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In its simplest form, a photoelectrochemical
(PEC) hydrogen production cell consists of a
semiconductor electrode and a metal counter
electrode immersed in an aqueous electrolyte.
When light is incident on the semiconductor
electrode, it absorbs part of the light and
generated electricity. This electricity is then
used for the electrolysis of water.




Semiconductor—electrolyte cells advantages

(i) Easy and simple to make,

(ii) Many processing steps of the p—n junction cell are simplified or

eliminated;

(iii) Growth of large single crystals is not required, even with crystallites as
small as lo—20 micron, a substantial part (70 %) of the efficiency of the
single crystal based cell is achieved;

(iv) Since the junction with the liquid forms spontaneously up to contact,
irrespective of crystal orientation, randomly oriented crystallites can be
used;

(v) The doping and diffusion steps, in which p—n junctions are formed, are
eliminated;

(vi) The need for front metallization is eliminated, since the current is

carried
by the redox couple in solution and the inexpensive counter electrode;

(vii) A transparent epitaxial layer, which is grown to reduce electron—hole
surface recombination losses at the surface is not needed or is
functionally replacable by simple chemical treatment; and

(viii) AR—coating can be replaced by building a non—-reflective structure into
the surface of a semiconductor by simple etching.
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Table 1. Compariscon between p-~n junction and S—E junction solar
cells ( Ref. 11)

p—n Jjunction solar cell S5~E junction solar cell

Junction type :

P- n p-semiconductor—-electrolyte
S0lid=Sclid n~semiconductor—electrolyte
Seclid - liguid

Potential barrier at the Jjunction

Yes Yes
The barrier is formed due to The barrier is formed becawse
interdiffusion of majority of tragnsfer of majority carriers
carriers between p and n from semiconductor to
region. electrolyte,
The potential drop on band Majcocr potential drop is in
bending in the two regions semiconductor space charge lavyer,
of semiconductor is almost cnly a small fraction of the drop
equal., is in the electrclyte region.
Facilitates flow of minority Same gs in p-n junction

carriers and inhibits
majority flow,

Photo effect

Excess carriers are generated; Excess carriers are generated;
mutual diffusion of excess the excess photogenerated mino-
photogenerated minority rity carriers transfer charge
carriers in the two regions with jions of the electrolyte to
gives photovoltage. give photovoltage or lead to

electrolysis.
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Fig. 4. Electron energy level diagram for an n-type semiconductor-electrolyte
photoanode near the semiconductor-electrolyte interface. The photoanode is assum~
ed to be under illumination and a forward bias V is applied, reducing the band

bending from av to q{vb - V). (Ref.31).
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2.5 Efficiency considerations

The photovoltaic dewvices are threshold devices; i.e. thevy
require a minimum optical energy to activate them. The energyvy
conversion efficiency (M) of any threshold device is given [11,36]
by o

E J am e () A
S SLox E:th =] {31]
.IE¢°{E} dE
L]
where E _, is the band gap of the semiconductor; ﬁb (E} is the

rnumber of photons with energy E, d{(E) is the fraction of photons
absorbed and E_,_,. is cell voltage. An inspection of eqn. (31)
indicates that the efficiency would bes larger if :

{a) the band gap were bhigh., However, it may be noted that the
photodecomposition of semiconducteor electrodes limits the
conversiocn efficiency to a maximum of {EC— ED]ng, where
ED is the decomposition =snergy.

(§ =% a(E) were high. The expression for o(E) near the band edge
is approximately written as

2A' (hv — n/2
{hw Eg} {32)

a{(E) =
hw

where A' is a constant and n = 1 or 4 for direct or indirect
band gaps respectively. Hence the value of Eg should be small.
Both these conditions are in contradiction with each other. Thus
n, of expression 31 would be maximum for some optimum wvalue of Eg.
In addition to Eg; there are other factors also which affect
the efficiency of ECPV cells. These can be summarised as follows [117]:




In addition to Eg, there are other factors also which affect
the efficiency of ECPV cells.
(i) physical properties of the semiconductor
(ii) energy losses due to the photoinduced redox reactions
(1) light losses due to absorption in the electrolyte, reflection from semiconductor
surface, etc.
(iv) ohmic losses due to absorption in the electrolyte, semiconductor, etc.
(V) losses due to concentration polarisation if the redox process is slow.

FE OO LW R,

The optical to electrical energy conversion efficiency in a
semitonductor/liquid junction cell is given by [9]

1 = =—->=8X x 300 % (33)

where (I U}max is the maximum output power,

A parameter namely, fill factor, ff, 1is defined as

IV
ff = (1Y) max (34)

1 sC vGG

where Isc and ‘Jﬂc are short circuit photocurrent and open

circuit voltage, respectively,




3 ELECTROCHEMICAL PHOTOVOLTAIC CELLS
3.1 -ngssificatiun q{_PEG cells

Considering the changes in chemical energy photoelectroche-
mical (PEC) cell can be classified as follows [8]:

4G =0 - ECPV cells Photoelectrolysis cell

PEG cells {:::: (energy storage
Og=0 photoelectrosyn=- HQD"HEH‘QUZ )

thetic cells (Photocatalytic cell
(NZ + 3H2—?2 NHs}

In EGPV cells, the electrolyte contains only one effective redox
couple and the oxidation reaction at the anode is reversed at the
cathode, There is thus no net chemical change { A G=0) but the

photon energy is converted into electrical energy in this process,




3.2 Semiconductor photoelectrodes

e

An ECPV cell consists of (1)} a semiconductor photcoelectrode,
{2} an electrolvte and (3) z counter electrode., All of these
parts play an important role in the ECPV cell formation. The
semiconductor photoelectrode is the heart of the ECPV cell;
properties such as photovoltaic output, efficiency, spectirzl
response, etc., depend on the nature of the photoelectrode, In
general, photocelectrcdes in the form of single crystals and
polycrystalline films have been emploved in ECPV cells. The semi-
conductor photcoelectrede should satisfy the following properties

[ 3, 11, 37] :

{i) hy »>E ; i.e. the energy of the incident light should be

grester than the band gap of the semiconductor, Optimum
band gap lies between 1.2 to 1.8 eV,

{(ii) The absorption coefficient, ©, of a semiconductor must
possess a large wvalue.

(iii) In order to wutilize the incident light to generate
electricity, the reflection and transmission ccefficients
must be small,

(iv) The local field generated after the formation of the jun-
ction should be strong encugh to separate electron-hole

pairs effectively,
{v) Recombination states must be minimum,
{(vi) The thickness of the bulk of the semiconductor must be
optimum,

{vii) Contacts to the semiconductor should be chmic.




3.3 Selection of an electrolyte

Various types of electrolytes hasve been tried in accordance
with ECPV cell reguirements, Table 3 shows the types of

different electrolytes [38,397]. It is observed that aguecus

electrolytes cause surface modifications =2nd hence rTestrict the
use of many semiconductors. Molecular corganic or inorganic sol-~
vents with supporting electrolytes and mixtures of totally ionic

molten salts have been substituted for aguecus electrolytes [40-~427].

Table 3. Types of different slectrolvyvtes used in ECPV cells
(Ref.238).

Class Redox Suppocrting Molecular
additive electrolyte sclwvent
) -+ + - : H,O
I Conventional {r.) M oA Inocrganic 2
sclution (red) ~ <::other
Organic
mixed ag—organic
IT CoTveztional (red}(“_l)+ organic—organic
solution MNone AsSs abowve
oxn+, A* [alnd M+
IIXI Indifferent {n+1)+ -+ -
molten salts (regl m- A none
ox
v Redox molten {red)(”“l}+ None none
oxn+, A~ or MY

Notes 2 (1) n may commonly range from -2 to + 2.
(2) The cation and anion, m' and A~ may be multicharged.
{3) Onlv a one electron charge transfer reaction is

represented,

Redox molten salts have the advantage of high energy storage
capabilities per wvolume element and hence are useful as cell
materials.




Tablzs 4, Electrolyvte properties requisite for the ECPV cells
( Ref. 38 ).

Property Role

a Reduction—oxidation Redox reaction to be positioned

potential
Electron—-transfer rates
of ox. and red.species
Photo and thermal

stabilities.

Surfacs compatibility

Optical transparency

Fluidity

Solubility

SConductance

Toxicity and reasctiwvity
to envirornrment, cost.

appropriate to the semiconductor
band edges, Electrolyite decomposi-
tion limits suitability.

Id=ezly rapid (reversible) at both
semiconductor and counter electrodes,
Suitable mass transport conditions.

Ox, , red, and solvent components ..
have photo and therm=l stability
throuchout usable solar spectrum
operational temperature Tange.

and

Mon—corrosive to electrode arncd
containment materials. Semiconductor
corrosion inhibkbited if necessary and
undesirable surface reactions absent,
e.ag. adsorption, dissociation,
passivation, etc.

Minimum absorption losses for solar
energy spectrum,

Liquidous range and wviscosity to
allow convective mixing within
temperature extremes.

Ox,, red., and supporting electrolvte
concentration in soclwvent or liguid
matrix to be adegquate to reach
reguired current densSities.

Tonic conductance of electrolyte
should permit negligible cohmic
losses,
Preferably low, dependent on
application.




3.4 Gounter electrodes

A counter electrode is the third part of the ECPV system, In
a regenerative process, the electrolyte species are oxidised at
the photoanode and are again reduced at the counter electrode,
giving no net change in the electrolyte composition., Reguirements
of counter electrodes for use in ECPV cells are : chemical inert-
ness with the electrolyte, non-polariability and low cost.

Counter electrodes should be inert; i,e, they should not
form any new compound by reacting with the electrolyte, otherwise,
they will change the electrolyte composition as well as the
counter electrode properties, The non-polarised electrode is one
which allows free and urimpeded exchange of electrons or ions
across electrode-solution interface [25]. When a charge crosses
an ideal reversible electrode, the electrochemical change takes
place with such rapidity that the equilibrium situation is
restored instantaneously, Thus a non=polarised counter electrode
will zllow all the applied voltage to appear across the semicon-
ductor-electrolyte interface.
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Fig. 12. Side view of a design for thick wall cells (Ref,58)

AR - antireflection coating, W - window, SC - Semiconductor,
SJB -~ substrate, E -~ redox couple, CE -~ counter electrode,.
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Fig.1l6a - 16d, Modified cell configurations used by wvarious

workers (Ref,15,56,60,61 respectively).

(1) semiconductor electrode (2) redox electrolyte,

{3) counter electrode (4) support seal (5) Luggin capillary
(6) Ar gas (7) nitrogen gas.
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Fig.21, Equivalent circuit diagram for an ECPV cell (Ref.31,32),
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