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Abstract

From early developments to recently developed stages of solar cells have been discussed in details, considering the effect of different
parameters. In this paper, primitive photoelectrochemical (PEC) cell and PEC cell with Fe–thionine and different dyes-reducing agent have
been reviewed. Solar cell with phenazine dyes have also been pointed out separately since these dyes give more output in solar cell. The
use of inorganic semiconductor electrode (e.g. SnO2, In2O3 and ZnO) and utilization of semiconducting properties of organic dyes in PEC
cell have been mentioned. Furthermore, utilization of surfactant media for storage of solar energy and production of hydrogen from solar
cell using dye are also included. ©2000 Elsevier Science S.A. All rights reserved.
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1. Introduction

The search for renewable sources of energy has led to
an increasing interest in photochemical cells because of
their possible role as transducers of solar to electrical en-
ergy. The photoeffects in electrochemical systems were
first observed by Becquerel [1] in his investigation on the
solar illumination on metal electrodes in 1839. Later it was
observed by Moser [2] and Rigollot [3] that the sensitivity
of silver/silver halide and copper/copper oxide electrode
could be increased by coating them with a dye stuff. Thomp-
son [4] and Stora [5] reported that pure metal electrodes
were also sensitive to light when coated with a dye or im-
mersed in a dye solution. The result of the first 100 years
had been reviewed by Copeland and co-workers [6]. A
summary of the properties of photoelectrochemical (PEC)
cells described in the literature upto 1965 was compiled by
Kuwana [7] and later work has been reviewed by Archer
[8].

This review paper is comprised of evolution of solar cell
from the very beginning stage and it includes vast field of re-
search in PEC cell in which dyes are used for photoeffected
electron-transfer reaction. The basic principles of PEC cell
are not discussed here. PEC cell are of three types i.e. pho-
togalvanic (PG), photovoltaic (PV) and photogalvanovoltaic
(PGV). So, these three types of PEC cell are considered in
different sections of this paper.

A list of abbreviations and symbols is mentioned at the
end of this paper as a large numbers of chemical systems
have been cited here.

1.1. A primitive PEC cell

Anciently a photochemical cell is composed with inert
metal electrodes immersed in two redox couple [i.e. A/B
(light sensitive) and Y/Z] and the best performance is ob-
tained if one couple (e.g. A/B) is highly reversible and the
other (Y/Z) is highly irreversible [9]. As a result, the reac-
tion occurs in the light and dark are as follows:

A + Z
Light



Dark
B + Y (1)

Furthermore, optimum output of power depends on the
cell length, the concentration of A, Y and Z, the kinetics of
the homogeneous reaction B+Y, the extinction coefficient
of A, and the cell load [10,11].

In this comprehensive mode cell, five major types
of process [12] occurs which are (i) the intermolecular
oxidation–reduction reactions in the dark of the solution and
at the electrode, (ii) the electrodic charge transfer reactions,
(iii) the steps for the conversion of bulk species to surface
species with or without the possibility of adsorption, (iv)
direct photochemical pathways, and (v) the photochemical
side reactions.
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1.2. PEC cell with dyes

Generally inorganic elements possess redox properties be-
cause of large electronegativity difference between bonded
elements. The organo-metallic and heterocompounds (e.g.
dye) like inorganic element also show redox property al-
though they are covalent in nature. So dye molecules, hav-
ing redox property as well as light sensitivity, can be used in
comprehensive solar cell as a redox couple among the two
which is mentioned in model primitive cell. The structure
and absorption wavelength maxima of some dyes are listed
in Table 1. They are commonly used in this paper.

Table 1
The structure and absorption maxima of five classes of dyes

Dye Class Structure λmax (nm)

Thionine (TH+) Thiazines 596

Toluidine blue (Tb+) Thiazines 630

Methylene blue (MB) Thiazines 665

New methylene blue Thiazines 650

Azure A Thiazines 635

Azure B Thiazines 647

Azure C Thiazines 620

Phenosafranin (PSF) Phenazines 520

Safranin-O (Saf-O/SO) Phenazines 520

Safranin-T (Saf-T/ST) Phenazines 520

Neutral red (NR) Phenazines 534

Fluorescein Xanthenes 490

1.2.1. Iron–thionine system
A particularly striking example of an oxidation–reduction

system, in which light is converted to a marked proportion
into chemical energy, is the iron–thionine system observed
by Weber [13] firstly. The reaction was reversible in the dark,
but could be driven in an irreversible manner by precipitation
of the simultaneously formed ferric ions (Weiss) [14]. The
PEC effect of this Fe(II)–thionine system was first seriously
considered by Rabinowitch [15].

The cell characteristics of Fe(II)–thionine PG cell are
reported by many authors, few of them are mentioned in
Table 2.
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Table 1. (Continued)

Dye Class Structure λmax (nm)

Erythrosin Xanthenes 530

Erythrosin B Xanthenes 525

Rhodamine B (Rh. B) Xanthenes 551

Rose bengal Xanthenes 550

Pyronine Y (PY) Xanthenes 545

Eosin Xanthenes 514

Rhodamine 6G Xanthenes 524

Acridine orange (AO) Acridines 492

Proflavin (PF) Acridines 444

Acridine yellow (AY) Acridines 442

Fuchsin Triphenyl methane derivatives 545

Crystal violet Triphenyl methane derivatives 578

Malachite green Triphenyl methane derivatives 423, 625

Methyl violet Triphenyl methane derivatives 580
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Table 2
Cell characteristics of PG cell with Fe(II)–thionine system

Photovoltage (mV) Short-circuit current (ISC) (mA) Solar energy efficiency (SEE) % Reference

10–240 – – [15]
185 – 3×10−4 [16]
– – 30-fold of [16] [17]
230 (pH 4.0) – – [18]
– – 2.36×10−1 [19]
138 26.3 – [20]
900 80.0 – [21]
– – 1.1×10−2 [22]

The thionine–Fe(II) aqueous PG system was studied ex-
tensively [23–30] but the basic mechanism of the PG effect
was unknown initially. However, Hatchard et al. [31] and
Albery et al. [32] established the sequence of reactions in
Fe–thionine cell which are as follows:

TH+ hν→ 1TH+ → 3TH+

3TH+ + H+ → 3TH2
2+

3TH2
2+ → TH+ + H+ (ISC to ground state)

3TH2
2+ + Fe2+ → •TH2

+ + Fe3+

(Semi-thionine radical formation)

•TH2
+ + Fe3+ → TH+ + Fe2+ + H+

(Back thermal reaction)

•TH2
+ + •TH2

+ 
 TH+ + TH3
+

(Disproportionation reaction)

•TH2
+ → TH+ + H+ + e−

(Anode reaction at illuminated electrode)

Fe3+ + e− → Fe2+ (Dark electrode).

Thionine was represented by TH+, since in the dark
thionine is in the oxidized form TH+.

Still, the photoenergy conversion is very low mainly due
to back thermal reaction between reduced dye and Fe(III)
[33,34] and formation of local cells. Last factor can be re-
duced if the Fe(II)–thionine system is studied in heteroge-
neous cell. Kamat et al. [35–38] reported the better power
output of heterogeneous cell than homogeneous cell which
are 0.022 and 0.001%, respectively.

In order to decrease the back reaction of this sys-
tem, Natarajan et al. [39] constructed a PG cell with
Fe(II) and thionine coated with poly(N-methyl acry-
lamide), and observed that open-circuit voltage (VOC)
and ISC of this system increased with increase in ra-
tio of P/D (polymer/dye) and reached maxima with

P/D=33. Yamad et al. [40] also observed greater photo-
potential with thionine-poly(imino-ethylene) compared
to thionine-monoamine. Even thionine coated electrode
[41–44] favours irreversible oxidation process over reduc-
tion process but Harrison et al. [45] reported 19 times
reduced power conversion efficiency with thionine coated
gold electrode compared to uncoated electrode. Kamat [46]
also reported very low efficiency i.e. 10−4% with thionine
dye incorporated Pt clay modified electrode.

Lichtin et al. [47] developed the totally illuminated thin
layer (TITL) iron–thionine PG cell and studied the elec-
trodic phenomena at the anode of this cell. Albery [48] also
discussed theoretical principles regarding kinetics, electrode
selectivity and efficiency of the TITL cell. Natarajan et al.
[49,50] approached the electrode coated method to TITL
system using polymer bounded thionine coated on SnO2
electrode and clean Pt electrode, and obtained maximum
power output compared to earlier study [39]. They proposed
the following mechanism

at the cathode:

P− TH+ + Fe2+ + H+ hν→ [P–TH2–Fe]4+

[P–TH2–Fe]4+ + e− → P− •TH+
2 + Fe2+

at the anode:

Fe2+ − e− → Fe3+.

Mechanism shows that the oxidation of the thionine in the
complex [P–TH2–Fe]4+ present near the electrode, occurs
slowly for which efficiency of cell increases. The photocur-
rent of TITL system [51] with bare and thionine coated Pt
electrode increases to some extent by the addition of F− ion.

The Kinetics of iron–thionine system have been studied
by the steady state illumination [23,24,26,52–54] and flash
photolysis techniques [55,56]. Employing a cross beam il-
lumination kinetic spectrophotometry technique, Kamat et
al. [57] studied the oxidation of leuco-thionine by Fe(III) in
aqueous solution i.e. the kinetics of photobleaching recov-
ery. The photobleaching recovery follows pseudo first-order
kinetics through complex formation between TH4

2+ and
Fe(III), and the rate constant increases with increase in pH,
light intensity and temperature. The experimental kinetics
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of photobleaching process is in good agreement with theo-
retical approach, concerning the efficiency of a photoredox
system for Fe(II)–thionine PG cell [58].

All sorts of stability, thermodynamic stability and ki-
netic phase diagram diffusion of reactants were investi-
gated with a model Fe(II)–thionine PG cell [59]. These
studies suggest that if a PG cell is driven very hard, non-
linear effect may modulate, considering the evaluation and
maintenance of a photostationary state. The output of the
Fe(II)–thionine cell [60] can be enhanced if the standard
potential of leuco dye/dye couple decreases and/or stan-
dard potential of the Fe2+/Fe3+ increases. The influence
of parameters i.e. temperature, pH, the concentrations of,
Fe3+, Fe2+, TH+, halide ions, and organic solvents on
the Fe(II)–thionine homogeneous system [38] was studied.
Considering PG cell potential, the optimum condition of
these parameter are: temperature≤280 K, [Fe3+]∼10−4 M,
[Fe2+]=5×10−3 M, [TH+]=2×10−5 M, pH=2.0, and light
intensity 150 mW cm−2. But addition of halide ions and
different organic medium except acetonitrile decreases the
photopotential of PG cell. The dye molecule has a property
of self-quenching at higher concentration which can be
reduced to some extent using new thionine dye [61] in the
place of traditional dye in PG cell.

Albery [62] reported that the efficiency of electrolyte cell
is less compared to semiconductor cell. So combining the
principles of photogalvanic (PG) and photovoltaic (PV), the
photogalvanovoltaic (PGV) cell [63,64] was designed to uti-
lize the solar spectrum from UV to IR region. This type
of cell can be used for direct conversion of solar energy to
electrical energy and short term storage also.

1.2.2. Different dyes — reducing agents
Molecules capable of absorbing light in the visible region

of the electromagnetic spectrum behave at electrodes like
other light insensitive molecules and can be either reduced
or oxidized. The reduction of an electronically excited
molecule can take place by reaction with a reducing sub-
stance which will not reduce the molecules in the ground
state. PG cells arising from the photoredox reactions in so-
lutions of various dyes have been studied, a few have been
enlisted in Table 3 [65]. It can be noted from this table that
especially high photovoltage and photocurrents were ob-
tained in systems with sacrificial electron donors like ethy-
lene diamine tetra acetic acid (EDTA) or triethanolamine
(TEA), against thionine and riboflavin compared to the case
of reversible reducing agents like Fe2+ or hydroquinone. But
for rhodamine B, proflavin and rose bengal, much smaller
photovoltages and photocurrents were obtained with EDTA
or TEA as the reducing agents due to high negative poten-
tial of the dyes. The photoresponses for proflavin–EDTA
or TEA systems were enhanced drastically by the addition
of methyl viologen (MV2+), and the enhanced values were
almost of same order as those for thionine or riboflavin with
EDTA and TEA as reducing agents. Such enhancement by
MV2+ could not be seen for thionine and riboflavin and

Table 3
Photocurrents (ip) and photovoltages (vp) in various photogalvanic cellsa

Dyeb Redox reagentc ip (mA cm−2) vp (mV)

Thionine Fe2+ 3.3 140
Hydroquinone 2.8 20
EDTA 12 190
TEA 18 250
TEA+MV2+ 18 210

Riboflavin Hydroquinone 0.83 20
EDTA 58 720
TEA 35 500
TEA+MV2+ 37 430

Proflavin Hydroquinone 0.43 1.9
Hydroquinone+MV2+ 0.41 2.4
EDTA 0.79 140
EDTA+MV2+ 25 350
TEA 0.25 60
TEA+MV2+ 6.25 320
MV2+ 0.038 5.0

Rhodamine B EDTA 0.092 28
EDTA+MV2+ 0.092 10

Rose bengal EDTA 0.025 19
EDTA+MV2+ 0.017 20

a Taken from [65] and references therein.
b The concentrations are 10−4 mol dm−3 for the dye, except thionine

(5×10−4 mol dm−3).
c 10−2 mol dm−3 for the reducing agent, 10−3 mol dm−3 for MV2+.

also not for proflavin with hydroquinone. Thus the effect
of MV2+ arises only for the proflavin and aliphatic amine
system. The role of MV2+ is firstly to oxidize the dye to
dye cation by reducing to MV+ itself, then the dye cation
react with the sacrificial donor — the presence of MV2+
thus catalyses the photoredox reaction, acting as a mediator.

Hann et al. [66] had first studied the photoredox reaction
of dye methylene blue (MB)–Fe2+ system for a PG cell.
Getoff and Solar have investigated the same system at pH
1.8, the quantum yield for the photochemical reaction being
0.038 at 292–400 nm. The photogalvanic effect of MB and
various reducing agents were studied by Murthy and Reddy
[67]. Photopotentials upto 550 mV have been reported for
MB–EDTA PG cell with power conversion efficiency of
∼0.04%, using Pt electrodes in both compartments. Using
TEA and triethyl amine in the same set up, instead of EDTA,
photovoltages of 432 and 397 mV, and photocurrents of 43
and 40mA were obtained.

While working with the Fe(II)–thionine system, an ele-
gant approach to store the light energy had been proposed
[68] by illuminating a water–ether binary solvent system,
where the reduced form of the dye could be extracted into
the ether layer and Fe3+ in the aqueous layer, thereby pre-
venting dark back recombination reactions, and photovolt-
age of 300 mV was obtained. The same kind of system with
thionine–EDTA, however, gave only 200 mV [69]. Murthy et
al. [67] had also studied the MB–Fe2+ system in H2O–ether
binary system, and also in H2O–C6H6 and H2O–CCl4 binary
systems. The photopotentials obtained were much higher
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Table 4
Photopotentials of iron–MB and EDTA–MB PG cells in the two-phase
solvent systems

System Solvent Photopotential (mV)

Fe2+–MB Diethyl ether 254
C6H6 293
CCl4 295

EDTA–MB Diethyl ether 350
C6H6 750
CCl4 812

than ordinary aqueous systems as depicted in Table 4. The
higher photopotential in non-polar solvents like C6H6 and
CCl4 is due to absence of any side reaction. However, by
replacing Pt electrode with SnO2 electrode, so that both
electrodes could be illuminated, the EDTA–MB, triethyl
amine–MB and TEA–MB systems gave lower photopoten-
tials.

Srimvasalu and Mathew [70] investigated photogalvanic
effect in MB and 2-hydroxy ethylene diamine triacetic acid
(HEDTA). HEDTA is an efficient electron donor at pH 13.0.
The cell with Pt–calomel electrode generates photovoltage
and photocurrent 730 mV and 420mA, respectively at 200 W
illumination in presence of HEDTA. The suitability of new
methylene blue NN as a dye was investigated by Albery
and Foulds [71], though solar energy conversion efficiency
of it is low even in lower concentration (10–25mM) due to
self-quenching [72] similar to thionine dye [73].

While studying the various steps in photogalvanic process
MB–Fe2+ system, Hay et al. [74] and Nicodem et al. [75]
have studied the kinetics, equilibria and solvent effect on
the disproportionation reaction of semi-MB and oxidation of
leuco-MB by MB and Fe2+, and the behavior of MB–Fe2+
was found to be analogous to thionine–Fe2+ system. But the
photogalvanic output of Fe2+-dye (i.e. MB, New MB and
Azure A) [76] can be enhanced by using better complexing
agent KH2PO4 with produced Fe3+ compared to NH4HF2 or
EDTA through suppression of back recombination reaction.

The photoresponses of the dye toluidine blue (Tb+) with
reversible as well as sacrificial donors like Fe2+, EDTA,
TEA and triethyl amine were studied [77]. The results are
given in Table 5.

It was observed that photoredox reaction of Tb+ with
reversible reducing agent like Fe(II) was completely re-
versible, whereas with amines it is not completely reversible.
Ameta et al. [78] have enable to generate photocurrent 10mA

Table 5
VOC and ISC of toluidine blue PG cells

System pH VOC (mV) ISC (mA)

Toluidine blue–Fe2+ 1.9 24 5.0
Toluidine blue–EDTA 5.9 330 8.5
Toluidine blue–triethyl amine 9.8 318 8.6
Toluidine blue–TEA 9.0 315 7.5

and photovoltage 73 mV from toluidine blue–nitrilo triacetic
acid PG cell, and obtained maximum power 7.3×10−7 W
from this cell. The maximum photocurrent and photovolt-
age yielded by toluidine–mannitol [79] (a reducing agent)
at pH 13.0 are 70mA and 900 mV, respectively.

Another photoredox that has been studied in detail [80,81]
is rhodamine B and Fe2+/Fe3+ system, by using Au elec-
trodes. The power conversion efficiency of such a cell is
very low (2.4±0.2)×10−6%. However, by using a rotating
disc electrode and dye layers deposited on Au electrodes,
the efficiency of the cell could be increased upto 14 times.

Photoreduction of 3,7-diamino phenoxy azymylium chlo-
ride (oxamine) by Fe(II) was studied as a model system for
singlet state driven PG cell [82]. Fawcett et al. [83] have in-
vestigated the same system and reportedVOC, ISC and SEE
which are 2l mV, 2.6mA and 2.9×10−4% (578 nm), respec-
tively.

Photosystem (I) mediated and proflavin catalyzed pho-
toreduction of methyl viologen when taken in a PG cell, was
reported to yield photopotential of 800 mV,ISC of 3 mA and
power of 1 mW at 300� applied resistance. Photoreduction
of methyl viologen was proposed to give a large photocur-
rent [84].

A flavinmononucleotide (FMN)–EDTA system had been
studied in a PG cell [85] and an efficiency of 0.048% was
established.

Riboflavin–diethanolamine PG system [86] generates
maximum photopotential of 520 mV at pH 8.4. Murthy et al.
[87] reported that SEE of riboflavin–EDTA PG cell is
∼0.018% though photoinduced current is low.

The possible mechanisms are obtained from a short
survey, by which phenolphthalein dye molecules may con-
vert the absorbed radiation energy into chemical energy,
electrical energy or heat [88]. The SEE of PEC cell [89]
with fluorescence dye can be improved by the complete
separation of the absorption and emission bands of this dye
by embedding in polymer plates.

Morel et al. [90] have made a systematic study of the
influence of chemical structure on the performance of me-
rocyanine and squarylium dyes as solar energy converters.
The highest sunlight efficiencies have been investigated with
binuclear structures, however certain trinuclear structures,
which exhibit broader spectral width and hence show higher
quantum efficiencies.

The quenching rate of the triplet state of eosin by dif-
ferent transition metal ions follow decreasing order [91]:
Cu2+>Fe2+>Cu+>Fe(CN)63−Fe(CN)64−>CrO4

2− having
magnitude from 2.5×109 to 7.2×107 l mol−1 s−1. A kinetic
study of the photochemical reaction of Azure B–EDTA [92]
system informs that the rate of photoreduction of triplet
dye is maximum at pH 6.8 and is first-order w.r.t. dye,
EDTA and absorbed light intensity. It is also observed that
only the small amount of iodide ions, not other halides or
metal ions retards the life time of triplet dye in presence
of EDTA. Another PEC cell [93] with Azure C–glucose
generates photovoltage and photocurrent of 536 mV and
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230mA, respectively. The maximum power obtained from
the cell was 68.4mW.

When a bilayer lipid membrane (BLM), pigmented with
a stearyl substituted monomethin cyanine dye was illumi-
nated, photovoltage was obtained 15 mV under symmetric
conditions (in BLM bathed on both sides with 0.1 mol dm−3

KCl solution) and 200 mV under asymmetric condition (in
BLM bathed on one side with electron donor and other with
electron acceptor) [94].

A two compartment PEC cell was constructed utilizing the
photoreduction of dyes MB, rhodamine B, rose bengal and
1,10-phenanthroline by photogenerated ketyl radicals, to test
their efficiencies as mediators. One of the compartments was
filled with a solution of alcoholic benzophenone and dye,
and the dark cathode with 1 mol dm−3 HClO4. The reduction
of dye was reversible in the dark and the time taken to attain
the original state is quite long with a conversion efficiency
of 11.6% [95].

PG cell containing iminodiacetic acid and brilliant cresyl
blue dye [96] generates photovoltage 688 mV and the effect
of pH, concentration of dye and reductant on photovoltage
was studied.

Most of the PEC cells discussed till now are heteroge-
neous type cell in nature. Kamat et al. [97] have studied both
homogeneous and heterogeneous type cells, and pointed out
that the power output of heterogeneous cell is about 10 times
higher than the homogeneous cell under similar experimen-
tal conditions. Furthermore, the advantages of the heteroge-
neous cell are: (i) the dark compartment need only be for-
mally dark, it need not be protected from light since there is
no photoactive material therein, (ii) compared to heteroge-
neous, the homogeneous cell does not permit use of higher
Fe3+/Fe2+ ratio than 0.02 as at higher Fe3+ concentration,
VOC itself decreases, (iii) with the heterogeneous cell, it
should also be possible to store the light energy in the form
of chemical free energy, and then release it by discharg-
ing through an external load. Pigments like inorganic com-
pounds behave as semiconductor which will be discussed
later. These semiconductor pigments can be used for con-
version of solar energy in homo and heterogeneous systems
[98].

From the survey of PEC cell with different dyes, it is
observed that photochemical solar energy conversion and
storage depend on the structures, reduction potentials and
absorption maxima of dyes used in solar cell. Mohammad
et al. [99] also studied the effect of the dye concentration,
reducing agent, pH, temperature, wavelength maxima of dye
in PG cells containing dyes thionine, lumiflavin, fluores-
cein, eosin, Rhodamine 6G, rhodamine B, rose bengal and
methylene blue.

To convert the broad solar spectrum, mixed dyes instead
of single dye may be used in solar cell. Abdul-Ghani et
al. [100] observed that the solar energy conversion capa-
bility of mixture of dyes in liquid collector is controlled
by dye–dye interactions, photodegradation and suscepti-
bility to photo-oxidation. The photodegradation of methyl

violet [101] absorbed onto a P–CuCNS photocathode is sup-
pressed by any fluorescent dye e.g. rhodamine B or fluores-
cein present in electrolyte through energy transfer between
excited dye molecule in the solution and the absorbed dye.

1.2.3. Solar cell with phenazine dyes
In 1961, Eisenberg and Silvermann [102] started the pre-

liminary studies of the PEC cell with phenosafranin (PSF),
a phenazine dye and EDTA, and the system generates pho-
tovoltage of 600 mV. Bharadwaj et al. [103] showed that
PSF could serve as an acceptor for photosystem (I). More-
over, they have shown that PSF could be used to generate
power in a PEC cell in the presence of an electron donor like
EDTA or tricene. An open-circuit voltage of 670 mV and
a short-circuit current of 1.6 mA were obtained. The front
face power conversion efficiency of the cell was about 0.2%
at 110 W cm−2 light intensity.

During the investigation of the characteristics of the
PSF–EDTA aqueous system, Rohatgi-Mukherjee et al. [104]
observed that both photopotential and photocurrent increase
with increase in temperature but the solar conversion effi-
ciency of this cell is very low (∼10−3%) due to high acti-
vation overpotential. Roy et al. [105] noted the critical tem-
perature and activation energy of phenazine dyes (i.e. PSF,
safranin-O, safranin-T and neutral red) during the study of
temperature effect on solar cell with these phenazine dyes,
which has theoretical importance for further study. From the
kinetics study of the PSF–EDTA system, Bhowmik et al.
[106] computed the rate constants of forward and backward
reaction at 25◦C which arek1=2.0×104 mol−1 dm3 min−1

and k2=4.15×103 mol−1 dm3 min−1. The reaction follows
the first order w.r.t. PSF concentration only. The calcu-
lated free energy across the electrode/electrolyte interface
is about−3.92 kJ mol−1.

The PEC cells [107] consisting of redox system
PSF–aliphatic amines generate photovoltage which in-
creases from monosubstituted to trisubstituted amine as the
ionization potential of amines decreases. A PGV tandem cell
[108], a combination of PG cell (consisting of PSF–EDTA
aqueous system) and wet PV cell [metal tetraphenyl por-
phyrin (ZnTPP) coated electrodes in KCl solution] was
constructed. When ZnTPP electrode was modified by poly-
mer, an increase in power from 0.461 to 1.063mW was
obtained.

Tien et al. [109] have recently reported redox systems
consisting of different dyes and EDTA, employed to pho-
toproduction of hydrogen from water. The dyes used were
phenazine dyes — safranin-O (Saf-O), safranin-T (Saf-T)
along with other dyes such as proflavin (PF), acridine
orange (AO), and acridine yellow (AY). In the two safranin
systems, H2 production was observed even in absence of a
Pt catalyst, and an electron mediator like methyl viologen.
The AY–EDTA system with K2PtCl6 was estimated to give
best performance. The photopotentials in PG cells were
also studied, as depicted in Table 6.
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Table 6
Photopotentials of some PG cells

PG system Photopotential (mV)

PF–EDTA 476
Saf-O–EDTA 844
Saf-T–EDTA 926
AO–EDTA 940
AO–EDTA–K2PtCl6 830
AY–EDTA 900
AY–EDTA–K2PtCl6 820
AY–EDTA–K2PtCl6–TX-100 830
AY–EDTA–K2PtCl6–SDS 460
AY–EDTA–K2PtCl6–HDTAC 480

Kaneko and Yamada [110] obtained high photopotential
of 844 mV and quantum yield of the order of 0.1–0.2% from
the Saf-T–EDTA system.

Flash photolysis study of PSF, SO, and neutral red (NR)
[111–113] with EDTA were done to investigate the nature
of the electroactive species. They reported that three triplet
species of these dyes appeared at two specific pH range and
attain equilibrium in the absence of reducing agent.

3DH2+
2

−H+



+H+
(pH 6–7)

3DH+ −H+



+H+
(pH 8–9)

3D

Mainly long lived 3DH2
2+ is responsible for photoeffect.

From flash photolysis and cyclic voltammetry study
[111,114], the reduction of PSF in the presence of EDTA
indicated that PSF forms CT complex with EDTA. An at-
tempt has been made to suggest the mechanism of reactions
of this system at the illuminated electrode [115]. From
electrode kinetics study of photoinduced redox reactions
of phenazine dyes (i.e. PSF, Saf-O, Saf-T and NR)–EDTA
aqueous systems at different pH, Jana and Bhowmik
[116,117] reported that each dye PSF, Saf-O, and Saf-T
have two pKa values of the triplet species corresponding
pH∼7.0 and∼9.0 but only one pKa value of triplet species
of dye NR is obtained at pH 6.0. It indicates that only
two triplet species of NR are produced and form one CT
complex at low pH i.e.3DH2

2+ . . . HY3−, whereas other
phenazine dyes having structural similarity produce three
triplet species during photovoltage generation and form two
CT complexes i.e. at lower pH,3DH2

2+ . . . HY3− and at
higher pH,3DH+ . . . Y4−. The SEE of PSF–EDTA system
[118] with PSF coated photoanode and bare Pt photocathode
have improved compared with the system using two bare Pt
electrodes due to prevention of back combination reaction.
Furthermore, it has been reported that two CT complex
formed by triplet PSF dye species and ionized EDTA at two
specific pH which support the above statement.

A new type of PEC cell [119] has been developed using
PSF and EDTA aqueous solution and saturated aqueous so-
lution of I2 separated by a pyrex sintered glass membrane
(G-4). An appreciable photovoltage of 740 mV was gener-
ated and SEE of 0.023% is obtained. For an improvement of

SEE and storage capability, we [120] have studied the above
cell extensively using phenazine dye (i.e. PSF, Saf-O, Saf-T
and NR) and electron donor EDTA aqueous solution and
aqueous solution of different redox couples (i.e. Cu2+/Cu1+,
Fe(CN)63−/Fe(CN)64−, I2/I− and Fe3+/Fe2+) separated by
a glass membrane. The cell characteristics such asVOC, ISC,
fill factor (FF), Power efficiency (PE) and SEE have been
determined. The results indicate that the photovoltages gen-
erated in the presence of different redox couples follow the
order:

Fe3+/Fe2+ > I2/I− > Fe(CN)6
3−/Fe(CN)6

4−

> Cu2+/Cu1+

which follows the standard reduction potential of redox
couples. For different phenazine dyes, the photovoltage
generated follows the order: PSF>Saf-O>Saf-T>NR which
is consistent with the reduction potential of dyes. One of
the seven systems, Pt|PSF–EDTA||Fe2+, Fe3+|Pt generates
large photovoltage of 631 mV and SEE of 2.97×10−2%.
The PEC cell containing alkali Saf-T and EDTA system
[121] exhibits maximum photovoltage 926 mV under the
optimum condition and also shows storage capacity which
increases with increasing dye concentration.

Many photochemists have studied PEC cell with reducing
agents EDTA and aliphatic amines. For the comparison be-
tween the role of EDTA and other reducing agents such as
Fe2+, I−, Cu+ and Fe(CN)64− in photoredox reaction with
PSF, we [122] developed the PEC cell with PSF and these
reducing agents. From photovoltage generation and spectral
study, we concluded that these inorganic reducing agents
(i.e. reductant species of redox system) are reversible but
EDTA is irreversible in nature.

To utilize the broad spectrum of visible region of solar
radiation, we constructed a solar cell [123] with mixed dyes
instead of single dye system. The dyes are of four groups i.e.
phenazine, thiazine, xanthene and acridine. An enhancement
in power output of solar cell consisting of mixed dyes is
observed when compared to the solar cell with single dye.

From the survey of dye-solar cell, it is noted that
phenazine dyes–EDTA systems give higher photopoten-
tials when compared to other dyes. So the research works
connecting with phenazine dyes will be given special
importance for the topics which will be discussed latter.

1.3. PEC cells based on semiconductor dyes

In the past few years, the semiconducting and photo-
electric properties of different kinds of organic dyes have
been reported [124–128]. These dyes can be classified into
p-type and n-type semiconductors. It should be pointed
out that if the concentrations and mobility of the elec-
trons and defect electrons (holes) are equal, one speaks of
intrinsic conduction. The predominant migration of elec-
trons in the conduction band is referred to as n-conduction,
and the predominance of holes as p-conduction (Fig. 1).
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Fig. 1. Schematic presentation of intrinsic, n-type and p-type semiconductors.Ev, valence band energy;Ec, conduction band energy;Ef , Fermi energy;
Eg, energy band gap;Ed, donor energy level;Ea, acceptor energy level; (+), hole and (−), electron.

Photocells based on organic semiconductor compounds
offer the prospects of inexpensive energy conversion. In
these cells, the photovoltaic effect arises from the disso-
ciation of exicitons into charge carriers in the built-infield
region of a rectifying contact. Rectification and photo-
voltaic effects have been observed in four types of or-
ganic cells: (i) Metal–insulator–organic semiconductor
(MIS) cells, (ii) Conductor [e.g. indium tin oxide (ITO),
ZnO]–insulator–organic semiconductor (CIS) cells, (iii) Or-
ganic p–n junctions cells, and (iv) Redox electrolyte-organic
semiconductor cells. Few research works of said organic
cells are discussed.

1.3.1. 1st type
Morel et al. [127] obtained SEE upto 0.7% from organic

solar cell by depositing merocyanine dyes on semitranspar-
ent Al electrode. They also approached the doping, dye mix-
ing and multiple layering to obtain high quantum efficiency.
One member of merocyanine family [128] placed between
metal Al and Ag, yieldsVOC of ∼1.5 V. The photovoltaic
effect in sensitized and pure crystal violet dye (n-type) [129]
was studied by using Al, Zn and Ag electrode materials,
and AgBr and AgI sensitizers. The dark conductance and
photoconductance of Erochrome Black-T, Erochrome blue
Black-B, crystal violet and Rhodamine B (Rh. B) dye films
[130] increases by doping with I2 or sensitizing by CdS due
to decrease of the carrier activation energy through shifting
the Fermi level towards the conduction band. The energy
conversion efficiency of solar cell with these organic dyes
film also increases by doping and sensitization.

1.3.2. 2nd type
Rohatgi-Mukherjee et al. [131] constructed a sand-

wich cell by placing a pellet (completely dried and pow-
dered PSF–EDTA mixture in different ratios) between a
semi-transparent conducting glass coated with SnO2 and
a Pt foil. On illumination of the SnO2 electrode, photo-
voltage generated, and for composition variation from 1
to 0 mole fraction of PSF dye, the photovoltage varied
from 90 mV in pure PSF to a maximum value of 326 mV
at 0.67 mole fraction of PSF, and gradually decreasing to
zero. The dye PSF was found to behave as a p-type [132],
whereas SnO2 is an n-type semiconductor. But the SEE

was low (6.3×10−4%), due to high resistance of SnO2 and
PSF–EDTA pellet. Current-applied voltage study [133] in-
dicated that thin film solar PV cell: Al|Rhodamine-6G|SnO2
behaves as photodiode for the forward biased direction.
Kang et al. [134] constructed another thin film solar cell:
Al|poly phenyl acetylene (PPA)–dye pyronine Y (PY) or
MB|SnO2 which behaves as a diode under dark condition
and follows the Schottky–Richardson equation. Utilizing
the semiconducting properties of PSF, a thin film solar cell
[135] has been constructed with PSF dye in a thin film of
polyvinyl alcohol (PVA) placed between conducting glass
coated with In2O3 and a Pt foil. The current-applied voltage
curve indicated that this cell behaves like a diode in the dark
and a photodiode under illumination, when the junction is
forward-biased. The efficiency in photovoltage generation
has also been found to increase due to the decrease of
self-quenching caused by aggregation of dye. Above study
was extended using other p-type phenazine dyes i.e. Saf-O,
Saf-T [136] and NR [137] under both forward and reverse
biases. The conductivities of semiconductor phenazine dyes
in thin films of PVA increase exponentially with temperature
according to the relation [138]σT =σ 0 exp(−E/2kT). With
the help of this equation, band gaps of PSF, Saf-O, Saf-T
and NR are of 2.02, 2.14, 2.26 and 2.38 eV determined
which are theoretically important for further study.

Panoyotatos and co-workers [139,140] studied the char-
acteristics of p–n junction cells using perylene and some
metal substituted phthalocyanines and concluded that the
dyes should be considered for the photocell which gener-
ates more excitons by the absorbed quanta at the dye–dye
interface.

The maximum solar efficiency of 0.1% was obtained
from this photocell. They also studied about 350 p–n het-
erojunction cells using 25 different dyes. The most efficient
cell is SnO2|bis-methylimide of perylenetetra carboxylic
acid–chloroaluminium phthalocynanine|Ag which givesISC
of 1.25 mA cm−2 and short-circuit quantum efficiency of
19% with light absorption of 60–80% over the visible range
of the solar spectrum.

1.3.3. 3rd type
The photoelectric properties of p-type and n-type dyes

allow the construction of p–n junction photocell which have
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a specific sensitivity. Meier et al. [141–147] studied p–n
junction photoelectric cells using organic dye and inorganic
semiconductors. They proposed the mechanism that the dark
current and stationary photoelectric current are generated
due to transport of charge carriers from the ground state
to excited state and then recombination via defect centers
which capture electrons in the first step and allow them to
recombine in the second step with the holes of the valence
band.

Recently new impetus on organic p–n junction photocell
is observed due to low material and fabrication costs com-
pared to inorganic solar cell. As organic dyes have narrow
absorption spectrum profiles in the visible light region and
their spectra can be changed easily by chemical substitu-
tions, a p–n junction cell using organic dyes will also have
many attractive features for device application. Meier et al.
[148] studied the photovoltaic effect of organic semiconduc-
tor/electrolyte system using n-type dye, crystal violet, pina-
cyanol or p-type dye, vanadyl phthalocyanine, merocyanine
A 10, and observed photovoltage of≤0.8 V and photocurrent
of ≤0.3 mA cm−2, respectively. The photoinduced poten-
tials and photocurrents are explained similarly to inorganic
semiconductor PG cells by the separation of photogener-
ated hole–electron pairs in a space–charge layer of the elec-
trolyte/organic semiconductor interface. Kudo et al. [149]
constructed p–n junction photocells with p-type merocya-
nine dyes and n-type dyes like rhodamine B, malachite green
which generateVOC of 750 mV andISC of 130mA cm−2

but the power conversion efficiency of the cell is 0.05%.
They also considered that the cell with merocyanine fam-
ily as a p-type dye and the triphenyl methane derivatives
(crystal violet, malachite green, and fuchsin etc.) as n-type
dye can cover almost the full range of visible light spectrum
and improve the efficiency of solar conversion. The most
efficient device by Chamberlain [150] consisted of a sand-
wich of thin layers of ITO|malachite green|a benzothiazole
rhodamine merocyanine|Au on pyrex in the absence of air
which improved the sunlight efficiency to 0.12%. He sug-
gested the mechanism which shows that the creation of ex-
citons in the organic material is involved by light absorption
and the excitons can produce charge carrier (e− and h+) by
electron transfer to dopant sites. Chamberlain [151] recti-
fied the above cell only replacing benzothiazole rhodamine
merocyanine by p-type merocyanine and observed PV prop-
erties that a depletion layer of about 65 nm and a barrier
height of about 0.8 eV are formed between the two dyes. For
improvement in energy conversion efficiency of solid-state
organic PV cell, he [152] used merocyanines (six species
i.e. A, B, C, D, E and F) of low ionization potential in PV
cells with electronegative dopant iodine. The PV cell with
E species (660 nm) generates high SEE of 0.18% compared
to other system. Morel et al. [90] tried to correlate between
cell performance and molecular structures of 126 dyes of
group eight in organic PV cells. They noted that squarylium
dyes, a special class of merocyanine demonstrate high po-
tential efficiency. Huang et al. [153] also developed PV cell

with squarylium dyes which generateVOC of 1 V and photo-
electric conversion efficiency of 0.8% in the 50–80◦C range.
TheVOC obtained upto 0.8–1.0 V from the PV cell [154] us-
ing four kinds of n-type merocyanine (MX) dyes and p-type
distearyl paraquat (PQ). This cell behaves like p–n junc-
tion diode. Uehara et al. [155] constructed a sandwich cell
with p-type polymer and n-type dye i.e. Au|poly(N-vinyl
carbazole)|Rh. B|Al which showed a rectifying effect in the
dark as well as photovoltaic effect in light.

1.3.4. 4th type
The maximum photovoltage i.e. 1.2 V was observed in

a liquid junction cell [156] of the type: Metal|merocyanine
|redox electrolyte|Pt, using acceptor MV2+ at high light in-
tensity. Iodine doping dye is effective to the generation of
efficient cells.

1.4. PEC cells involving semiconductor electrode

For PEC cells which involve the use of semiconductors,
immersed in suitable electrolytes, require absorption of pho-
tons by semiconductor with energy greater than the band
gap so that promotion of electrons from valence to conduc-
tion band is possible. The physical and chemical processes
which occur in a liquid junction PEC cell are as follows
[157]:
1. A junction capable of separating electrons from oxidants

is formed spontaneously by band bending in the semi-
conductor in the region adjacent to its interface with the
solution.

2. Absorption of photon by semiconductor promotes elec-
trons (e−) from the valence band to the conduction band
in the region adjacent to the interface leaving an excess
of holes (h+).

3. Holes, at the energy level of the valence band, oxidize
the reduced electroactive species (D) i.e. reductants of a
solution containing redox couple (D/D+) at the interface
of the photoanode.

h+ + D(Red) → D+(ox)

4. Electron flow from the interface through the band-
bending region into the bulk of the semiconductor and
are pumped by light to the conduction band (Fig. 2).

5. Electrons at the energy level of the conduction band,
move away from the interface, through the external
circuit to an inert cathode and reduce oxidants of the
solution at its interface with the electrolyte.
Liquid junction devices have several advantages [158]:

1. The simplicity of fabricating a junction by immersing a
semiconductor in an electrolyte solution.

2. Ability to control junction characteristics (i.e. band-
bending) by varying the composition of the electrolyte.

3. Improved absorption of light by the semiconductor due
to diminished reflection.
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Fig. 2. Electron–hole flow upon irradiation of n-type semiconductor im-
mersed into solution with redox couple D/D+.

4. Efficiencies using cheaper randomly oriented polycrys-
talline semiconductor photoelectrode approach those ob-
tained with expensive single crystals.

With addition of these advantage, corrosion is a main prob-
lem in liquid junction devices which can be resisted using
semiconductor of large band gap (>3 eV) but it can absorb
very little of the insulation flux in the longer wavelength.
Gerischer [159] have reported stabilization of photoelec-
trodes by impurity doping e.g. chromium doped TiO2, but
reasonable efficiencies have not been obtained. Bard [160]
has classified semiconductor electrode PEC cells into three
categories i.e. (i) regenerative type, (ii) photosynthetic type
and (iii) photocatalytic type, depending on the relative po-
sition of the Fermi level of the semiconductor electrode
and the redox potential of the electrolyte in the solution
phase. The characteristics of the PEC cells [161] contain-
ing a number of redox couples (i.e. Br2/Br−, Fe3+/Fe2+,
I2/I−, Fe(CN)63−/Fe(CN)64−, and MV2+/MV1+) and n-,
p-type Wse2 single crystal electrodes were studied. Among
these cells, n-WSe2|I3−, I−|Pt system showed maximum
photovoltage 0.74 V,ISC 65 mA cm−2 and power efficiency
∼14%.

Suda et al. [162] investigated the photogalvanic effect
in the aqueous thionine–Fe(II) system with semiconductor
electrode. The results were explained on the basis of the
band structure of semiconductor and the redox levels of the
photoreaction products in solution and not on the basis of
interaction between the semiconductor and the excited dye
molecules absorbed on it.

Here PEC cells with SnO2, In2O3 and ZnO as n-type
semiconductor electrode are discussed systematically.

1.4.1. SnO2 electrode
Clark and Eckert [17] invented a Fe(II)–thionine TITL

cell employing a SnO2 anode and Pt cathode separated by
25 or 80mm spacers. At 25 and 80mm spacers,VOC=130
and 113 mV;ISC=0.255 and 0.242 mA and power 27 and
26mW were obtained taking Fe(II) and thionine in 0.01
and ∼10−3 mol dm−3 in this cell. The advantage of using

semiconductor is that due to definite band gap, reaction of
Fe2+/Fe3+ couple is completely blocked at the illuminated
electrode. The Fe(II)–thionine PG cell [163] using SnO2 as
anode generates SEE 0.03% and it is higher than the PG cell
with two Pt electrodes due to encompassing semi-conduction
band overlap with the energy level of TH+/TH3

+.
Gessmer [164] obtained a reproducible conversion effi-

ciency of∼5×10−3% from Fe–thionine PG cell using semi-
conductor SnO2electrode. Mesmaeker et al. [165] reported
that theVOC and ISC of SnO2|thionine–Fe2+/Fe3+|Au pho-
togalvanic cell are 110 mV and 20mA at Fe3+ and thio-
nine concentrations of 10−4 and 4.8×10−5 mol dm−3, re-
spectively. These values are greater than other systems of
different dye and Fe3+ concentrations. High concentration
of Fe3+ is harmful to the cell concerning the life time of
leuco-thionine as well as photocurrent.

The photoredox reactions and photogalvanic effects of
gel systems [166] containing Fe(II)–thionine and gelation
agents were studied in thin-layer photocell with SnO2 and Pt
electrodes. The structure of gelation agent is the predominant
factor for electron exchange reaction. The thionine coated
Pt–SnO2 electrode systems [167] produced improved results
than the traditional wet PG cell. The PEC mechanism of
dye-SnO2 electrode-photocell [168] was studied in detail
using not only thionine but also other dyes e.g. methyl violet,
malachite green, erythrosin and rhodamine with reactants.

During the study of photoelectrochemistry of erythrosin-
hydroquinone system at SnO2 electrode, Mesmaeker and
Dewitt [169] pointed out three types of photocurrent due to
photo-oxidation originating (i) from the physically absorbed
excited molecules, (ii) from the solution triplet, and (iii)
from the electrochemically deposited irreversibly adsorbed
dye film. Yoshikawa et al. [170] studied the sensitization of
SnO2 electrode with crystal violet and different sulfites as
reducing agent in PV cell. They noted that increase in the
concentration of Na2S2O3, increases the photocurrent and
decreases the light absorption but efficiency increases in PEC
cell due to formation of a new dye during photoadsorption at
the electrode. The same effect was also observed with ZnO
electrode instead of SnO2.

At high concentration, dyes show self-aggregation prop-
erty which is observed with different dyes e.g. crystal violet,
methyl violet B, malachite green,para-rosaniline and Rh.
B in a SnO2 electrode sensitized PEC cell [171] from the
action spectra as well as spectral study. Electrode kinetics
study of PSF–EDTA system [172] in the solid polycrys-
talline state, using illuminated SnO2 electrode reveals that
PSF and EDTA composes 2:1 ratio during voltage gen-
eration. Power conversion efficiency of PEC cell [173]
enhanced several times by using Rh. B deposited on Au and
SnO2 glass but it reduced several times using rhodamine
110 (rh-110) instead of Rh. B. The anodic sensitized pho-
tocurrent at a SnO2 electrode [174] with Rh. B containing
acetonitryl–water electrolyte solution depends markedly on
the solvent composition i.e. with increasing water concen-
tration [H2O] in acetonitryl, photocurrent remains fairly
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constant upto [H2O]=1 M, where it starts to decrease to
reach a 1/20-fold lower level at [H2O]=3–20 M, and then
abruptly increases to a maximum value in a pure aqueous
solution. The overall SEE of the PG cell [175] with rose ben-
gal dye coated n-SnO2 photoanode in poly(4-vinyl pyridine)
matrix, dipped into an aqueous solution of Fe2+/Fe3+ redox
couple is 10−2%. This efficiency is an order of magnitude
higher than that obtained in an analogous PG cell in which
this same dye is dissolved in or adsorbed from homogeneous
solution due to achievement of high dye concentration near
the electrode surface, minimization of dye aggregation and
retardation of self-quenching leads to longer lived excited
states. The PV cell [176] with erythrosin B dye coated
n-SnO2 photoelectrode in poly(4-vinyl pyridine) film yields
maximum power and SEE of∼0.5mW and <10−2%, re-
spectively. The PEC cell [177] with Chl a (670) or Chl a
(740)–PVA complex film on SnO2 electrode-reducing agent
hydroquinone (H2Q) generates photocurrent through an
electron transfer from excited Chl a molecules to the con-
duction band of SnO2. This system is very stable against
strong light radiation and is very useful in vitro.

The photovoltaic and rectification properties of CdS and
AgBr sensitized sandwich cells [178] SnO2|CdS–Eriochrome
Black-T (EBT)|Ag and SnO2|AgBr–EBT|Ag study indicate
p–n junction formation and power conversion efficiencies
of the two cells are 0.02 and 0.016%, respectively. Panay-
otatos et al. [139] developed a new type p–n heterojunction
solar cell fabricating dye pair on SnO2 semiconductor glass
and obtained SEE∼0.l% which is twice time higher than
the other p–n junction solar cell with single dye. They also
studied about 350 p–n junction cells [140] using 25 dyes
and the most efficient cell is SnO2|DMP|ClAlPc|Ag whose
short-circuit cum quantum efficiency is 19% with light
absorption of 60–80% over the visible range of the solar
spectrum, obeying the Förster radiationless energy transfer
of the absorbed quanta to the dye–dye interface.

1.4.2. In2O3 electrode
The PEC cell [179] with In2O3 film gives∼90% quantum

efficiency at 310 nm and the band gap energy is determined
as 2.8 eV (indirect) and 3.6 eV (direct), but electron affinity
of In2O3 is 4.45 eV [180] which was obtained from the pho-
tovoltaic characteristics study of heterojunction solar cells
e.g. In2O3/Ge, In2O3/GaAs and In2O3/InP.

In2O3 and indium tin oxide (ITO) [181] are good win-
dow materials for solar cells because they have high
transparence and low resistivity compared to CdS. The
n-In2O3/p-CdTe cell yields high efficiency i.e.VOC 892 mV,
ISC 20.1mA cm−2 and FF 0.745 corresponds to the ac-
tive area efficiency of 14.4% due to formation of a buried
homojunction.

It is observed that In2O3/AII BIV C2V behaves as het-
erocell [182] using broad spectrum above 0.3 eV. In2O3
electrode coated with crystal violet (II) dye whose methyl
group is substituted by octadecyl group, PEC cell [183]

using quinone (Q)/hydroquinone (H2Q) redox system gen-
erates∼200-fold photocurrent compared to the PEC cell
with non-coated In2O3 electrode and crystal violet (I).
Thin film solar cells [135–137] have been studied ex-
tensively using phenazine dyes as p-type and In2O3 as
n-type which are discussed in a previous topic 1.3. A PEC
cell [184] i.e. In2O3|PSF dye–EDTA|redox couple|Pt, has
been developed using redox couples e.g. Cu+/Cu2+, and
Fe(CN)64−/Fe(CN)63+, I−/I2 and Fe2+/Fe3+. The cell effi-
ciency increased 2–3-fold compared to the same cell when
illuminated at a Pt electrode. A thin film of X-metal-free
phthalocyanine [185] dispersed in a polymer and placed
between SnO2 and Indium electrode exhibit high power
conversion efficiency but SEE is low due to the low trans-
mission of light through the indium barrier electrode.

The photocell [186] was studied using electrolytes KCl,
Glutathione (GSH), reduced GSH (GSSG), flavinmononu-
cleotide (FMN), tryptophan and two different chlorophyll
electrodes. The best cell was Pt|Chl|5 mM FMN, 5 mM tryp-
tophan|Chl, IQ|In2O3 which produces highest photovoltage
143 mV at pH 7.

1.4.3. ZnO electrode
Optimum donor density of semiconductor [187] ZnO is

few times larger than of SnO2 for enhancement of the quan-
tum yield of the dye-sensitized photocurrent. The stability
of a PEC cell [188] depends on the photoanodic corrosion of
an n-type semiconductor. The corrosion can be suppressed
if the electron supply from a reductant to the electrode is
faster. Tsubomura et al. [189] studied the ‘wet’ photocell
using dye and ZnO electrode and established a mechanism
for the decay photocurrent. They evaluated the effect of re-
ducing agent and determined intrinsic quantum efficiency of
the electron injection from dye to semiconductor electrode.
The variation of surface potential in photocell consisting dye
fabrication on ZnO semiconductor [190] depends on the ab-
sorption of light by dye, electron injection from dye to ZnO
layer and decrease in the strength of electric double layer at
the ZnO surface. Darwent and Lepre [191] observed the pho-
tosensitization function of ZnO for the oxidation of methyl
orange in aerobic solution accompanied by the reduction of
oxygen to H2O2. Tsubomura et al. [192] and Matsumura et
al. [193] have developed PEC cell containing semiconductor
ZnO and rose bengal dye with and without I2 and reported
the power conversion efficiency 1.5%. They suggested that
only electrode absorbed dye molecules generate photocur-
rent which increases with increasing dye concentration and
light intensity.

1.5. Photoelectrochemical cells in surfactant micellar
solution

Among the most important properties of surfactants are
their ability to solubilize a variety of molecules insoluble
in aqueous solution and their substantial catalytic effect on
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many chemical reactions. On the other hand, studies of pho-
toinduced electron transfer reactions in surfactant solutions
above critical micellar concentration (CMC) have added a
new dimension for efficient energy conversion and storage.
The power conversion efficiency as well as storage of PEC
cell may be enhanced if the charge carriers in the photo-
chemical reaction dispersed into the core of micelle and
can not recombine with oxidized species readily, but not
prohibitingly.

An elegant approach for storing light energy in a
Fe-thionine cell [194] have been proposed: the photoprod-
ucts are separated by solubilization of the reduced thionine
in an ether layer in which the oxidized thionine is insol-
uble. The importance of organized molecular assemblies,
such as micelles, bilayers and membranes in controlling
the course of chemical reactions, particularly those related
to the problem of light energy conversion and storage
has been recognized [195]. The addition of Triton X-100
(TX-100) micelles to an Fe–thionine PG cell [196] leads
to an increased solubilization of the dye, and an overall
increase in conversion efficiency by a factor of 5 relative
to the micelle-free PG cell, due to retardation of back re-
combination reaction of reduced dye and suppression of
dimer formation of thionine. Srivastava et al. [197] in-
vestigated the thionine–Fe(II), methylene blue–Fe(II) and
riboflavin–EDTA system in polyvinyl methyl ether (PVME)
surfactant and found that the reduced form of the dye was
incorporated in the hydrophobic core of the micelle. As
a result, all systems with surfactant have good storage of
solar energy. They [198] also studied the PG behavior of
Fe–thionine and Fe–methylene blue systems in sodium
lauryl sulfate (SLS), cetyl pyridinium bromide and
Tween-80 micellar solution.

Dixit and Mackay [199] have found that the current and
voltage responses of a TITL photogalvanic cell, consisting of
a newly synthesized thionine-surfactant complex C10Th H+
and Fe2+/Fe3+ in a 60% microemulsion (anionic) medium
are enhanced and the effect is larger in an anionic medium
than the cationic cetyltrimethyl ammonium bromide (CTAB)
and water. On investigation of electrochemical and photo-
chemical properties of the Fe–thionine PG system in SLS
micellar solution [200], it is observed that micellar solution
solubilizes significantly thionine and reduces the efficiency
of photochemical formation of leuco-thionine. So surfactant
SLS is unfavorable for this system. The photoreduction of
thionine and MB by EDTA is inhibited due to electrostatic
repulsion between the anionic micelle and the reductant, but
the photoreduction of eosin bound to a cationic micelle by
EDTA is enhanced [201].

The anionic surfactant SDS micelle suppress the back
electron transfer in photoredox process of Zn–tetraphenyl
porphyrin trisulfonate–triethanolamine–methyl viologen
(MV2+) system [202] due to absorption of positive charged
viologen (reduced and oxidized form) molecules in the
anionic micelle. This suppressing property of micelle
also observed in the system [203] e.g. fluorescence dyes

(fluorescein, eosin, rose bengal)-iso-PrOH with photosen-
sitizer Ph2CO. We [204] constructed the PSF–EDTA, PEC
cell with surfactants. The surfactants used are ionic CTAB,
SLS, and non-ionic TX-100. From the cell characteristic
study of this system with surfactants below, at and above
CMC, it is revealed that electrical performance of the cell
is decreased in SLS, increased slightly in TX-100. An ap-
preciable 50-fold increased in SEE (1.2×10−1%) as well
as increase storage capability (4–5 days) is observed where
CTAB (above CMC) is used in comparison with the cell
without surfactant. The possible mechanisms of the cell
in the various surfactant are discussed. Bi et al. [205] ob-
tained remarkable results from mesotetra phenyl porphine
sensitized SnO2 coated electrode containing PGV cell with
addition of surfactant SLS, here photocurrent increases by
a factor of≥2 in the presence of it.

From the transient spectra and decay kinetics study [206]
of Fe–thionine system in SDS micellar media, it is noted that
the decay of the semi-thionine species is pseudo first-order
but it behaves as a second-order in non-surfactant me-
dia. From photogalvanic and photo-conductivity studies of
cationic dyes (Rh. B, fuchsin, crystal violet, PSF)–TX-100
system, Bhowmik et al. [207,208] reported that the forma-
tion of 1:1 CT complex and generation of photovoltage
in every system. The dyes used in this system behave
as electron acceptor which follow the order PSF>crystal
violet>fuchsin>Rh. B.

1.6. Solar cell with production of hydrogen

Most interesting and fairly successful experiment is the
photosensitized decomposition of water to H2 and O2. Hy-
drogen is a non-pulluting fuel which burns in air to produce
water again releasing large amount of heat. Alternatively, H2
and O2 may be made to recombine in a fuel cell generating.
The thermodynamic break down energy for water is 1.23 eV.
The electrochemical decomposition of water requires two
electrons in consecutive steps. Therefore, it should be pos-
sible to decompose water with two quantum photochemical
process with the input of at least 2.46 eV per molecule. For
one quantum process, the light of wavelength shorter than
500 nm can only be effective.

Fujishima and Honda observed photoelectrolysis of water
first, using semiconductor TiO2 as anode and Pt as cathode
in 0.1 N NaOH solution. Later many scientists have studied
the production of hydrogen utilizing band gap of semicon-
ductor. Nowadays, H2 is being produced from PEC cell us-
ing inorganic complex and organic dyes as photosensitizer.
Some of this type of research work is mentioned below.

The reduced form of methyl viologen of proflavinmethyl
viologen–EDTA aqueous solution [209] reduces H2O to H2
in the presence of solid catalyst e.g. Pt, TiO2, ZnO dur-
ing illuminating condition by visible light. Irradiation of
the system [210] containing acridine yellow as a sensitizer,
EDTA or crysteine as an electron donor and methyl violo-
gen, europium(III) salicylate, europium(III) EDTA complex
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or vandium(III) salicylate as electron acceptor and in the
presence of catalyst [Ni, Pd, Pt(IV) oxide or colloidal [Pt],
reduction of water is accompanied by evolution of hydrogen.

The PG cell [211] (Pt|FMN–EDTA (pH=7)||5 N
H2SO4|Pt) leads to the production of H2 at the cathode.
1.1mmol of H2 were produced after the irradiation of 25 h
and the quantum yield for hydrogen production was 0.008
but VOC was 600 mV. Using eosin dye [212] photosensi-
tizer, CdS photoanode generates 50 ml h−1 H2 from water
photoelectrolysis under illumination and 35 mA current
was obtained in the PEC cell. Photoresponse of chloro-
phyll/ascorbic acid and chlorophyll/buffer acetate junction
has been studied [213] at different pH and light inten-
sity. The photovoltage and photocurrent reach maximum
at the region of pH 4–5. Furthermore, hydrogen gas evo-
lution supports the photoinduced charge transfer at the
chlorophyll–electrolyte interface. The photosensitizer [214]
proflavin, acridine yellow and tris(2,2-bipyridyl) ruthenium
instead of methyl viologen showed the same ability to pro-
mote H2 evolution. When CdS was used as a sensitizer
instead of dyes 10 times less hydrogen was obtained.

2. List of abbreviations and symbols

BLM bilayer lipid membrane
Chl chlorophyll
CIS conductor–insulator–semiconductor
ClAlPc chloro aluminium phthalocyanine
CMC critical micellar concentration
CT charge transfer
CTAB cetyl trimethyl ammonium bromide
DMP bis-methylimide of perylenetetra carboxylic

acid
EDTA ethylene diamine tetra acetic acid
FF fill factor
FMN flavinmononucleotide
GSH glutathione
GSSG reduced GSH
HDTAC hexadecyl trimethyl ammonium chloride
HEDTA 2-hydroxy ethylene diamine triacetic acid
H2Q hydroquinone
IQ 2-(cis-10-hepta decenyl)-6-methoxy-p-

benzoquinone
IR infrared
ISC short-circuit current
ITO indium tin oxide
MIS metal–insulator–semiconductor
MV2+ methyl viologen
P/D polymer/dye
PE power efficiency
PEC photoelectrochemical
PG photogalvanic
PGV photogalvanovoltaic
PPA poly phenyl acetylene
PQ p-type distearyl paraquat

PrOH propyl alcohol
PV photovoltaic
PVA polyvinyl alcohol
PVME polyvinyl methyl ether
Q quinone
SDS sodium dodecyl sulfate
SEE solar energy efficiency
SLS sodium lauryl sulfate
TEA triethanolamine
TITL totally illuminated thin layer
Tween-80 polyoxyethylene sorbitan mono-oleate
TX-100 Triton X-100
UV ultra violet
VOC open-circuit voltage
ZnTPP zinc tetraphenyl porphyrin
E band gap energy
ip photocurrent
σT conductivity at temperatureT
σ 0 conductivity at infinite temperature
vp photovoltage
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