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Various dyes such as melhylene blue (MB). rhodamine-B, rose bengal and 1.I0-phenanthroline have been used in
photoeJectrochemical (PEOcells in order 10 test their efficiency as mediators in PEC cells. MB is found to be the most efficient
of allihe mediators tried. A two-compartment PEC cell. in which the photoanode compartment is filled with a solution of
alcohol. benlophenone and dye and the dark cathode with I mol dOl -J HCl04 has been used. Both medium pressure mercury
vapour lamp and sunlighl have been used as light sources for the photoreaction. The reduction of the dye is reversible in the
dark and the lIme taken 10 attain the oTlginal state is quite long with a conversion efficiency of 11.60/".The current produced
depends on [dye] and [sensitizer]. POSSIblemechanisms are discussed.

The use of photoelectrochemical (PEe) cells in the
conversion of light energy into electrical energy and
involving many endothermic processes, has attracted
attention in recent years. Among these processes water
splitting reaction 1-5, metal ion redox reactions'" -;and
organic redox reactions8 -II have been extensively
studied in solution phase systems with dyes or other
mediators as electron carriers. It is now well known

that triplet benzophenone abstracts H-atom from
alcohols to produce highly unstable ketyl radi­
calsl2 -14 which 'have reducing propertiesIS-17.

Anodic oxidation of these reducing substrates
generates photocurrent when connected to a suitable
cathode. Some progress has been made in this
direction using viologens as mediatorsll>.t7. To
increase the efficiency of this type ofPEC cells. we have
presently tried methylene blue (MB). rhodamine­
8( Rh- B). 1.I O-phenanthroline{P A) and rose bengal

(R B) along with benzoyl viologen (BY) for comparison
as mediators and found MB to be the most efficient of
all .

'\1aterials and '\1ethods

All the chemicals used were of extra pure quality and
wherevrr necessary. these were purified by standard
methods 19 just before use. 4.4' -Dibenzoyl viologen

was prepared according to the procedure cited
elsewhere20.

UVS-500 medium pressure mercury vapour lamp
(HANOVIA) was employed as the'standard light

source. Intensity measurements were carried out by
ferrioxalate actinometryll. The cell was exposed at
various distances from the light sources to vary the

intensity. All the experiments were repeated in
sunlight.

The photoelectrochemical cell consisted of two
identical parts. each being a cylindrical tube with BI4

sockets and a side arm. Platinum electrodes were fused

to the BI4 cones with mercury contact. The side tube
was used for inserting the salt bridge. The <;athode half­
cell was filled with 1.0 mol dm -3 perchloric acid and
the anode with solutions of various concentrations of

benzophenone and the dye in 1:1 2-propanol-water
mixture. Potassium chloride (0.2 mol dm -3) was used

as a supporting electrolyte. Filter paper dipped in
saturated KCI was used as salt bridge. Photocurrents
and photopotentials were measured with PLDG 100
multi meter. The load resistance was 103 KO and the

internal resistance of the cell was negligible (
< 10 -I> KO). The maximum photopotential obtained
was stable as long as the cell was exposed to light. The
stability of the cell was calculated from the time taken
by the ceM to attain the original (initiaO current and
voltage values after switching off the light.

fower conversion efficiency was calculated by
Eq. (I), dividing power output by power input in watts.

. . Power output
ConversIon effiCIency (%) = . x 100

"'ower mput

Power input = _ Einsteins____ ~••W

where 366 x 10-9 is the wavelength of light absorbed
by the system and

Power output = (J x Vma ) x 2Wmax x

The output was multiplied by 2 since each photon
caused the transfer of two electrons.

Results and Discussion

To improve the photovoltage and efficiency of the
PEC cell, various mediators were tried. Reduction of
methylene blue (MB) by photogenerated ketyl radicals

463



INDIAN J. CHEM., VOL. 24A, JUNE 1985

300

10

.
10 2010 20 30 10 20 30 10

TIME,min

AREA OF ELECTRODE=5·00 cm2

o 1 2 3 4

INTENSITY OF LIGHT QUANTAjsE'c xl0-16

Fig. 2- Variation of photocurrent with intensity of light ([B] = 0.1
mol dm -3; [MB] =4.5 x 10-4 mol dm -3)
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is discu$sed first and later compared with other
mediatots. After the dark currents have been stabilized

( ::::15 mitt), the anode half-cell was exposed to the light

and incr~ase in the photocurrent and photopotential
noted atiregular intervals. At peak photocurrent and
photopo~ential, the reactions at the photoanode are
assumedi, to have attained a stationary state. The
photocutrent (ImaJ of the cell was calculated by

substracnng the dark current (IdarJ from the observed
maximuJjn current (IObJ. Similarly the photopotential
was obtained as the difference between Vobs and Vdark'

In th~ absence of MB very small photocurrents
developekI and the addition of MB enhanced both Imax

and Vma~ (Fig. I). When the cell was brought back into
dark it tejok 30 min to attain the original Idark and Vdark

values iJ the absence of MB and 4 to 5 hr in the

presence.of MB. After 15 min of irradiation, MB got

reduced ~o leucomethylene blue(LMB) as indicated by
the complete bleaching of the solution and the solution

remaine4 colourless as long as the cell was exposed to
light. AS,soon as the light was switched off, LMB was
oxidized' back to the blue MB and the current and

potentia~ dropped slowly.
Under! identical conditions irradiation of the anode

compardnent by the light of wavelength >400 nm
(tungsteq lamp) did not result in the development of
photocu~rent. Also the dye was not reduced and the
blue colqur of the solution persisted. In the absence of
benzoph~none, even if the cell was exposed to medium
pressure iHg vapour lamp no photocurrent could be
detected.

When! the surface area of the Pt electrode was

increase~ from 0.01 cm2 to 5.00 cm2 the Imax and VmaX

values infreased from 1.00pA to 65.0pA and 5.00mV
to 195 mlY respectively. Similarly increase in surface

Fig. 1- Vatiation of photocurrent with time of illumination in
presence an!dabsence of mediators ([B) =0.1 mol dm -3; [MB] =4.5

x 10-4 mol dm -3)

Fig.3-0n-off cycles of benzophenone-2-propanol-MB system
solar cell ([benzophenone] =U.] mol dm -3; [Kel] =0.2 mol dm -3,

[MB]=4.5X 10-4 mol dm-3)

area of salt bridge from 48.0 cm2 to 225 cm2 increased
Imax and Vmax values from 38.011A to 68.011A and
115mV to 195mV respectively. In all other
experiments the surface areas of electrode and salt
bridge were kept at the optimum level such that
maximum current and voltage were obtained. Under
the conditions [MB]=4.5x 10-4 mol dm-3, [KCl]
=0.2 mol dm-J, (Intensity=6.1 x 1015 q/s) in 1:1 2­
propanol-water mixture, an increase in [benzo­
phenone] (from 0.30 to 0.14 mol dm -3) brought about
increase in both Imax and Vma' upto a certain level Uma.

= 255 pA and V"'ax = 430 m V at benzophenorle conc.
0.1 mol dm -3) and thereafter both Ima. and Vma•

showed a decreasing trend. At higher [benzophcnoneJ
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Scheme I

(iii) Electrode reactions

-2e +
Anode DH2 -- D + 2H (11)

Cathode 2H+ +2e--'H2 (12)

where B stands for benzophenone and D for dye in
general.

In Scheme I, the reactions (1 to 7) are all well
established 12.l3.26and the reactions (8-10) appear to
be mainly responsible for the increase in photocurrent
in the presence of dye. The oxidation of alcohol can be
taken as the ultimate step in the solution phase
reaction which is known 17 to be endothermic to the
extent of 90.3kJ mol- 1. Either DH or DH2 is the'

formation of benzpinacol was observed (the white
precipitate formed was identified as benzpinacoI).
With increase in [MB] both 1max and Vmax also
increased upto a saturation point, i.e. at [MB] = 45.0
x 10-5 mol dm -3. Beyond this concentration there
was no perceptible variation in both 1max and Vmax at
content [B] (0.1 mol dm -3). This observation indicates
that MB is the electroactive species.

The current produced in the PEC cells with
benzophenone-2-propanol-MB showed strong de­
pendence on light intensity at 366 nm. At higher
wavelength (> 400 nm) photocurrents were not
obtained. The photocurrents were directly pro­
portional to intensity and a linear plot was obtained
(Fig. 2).

Similar results were obtained with sunlight as the
light source and Rh-B, PA, RB and BV as mediators
(Table 1). Except RB all other dyes, viz. MB, RH-B,
PA, and BV were reduced by the ketyl radicals (as
indicated by bleaching of the dye colour) and generated
photocurrent. Methylene blue was the most effective
of all dyes with maximum efficiency. The gas evolved
at cathode was identified as hydrogen. The cell could
be recycled several times (Fig. 3)..

The above results show that benzophenone is the
photon receptor and the excited dye cannot directly
abstract hydrogen atom from alcohol, since at higher
wavelengths where benzophenone does not absorb
there is no reaction. Small amounts of photocurrents
observed in the absence of the dye could be due to the
oxidation ofketyl radicals at the Pt electrodel6.t 7. The
formation of ketyl radicals in such a system has been
proved earlier21 using quenchers. The total reactions
in the two compartments of PEC cell may be divided
into three parts and written as in Scheme I.

(i) Photochemical reactions
B+hv'-+IB*

IB* IS~ 3B*

3B*+B'-+2B

3B*+ RCH20H '-+BH + RCHOH

(ii) Solution phase reactions
2BH '-+HB - BH

BH + RCHOH '-+HB -CH - R
I
OH

2R -CHOH'-+R -CH -CH - R
I I

OH OH

AH+D'-+B+DH

DH+ BH'-+DH2 + B

D + 2RCHOH '-+DH2 + 2 RCHO

... (1)

... (2)

... (3)

... (4)

... (5)

... (6)

... (7)

... (8)

... (9)

... (10)

Table I-Imax and Vmax Values Obtained in Presence of Various Mediators in Sunlight

[B] =0.1 mot dm -3; [KCI] =0.2 mol dm -3
[MB] =4.50 x 10-4 mol dm -3

[BV] = 3.0 x 10-3 mol dm -3
[Rh-B] = 1.50 x 10-3 mol dm -3

[RB] = 1.01 x 10-3 mol dm-3
Area of electrodes = 5 cm2

Mediator PowerI•••••V•••••Stability% conversion

input

(JIA)(mV)(hr)efficiency
(W x 10-3) 1 MB-2-propanol

2.2265480511.6

MB-ethanol

2.219032545.6

MB-methanol

2.216031544.5

2 PA-2-propanol

2.211034043.4

3 Rh-B-2-propanol

2.220042057.6

4 BV-2-propanol

2.01353750.55.1

5 RB-2-propanol

2.050.001100.50.5

6 2-propanol

2.050.001100.50.5
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electroaqtive species and responsible for the

enhancc£11ent of Imax and Vmax. Increase in [B] increases
1m•• sind~ triplet benzophenone is the initiator (step­
4) 12-1 J Quenching of excited benzophenone (step-3)
and the ~ctyl radicals (steps 5 and 6) appears to be
responsilble for the decrease in 1m•• after saturation.

Since alcphol has been taken in excess, reaction(7) has
no signif1cance in the present study. Reactions (II and

12), the. two electrode processes, account for the
increase in 1m •• and Vm•• with increase in [MB].

Among the different substituted viologens studied it
has beenifeported that BV gives maximum conversion
efficiencylb. However, under the present conditions

BV gave' only 1351lA whereas MB and Rh-B gave
2651lA iand 200llA respectively (Table O. The
photovoltages were also higher with MB (480mV)

and Rh- 8(420 m V) as compared to that (375m V) wi th
BV.

Though such cells using photo redox systems do gi ve
encouraging results. they cannot be used for the
conversion of solar energy commercially. 'iince only
very sm"l1 part of the solar spectrum (2.7"" of total
irradiatidn since only light of wavelength 366 nm is
absorbed by the system2J) is involved.
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