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a b s t r a c t

Photoelectrolysis of aqueous solutions, using one or more semiconducting electrodes in

a photoelectrochemical reactor, is a potentially attractive process for hydrogen production

because of its prospectively high energy efficiency, simplicity and potentially low cost. The

design requirements and preliminary results of modelling a photoelectrochemical (PEC)

reactor are described. Potential and current density distributions, due to ohmic potential

losses in thin (non-photo) anodes on poorly conducting fluoride-doped tin oxide coated

glass substrates, were modelled. The predicted current densities decayed rapidly from the

terminals at the edges, towards the centre of a 0.1� 0.1 m2 anode, so limiting scale-up with

such substrates. Spatial distributions of dissolved oxygen concentrations were also

modelled, aiming to define operating conditions that would avoid forming bubbles, which

reflect light specularly decreasing photon absorption efficiencies of photoelectrodes. The

implications for the future optimization of the reactor are discussed.

Copyright ª 2011, Hydrogen Energy Publications, LLC. Published by Elsevier Ltd. All rights

reserved.

1. Introduction

Hydrogen is perceived as an important future energy carrier,

especially for fuel cells, but needs to be produced by sustain-

able routes, using renewable resources, avoiding CO2 emis-

sions of the present dominant industrial process: steam

reforming of natural gas. Only a few percent of world

hydrogen is produced by water electrolysis, causing remote

pollution if energised by fossil-fuelled power stations. Using

photovoltaic cells to power water electrolysers is a techni-

cally-, if not yet economically-viable, environmentally benign

option. However, a potentially simpler and lower cost alter-

native utilises semiconducting photoelectrodes [1e5] to

absorb solar photons with energies greater than their band

gap, generating electronehole pairs (excitons):
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The schematic energetics of the direct photoelectrolysis

process are summarized in Fig. 1, for the case of an n-type

semiconducting photoanode; photocathodes have also been

used, but are generally not sufficiently stable for practical

application.

The electric field in the depletion layer at the semi-

conductorjelectrolyte interface separates the photogenerated

electronehole pairs, holes migrating to the photo-

anodejaqueous solution interface, at which they oxidizewater

to oxygen:

H2O/1=2O2 þ 2Hþ þ 2e� (2)

For which the equilibrium electrode potential relative to

a standard hydrogen electrode (SHE) at 298 K is defined by the

Nernst equation:

UO2=H2OðSHEÞ=V ¼ 1:229� 0:0591$pHþ 0:0148 log PO2
(3)
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In this example, the photogenerated electrons are driven

into the bulk of the semiconductor and are transported via an

external circuit to the cathode, at which they reduce water to

hydrogen:

2H2Oþ 2e�/2OH� þH2 (4)

for which the Nernst equation at 298 K is:

UH2O=H2
ðSHEÞ=V ¼ �0:0591$pHþ 0:0296 log PH2

(5)

Hence, addition of reactions (2) and (4) gives the overall

water decomposition reaction:

H2O/H2 þ 1=2O2 (6)

Since the first publication on the photoelectrolysis of water

by TiO2 [1], most photoelectrochemical research has aimed to

develop materials with increased stability and energy

conversion efficiency, minimising the rate of electronehole

recombination by the reverse of reaction (1), with little

attention paid to the development of photoelectrochemical

reactors for hydrogen generation. Hence, the design require-

ments, fabrication, performance characterisation and

modelling of a practical photoelectrochemical (PEC) reactor

are described below, in anticipation of the future development

of optimized photoelectrode materials.

1.1. Energetic and materials requirements for the
photoelectrode

Fig. 1 shows a schematic energy diagram for a PEC reactor

consisting of an n-type semiconducting photoanode and

metal cathode, with anolyte and catholyte separated by an

ion-permeable membrane to prevent hydrogeneoxygen

recombination and oxygen and hydrogen reaching the

cathode and anode, respectively. For a Fe2O3 photoanode, an

additional bias has to be applied because its conduction band

edge does not otherwise lie above the energy level for

decomposing water to hydrogen; hence, the process is

restricted to photo-assisted electrolysis of water. Photo-

electrolysis would be spontaneous with an ideal semi-

conductor, if the properties of which met all the criteria

arising from thermodynamic, kinetic and solid state physics

constraints of the process [4,6,7], inter alia:

Notation

Ai cross sectional area of material i, m2

ci concentration of species i, molm�3

CS
i ; C

B
i surface and bulk concentrations of species i,

molm�3

Di diffusion coefficient, m2 s�1

di distance, m

e electronic charge, C

EC conduction band edge energy, eV

EF Fermi energy of semiconductor, eV

EV valence band edge energy, eV

F Faraday constant, Cmol�1

I current flowing through photoanode to current

collector, A

j, jA, jC current density, at anode and cathode, Am�2

j0 exchange current density, Am�2

ND dopant density in semiconductor, m�3

Ni molar flux of species i, molm�2 s�1

n electron stoichiometry of reaction

O oxidised species

PH2 partial pressure of hydrogen, Pa

PO2 partial pressure of oxygen, Pa

R gas constant, Jmol�1 K�1

R reduced species

T temperature, K

UA anode potential, V

UC cathode potential, V

DU total cell potential difference, V

Ufb flatband potential of semiconductor, V

UO/R equilibrium potential for anode/cathode reaction,

V

um,i mobility of species i, m s�1 J kg�1

U electrolyte flow velocity, m s�1

b Tafel coefficient, V�1

30 permittivity of vacuum, Fm�1

3 relative permittivity

h overpotential at electrode, V

hA overpotential for anode reaction, V

hC overpotential for cathode reaction, V

ki conductivity, Sm�1

m dynamic viscosity of electrolyte, Pa s

f potential, V

fA potential in anolyte, V

fC potential in catholyte, V

fM potential in membrane, V

r density of electrolyte, kgm�3

Fig. 1 e Schematic energy level diagram for operation of

photoelectrochemical cell using an n-type semiconducting

photoanode for water photoelectrolysis.
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