(Ua + Uc + I:R) [eV ]; (32)

where Ua is the over-potential at the anode, Uc the
overpotential at the cathode.
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The variables in Eq. (32) were determined experimen-
tally by Gerischer [74], where curves 3 and 4 in Fig. 27
represent these data. As seen, the e0ciency of the energy
conversion of a cell involving only one photo-electrode
(curve 4) is lower than that for a PEC with two electrodes
(curve 3). Consequently, the implementation of a second
photo-electrode should lead to an increase in e0ciency from
∼ 9% (curve 4) to ∼ 12% (curve 3).

The e0ciency of a PEC unit may also evaluated by
so called incident photon-to-current conversion e0ciency
(IPCE) which is de5ned by the number of electrons gener-
ated by light in the external circuit divided by the number
of incident photons [51,74]:

IPCC =
1250 × photocurrent density [�A=cm3]
wavelength [mm] × photonNux [W=m2]

; (33)

where the number 1250 is the unit conversion factor.

8.3. Progress in R&D

The intensity of research on materials for photo-assisted
water decomposition, aiming at the development of PEC
technology, is increasing rapidly. In order to achieve suc-
cess, the focal points are likely to remain as materials selec-
tion, types of electrolytes, and the structure of the PEC units.
The end-products must address the following requirements:

• the photo-electrodes must exhibit high energy conversion
e0ciencies;

• the PEC units must be durable and of low maintenance;
• the costs of manufacturing of the PEC units must be low.

The aim of the present section is to consider the reported
data on energy conversion e0ciencies. At present, there are
insu0cient data to allow a meaningful discussion on the
durability of photo-electrodes and PEC units. Also, little is
known of the costs of PEC units because their development
has been limited to the laboratory scale.

Table 1 summarizes the current progress in the develop-
ment of PECs in terms of selection of cell components
and achieved e0ciencies. These data have been se-
lected because they report the impact of di3erent PEC
designs on the energy conversion e0ciencies [7,9,12–
14,16,18,25,26,75,76,95,123,130–137]. The energy e0-
ciency is reported in terms of either total energy conversion
e0ciency (�c) or quantum energy conversion e0ciency
(�QE). By necessity, the latter assumes much higher values
(see Eq. (28)).

Care must be taken when comparing the reported data
owing to the use of di3erent experimental conditions,
including incident solar irradiance, light energy, light
spectrum, photo-anode material, photo-anode processing
conditions, cathode, and electrolyte. Further, many di3erent
light sources were used to produce radiation. There also are
three reports of data using direct solar radiation [9,79,124].

In order to simplify such comparisons, the data in Table 1
are limited mainly to PECs with photo-anodes consisting
of semiconducting materials and cathodes consisting of Pt
(with one exception [131]). It can be seen that the energy
conversion e0ciency of direct solar energy (�c) using a PEC
equipped with an undoped TiO2 photo-anode has been mea-
sured to be 0.4% [9,79]. Thus, this e0ciency is comparable
for both thin 5lm [9] and single crystal [79] morphologies.
Doping of TiO2 with Cr or Al resulted in a slight increase
in �c (to 0.44 and 0.6%, respectively) [79]. Doping with
other ions, such as Y, V, Cu, or Ta, did not lead to essential
changes in the energy conversion e0ciency [81].

Mavroides et al. [13] reported results for quantum en-
ergy conversion e0ciencies for di3erent TiO2 specimens,
including single crystals, polycrystals, thin 5lms, and thin
TiO2 layers formed on metallic Ti through oxidation. These
data indicated that the TiO2 layers formed by oxidation on
metallic Ti exhibited the best performance.

The application of an external bias (chemical or electri-
cal) typically has resulted in a substantial increase in en-
ergy conversion e0ciency. Akikusa and Khan [134], who
studied TiO2 single crystals, reported much larger values
(�c = 1:6%), which were achieved through the application
of a chemical bias (MpH = 15:5, which is equivalent to
0:91 V). Even more impressively, the total energy conver-
sion e0ciency reported by Nozik [14], also for TiO2 single
crystals, was 10%, again with the application of chemical
and electrical biases as well as UV light.

Studies on the performance of SrTiO3 single crystals
have revealed that the total energy conversion is very
high—up to 20 [16] or 25% [25] without the application
of a bias [16]. However, these data were obtained using
high-energy lights of speci5c wavelengths. At present, only
PECs based on SrTiO3 as the photo-anode have been shown
to exhibit EMF values that are su0cient for water decom-
position without a bias. Very high total energy conversion
e0ciencies (in the range 12–18%) have been reported
for photo-electrodes made of non-oxide materials, includ-
ing GaAs and Al-doped GaAs [52,53]. However, these
reports provided no information about the stability of
the photo-cell performance or the e3ect of corrosion on
the EMF of the photo-electrodes. While photosensitizers
of organic compounds gave energy conversion e0ciences
up to 4.46%, they exhibit little stability in aqueous envi-
ronments [121,122]. Therefore, there is a need to develop
the sensitizers which not only display increased energy
conversion but also exhibit a stable performance in aqueous
solutions.

Unfortunately, the energy conversion data given in other
reports are limited to quantum e0ciencies (�QE). The ab-
sence of the data necessary to calculate �c using the other
factors in Eq. (28) (�g and �ch) preclude the possibility of
the calculation of the energy conversion e0ciency.

The aim of a PEC is to harvest the solar energy. There-
fore, data obtained using the solar energy spectrum are
the most appropriate for comparison in terms of practical
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Table 1
Experimental data on e0ciencies of photo-electrochemical cells of di3erent structures

Authors Cell structure E0ciency Light source

Fujishima and Honda [7] a: TiO2 (SC) 500 W Xe lamp
c: Pt-black �QE = 10% Several mA=cm2

e: Fe+3 ions

Fujishima et al. [9] a: TiO2 (OX)
c: Pt-black + H2 (NHE) �c = 0:4% Sunlight
e: 1 M NaOH (a)=0:5 M H2SO4 (c)

Ohnishi et al. [12] a: TiO2 (SC)
c: Pt �c = 0:27% �QE = 6:1 × 10−1% (0:105 mW) 500 W Hg lamp
c: 0:5 M K2SO4 + 0:05 M CH3COOH + �c = 0:029% �QE = 6:7 × 10−2% (1:040 mW) � = 365 nm

0:05 M CH3COONa �c = 0:014% �QE = 3:2 × 10−2% (3:200 mW)

Mavroides et al. [13] (1) a : TiO2 (SC) c:Pt e : pH = 8 � (nm) �QE (%)

(2) a: TiO2 (PC) c:Pt e : pH = 8 SC (1) PC (2) TF (3) OX (4)

(3) a: TiO2 (TF) c:Pt e : pH = 8 350 30 25 80 42 1000 W Xe Lamp
(4) a: TiO2 (OX) c:Pt e : pH = 13 310 81 60 70 80

275 65 38 35 72
250 22 17 08 57

Nozik [14] a : TiO2(SC) Bias (V) �c (%) UV light
c: Pt (300–400 nm)
e: (1) 1 M Phosphate bu3er (pH = 6:5) (1): 0.8 2.4 26 mW=cm2

(2) 0:1 M KOH (1): 0.5 1.0
(3) 0:1 M H2SO2 (2): 1.0 3.4
(4) 0:1 M KOH (a)=0:2 M H2SO4 (c) (2): 0.6 3.2

(3): 0.8 4.1
(3): 0.6 2.4
(4): 0.0 9.5
(4): 0.4 10.1

Wrighton et al. [16] a : SrTiO3 (SC) � (nm) Intensity (Ein=min) �EQ ()

c: Pt 351 8:2 × 10−7 11 (1) Ar ion laser
e : 9:5 M NaOH 313 1:4 × 10−7 100 (2) 200 W Hg arc lamp

254 1:1 × 10−7 96

�c = 20% (� = 330 nm)

Morisaki et al. [17] a: Hybrid TiO2–Si solar cell �c = 0:1% 500 W Xe lamp
c: Pt
e : 0:1 M NaOH
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Table 1. (Continued)

Authors Cell structure E0ciency Light source

Watanabe et al. [18] a : SrTiO3 (SC)
c: Pt �QE = 20% (� = 350 nm) 500 W Xe lamp
e : 1 M NaOH (a)=0:5 M H2SO4 (c) �QE = 0:4% (� = 380 nm)

Okuda et al. [131] a: (1) BaTiO3 (PC)
(2) SrTiO3(PC) �c = 0:0068% 500 W Xe lamp

c: Pt �c = 0:043%
e: 1 M KOH

Laser and Bard [132] a : TiO2 (TF)
c: TeNon +O2 �QE = 26%; �c = 1–2% (� = 365 nm) 450 W Xe lamp
e: 5 M NaOH or 5 M HClO4

Mavroides et al. [25] a : SrTiO3 (SC) Bias V �EQ �c (� = 325 nm) Photon 3:8 eV

c: Pt 0 10 5%
e : 10 M NaOH 0.3 20 20%

0.9 80 25%

Fleischauer and Allen [26] a : TiO2 (TF–250 nm) Visible light: �c = 0:2% Visible and UV
c: Pt UV: �c = 2% (1) 150 W Xe arc lamp
e: Electrolyte of pH = 4 (a)=1 M H2SO4 (c) (2) 5O0 W Xe arc lamp

Giordano et al. [95] a : TiO2 (OX—1 mm);
c: Pt
e: Aqueous solutions of mixtures of TiCl3, MgCl2, �c = 0:13–2% 4O0 W Hg lamp
Mg(NO3)2, HCl, and H2PtCl6
(bias = 0:5 V)

Guruswamy et al. [132] a: (1) La2O3–Cr2O3 (TF) deposited on Ti Vbias (V) (1) �c (%) (2) �c (%)

(2) La2O3–RuO2 (TF) deposited on Ti 0.5 0.1 0.08 Xe arc lamp
c: Pt 1.0 0.6 4.0 0:22 W=cm2

e : 0:5 M H2SO4 1.25 1.2 4.6

Yoon and Kim [133] a : SrTiO3 (PC–0:2 mm) 150 W halogen lamp
c: Pt �QE = 3:5% (340 nm)
e : 1 M NaOH
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Ghosh and Maruska [79] a: (1) Undoped TiO2 (SC), (1) �c = 0:4% Sunlight

(2) Al-doped TiO2 (SC–0:05 wt) (2) �c = 0:6% 105 mW=cm2

(3) Cr-doped TiO2 (SC–0:004 wt) (2) �c = 0:44%
c: Pt
e : 5 M KOH

Houlihan et al. [81] a: (1) Undoped TiO2 (TF—2–3 �m)
(2) Y-doped TiO2 (TF—2–3 �m=100 ppm) �c(Y)¿�c(V)¿�c(Cu)¿�c(A1)¿�c(Ta)¿
(3) V-doped Y-doped TiO2 (TF—2–3 �m=100 ppm) �c(undoped) 1000 W Xe lamp
(4) Cu-doped TiO2 (TF—2–3 �m=100 ppm) �c(Y) = 0:4%
(5) Al-doped TiO2 (TF—2–3 �m=100 ppm) �c(undoped) = 0:56%
(6) Ta-doped TiO2 (TF—2–3 �m=100 ppm)

c: Pt
e : 1 M NaOH (a)=0:5 MH2SO4 (c)

Prasad et al. [100] a : TiO2–In2O3 (SC)
c: Pt �QE = 100% 1000 W Xe–Hg lamp
e : 1 M NaOH

Bak et al. [124] a : TiO2(OX)
c: Pt �c = 0:4% (estimate) Sunlight
e: (1) 0:5 M Na2SO4 (attained 20–25 min after initial light exposure)

(2) 4 M KOH (a)=4 M HCl (c)

Akikusa and Khan [134] a : TiO2 (SC)
c: Pt �c = 1:6% 150 W Xe arc lamp
e : 5 M KOH (a)=3 M H2SO4 (c); MpH = 15:5

Khaselev et al. [52] a:p-GaAs=n-GaAs=p-Ga0:52In0:48P (TF–500 nm)
c: Pt �c = 12:4% 150 W tungsten–halogen lamp
e : 3 M H2SO4 + 0:01 M (1:19 W=cm2)
t-octylphenoxypolyethoxyethanol

Licht et al. [53] a : AlGaAs=SiRuO2 (TF)
c: Pt-black �c = 18:3% 50 W tungsten–halogen lamp
e : 1 M HClO4 0:135 W=cm2

El Zayat et al. [123] a: Zr-doped SrTiO3 (SC) Without dyes:
c: Pt �c = 1:4% Halogen lamp
e : 5 M NaOH + 15 �M dye With dyes : 1000 W
Dyes: (1) safranin (C20H19N4Cl) (1) �c = 4:46% 23 mW=cm2

(2) Nuorescin (C20H12O5) (1) �c = 3:87%
(3) eriochrome black T (20H12N3NaO75) (1) �c = 3:9%

a = anode; c = cathode; e = electrolyte; SC = single crystal; PC = polycrystalline ceramic; TF = thin 5lm; OX =TiO2 oxidation layer on Ti.
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applications. It is clear that the energy conversion e0-
ciencies obtained using speci5c energy sources, where the
energy spectrum di3ers from that of solar energy, may be
substantially larger than that from solar energy when ap-
plied light sources of higher energies are used. Accordingly,
the use of ultraviolet (UV) light results in a substantial
increase on the energy conversion e0ciency [26].

It appears that the only study to report the dynamics of
PEC performance, irrespective of the light source, is that of
Bak et al. [124]. These data showed that the photo-electric
e3ect is characterized by an inertial e3ect, which was shown
by a time lag of 20–25 min between exposure to sunlight
and appearance of the maximal EMF value.

Very little is known of the durability of PEC units, which
is an issue that must be addressed before evaluation of com-
mercial potential can be made. With the present state of
knowledge of oxide materials, it appears that PECs equipped
with photo-anodes based on TiO2 and its solid solutions can
be expected to exhibit the best durability. Therefore, these
materials may be the optimal candidates for photo-anodes,
assuming that the energy conversion e0ciencies can be
increased su0ciently.

9. Impact of hydrogen technology on environment

In principle, the use of hydrogen as a fuel for vehic-
ular power, electricity generation, and heating results in
near-zero emissions of greenhouse gases. The prognoses for
the impact of hydrogen technology on the emission of green-
house gases are available mainly for vehicles, which are ex-
pected to be the primary mass-market products.

Fig. 1 shows relative emissions of greenhouse gases
(expressed in the amount of carbon emitted per km) for
today’s gasoline-powered internal combustion engine ve-
hicles (ICEV) in comparison to vehicles powered by fuel
cells using hydrogen and other fuels [138]. It is clear that
fuel cell technology o3ers very substantial improvements
in emission levels of greenhouse gases, although emis-
sions from the combustion of conventional fuels (gasoline,
methanol, natural gas) still are substantial. In contrast, the
combustion of hydrogen in a fuel cell—when the hydrogen
is obtained from renewable sources (solar, wind, tidal, hy-
droelectric, hydrothermal)—is the optimal technology from
the environmental point of view. Consequently, it may be
expected that hydrogen-powered vehicles using fuel cells
will overtake the market in the near-future.

An alternative not covered in Fig. 1 is the addition of
hydrogen to natural gas [138]. The addition of only 5 vol%
hydrogen to natural gas results in a substantial reduction
of NOx emissions. However, CO2 still is produced during
combustion.

At present, there is a paradox between the e3orts of
vehicle manufacturers, who argue that hydrogen-fuelled
cars must be produced in order to reduce greenhouse gas
emissions, and the state of the technology necessary to

produce, transport, and store environmentally friendly
hydrogen. While research and development in automobile
engines and fuel cells proceed rapidly, the technology to
produce hydrogen using renewable sources of energy still is
only at the preliminary experimental stage; the technologies
for hydrogen storage and transportation are more advanced
but not adequate for the expected range of applications. The
inevitable result of the failure of these four technologies
to be developed synchronously will result in the prolifera-
tion of hydrogen-fuelled vehicles in demand of large-scale
hydrogen sources. This vacuum almost certainly will be
5lled by the hydrogen produced from techniques that can
provide large amounts of hydrogen but at the cost of the
emission of greenhouse gases during production. The two
most likely methods to become entrenched are:

• steam reforming of methane, which results in CO2 emis-
sions;

• water electrolysis using electricity generated from fossil
fuels, which also produces CO2.

10. Hydrogen economy

At present, the market cost of hydrogen obtained from
steam reforming of methane is 65 US cents per kg [1].
This technology results in greater emissions of CO2 than the
direct combustion of methane [5]. Approximately 95% of
the total hydrogen production in the US is based on steam
reforming technology [1]. Therefore, steam reforming can
be viewed as a technology that already is entrenched.

It is not possible to predict the price of hydrogen pro-
duced from water using solar energy. The recent report of
Morgan and Sissine [1] indicates that e0ciencies in the
range 10–15% may be economical. The critical issue in
the development of PECs of such e0ciencies is the pro-
cessing of the photo-electrode. If inexpensive, e3ective,
and corrosion-resistant photo-electrodes become available,
then commercially viable PECs can be produced since
the ancillary components can be engineered with existing
technologies.

Thomas et al. [138] have predicted that the price of cars
powered by hydrogen fuel cells will be higher by only
US$1100 compared to today’s ICEV and less expensive
than other fuel cell vehicles (FCV) using methanol or gaso-
line, as shown in Fig. 28. According to these estimates,
the production of hydrogen FCV will result in higher in-
ternal return on investment than that of cars powered by
gasoline fuel cells. The estimates also indicate that hydro-
gen FCV will have substantially better fuel economies as
well.

Fig. 29 shows predictions for the scale of hydrogen
production, where there is anticipated to be a substantial
increase in hydrogen production beginning in 2010 [138],
presumably driven by the relative costs of hydrogen and
gasoline. One should expect that this will lead to a drastical
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Fig. 28. Prediction of vehicle price, fuel economy, and return on
investment [138].

increase in carbondioxide emission (curve 1 in Fig. 30).
Although this estimate does not indicate the proportion
of hydrogen produced from renewable sources, it can
be expected that this level of demand will fuel research
and development into alternative methods of hydrogen
production.

Likewise, increasing recognition of the environmental
consequences of greenhouse gas emissions can be expected
to drive the development of the production of hydro-
gen from water using solar and other renewable energy
sources.

In a recent development, the race to development hydro-
gen technology has expanded beyond the global realm. A
substantial research project recently has been initiated by the
National Space Development Agency (NASDA) of Japan

Fig. 29. Fuel cost (gasoline and hydrogen) and hydrogen production
in period 2000–2030 [138].

and the Institute for Laser Technology (ILT). Its aim is
the development of hydrogen generation technology using a
space-based solar unit that will harvest solar energy [139].
This technology will involve the following three devices:

• space-based solar condenser collecting solar energy;
• laser generator transforming the solar beam into a laser

beam and sending it to a groundbased photo-catalytic de-
vice;

• ground-based photo-catalytic device consisting of a
TiO2 powder suspended in water to produce oxygen and
hydrogen.

This proposed technology has the following advantages over
existing technologies based on solar energy collected on the
Earth’s surface:

• solar irradiance in space is free of energy losses due to
energy absorption by the atmosphere and so is substan-
tially larger than that on the earth surface;

• solar energy in space is available continuously and inde-
pendently of the diurnal cycle;

• solar energy in space is available independently of
weather conditions, although the laser beam would be
a3ected somewhat.
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Fig. 30. Predicted increase of carbon emission (based on data of Thomas et al. [138]); (1) assuming methane reforming, (2) predicted
impact of the use of renewable energy.

A disadvantage of this technology is that a photo-catalytic
device produces a mixture of hydrogen and oxygen, which
must be separated by an electrochemical device (Section
2.3).

It has been claimed, based on preliminary estimates, that
the cost of hydrogen manufactured using this technology
will be a modest ∼ 20 Japanese yen for an amount of
hydrogen equivalent to 1 l of gasoline. It is expected that
the 5rst experimental satellite will be launched by 2010 and
the entire system will be completed by 2020.

11. Conclusions

In light of the preceding overview, the state of develop-
ment of PECs may be summarized as follows:

• Oxide materials are the most promising photo-electrodes.
Despite the relatively low e0ciencies of energy con-
version, these inexpensive materials exhibit good
corrosion-resistance and, consequently, are expected to
exhibit stable performance over extended periods of
time.

• Although PECs based on TiO2 and its solid solutions
exhibit EMF values that are lower than that required
for water decomposition (0.7–0:9 V) [124], the majority
of reports concern the materials-based on TiO2. This
interest is a product of the fact that TiO2 has the best
corrosion-resistance of oxide materials, despite the
requirement of the imposition of a bias voltage.

• PECs based on SrTiO3 are the only cells that do not
require any bias because its EMF is above that required
for water decomposition. Unfortunately, its energy con-
version e0ciency is very low (¡ 0:1%) due to its rela-
tively large band gap (3:4 eV) [73].

These photo-electrodes fall into two groups of materials.
The 5rst group includes ionic compounds, such as oxide ma-
terials. Although, at present, these exhibit low energy con-
versions (6 0:6%), their corrosion-resistance is high. The
second group includes valence semiconductors, such as
GaAs. Although these exhibit high energy conversions
(6 18%), they are readily subject to corrosion in aqueous
environments. It is likely that photo-electrodes that are less
e0cient but long lasting will prove to be the successful
commercial alternative.

It has been shown that the development of PEC technol-
ogy will be determined by the development of processing
technology for photo-electrodes that must satisfy several
materials requirements. Such photo-electrodes must exhibit
very speci5c semiconducting and electrochemical pro-
perties. Although the most important properties have been
identi5ed, it is di0cult to obtain materials that meet all
of the requisite materials properties that will achieve
photo-electrodes of maximal performance. Thus, a so-
phisticated material such as a photo-electrode will require
an equally sophisticated understanding of its process-
ing, properties, and performance. The successful devel-
opment of this technology will require the accumula-
tion of a large body of empirical data needed for the
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optimization of processing photo-electrodes of desired
properties.

The framework by which such an understanding will be
gained will be based upon the novel semiconducting proper-
ties of photo-electrodes. Speci5cally, suitable performance
characteristics will result from the appropriate process-
ing, which will involve the imposition of speci5c defect
chemistry [140]. A promising issue in the development
of photo-electrodes is the application of low-dimensional
interface structures that exhibit outstanding properties not
displayed by the bulk phase [56,57]. Speci5cally, there is
a need to understand the local properties of interface, such
as grain boundaries, on performance of photo-electrodes. It
has been shown that the charge transport within the inter-
face layer of TiO2 is entirely di3erent from that of the bulk
phase [141].

Dye sensitization is very promising in processing
photo-electrodes that exhibit an increased energy con-
version [142], however, there is a need to develop sen-
sitizers that exhibit a stable performance in aqueous
solutions.

The development of the technology of hydrogen
generation from water using solar energy o3ers three
important advantages in comparison to other similar
technologies:

• this technology o3ers a fuel that is totally clean, both
during its production and its combustion, which is not the
case with gasoline, methanol, or natural gas;

• solar power is universally available, while equally attrac-
tive alternatives (wind, tidal, hydroelectric, and hydro-
thermal power) are more regionally based;

• it is likely that this technology will be developed on a
compact scale, where domestic versions of hydrogen gen-
erators will provide electricity, heating, and vehicular fuel
on site.

In conclusion, this technology o3ers the opportunity to ad-
dress the two global problems of (1) the increasing need
to reduce emissions of greenhouse gases and (2) the re-
quirement to develop alternative and renewable sources of
energy.

12. Historical outline

1839: The Becquerel eBect

The discovery of the photo-electrochemical e3ect
was made by Becquerel in 1839 [143]. Studying the
AgCl=electrolyte=metal system, he observed that a current
Nowed between the AgCl and the metal electrodes when
AgCl was exposed to light. Since then, this e3ect has been
termed the Becquerel eBect. Discovery of this e3ect paved
the way for PEC technology.

1954: Theory of photo-electrochemistry

The derivation of the theory of semiconductors, made
by Brattain and Garret [144,145], has led to the theore-
tical explanation of the Becquerel e3ect. Brattain and Gar-
ret [144,145] explained the charge transport during the
photo-electrochemical e3ect in terms of the band model of
the electrodes.

The theory proposed by Brattain and Garret [144,145]
subsequently was developed by Gerischer [146], Memming
[147], and Morrison [58]. Their studies have led to a better
understanding of the impact of the semiconducting proper-
ties of photo-electrodes on the photo-electrochemical e3ect.

1972: Hydrogen generation using PEC

Fujishima and Honda [7] 5rst showed that a PEC may
be used for hydrogen generation through the decomposition
of water using a photo-anode of TiO2. Although subsequent
work showed that the use of TiO2 requires the application of
an external bias voltage [22,51,58], the work of Fujishima
and Honda [7] indicated that the PEC method may be used
to generate hydrogen using solar energy. They also showed
that oxide materials, which are highly corrosion-resistant,
may be used as the photo-electrodes.

1975: Oxide materials as photo-electrodes

The work of Fujishima and Honda [7] resulted in
the search for other oxide materials as candidates for
photo-electrodes that do not require an external bias for wa-
ter decomposition [14,21,51,73]. These studies have shown
that several oxide materials, including KTiO3 and SrTiO3,
do not require an external bias, they exhibit light energy
conversions that are substantially lower than that of TiO2

[51].

1976: Complex electrode structures

Morisaki et al. [17] constructed a hybrid electrode con-
sisting of a stack of a Si-based photo-voltaic unit plus a
photo-anode made of TiO2. Although Morisaki et al. [17]
did not obtain an outstanding conversion e0ciency, this con-
cept represents an important development in PEC technol-
ogy owing to the possibility of the application of an internal
bias voltage generated at the underlayer Si cell. Similar cell
structures based on this idea were patented subsequently in
the USA [148,149].

Miller and Rocheleau [150] also reported the fabrica-
tion of a hybrid electrode involving an In–Sn oxide 5lm as
the contact between a photoactive semiconductor (TiO2 or
WO3) and a Si solar cell, which resulted in an increase in
energy conversion e0ciency to ¿ 1%.

Further progress in the development of the light conver-
sion e0ciencies of PECs has been made with the use of two
photo-electrodes, consisting of a photo-anode of an n-type
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semiconductor and a photo-cathode of a p-type semiconduc-
tor [11,23].

1977-2001: Modi@cation of TiO2

After TiO2 was identi5ed as the best candidate for the
photo-anode, it was shown that its light absorption may be
increased substantially by modi5cation of its semiconduct-
ing and electrochemical properties through doping with alio-
valent ions and producing solid-solutions with other oxides
[30,47,59,79–94,70,95–111].

Heterogeneous doping with nanoparticles of noble metals
also has a bene5cial e3ect on the performance of PECs
[39,95,112–116].

Recent studies have shown that application of dyes leads
to a substantial increase in light absorption and, conse-
quently, to the conversion e0ciency of the solar energy
[117–123].
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