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ABSTRACT: A solid state photoelectrochemical solar energy conversion device based on
nanocrystalline-TiO,  sensitized with  Di-Tetrabutylammoniumcis-bis(isothiocyanato)bis(2,2’-
bipyridyl-4,4’-dicarboxylato)-ruthenium(Il) (N719) dye has been constructed and characterized. The
current density-voltage characteristics in the dark and under white light illumination and action
spectra under monochromatic illuminations have been studied. The following device parameters
were obtained when the potential is scanned: an open circuit voltage of 762 mV and a short circuit
current density of 33 pAcm2 at light intensity of 100 mWem-2; the IPCE percentage obtained was
1.7% at 330 nm. The dependence of the short-circuit current density and an open circuit voltage on
the incident light intensity and illumination time have also been studied. The results of time
dependence study show that the steady state Js. and V.. values are consistent with those obtained

from the J-V curve.
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INTRODUCTION

Extensive use of non-renewable fossil fuels for
conventional energy production is depleting
global reserves rapidly. Moreover, greenhouse
gas emissions and increasing production costs of
non-renewable fossil fuels have underscored the
need to develop alternate energy sources. One
area that is continuing to attract a lot of interest is
the possibility of energy generation from the sun.
The focus of solar energy utilization has mainly
been toward electricity. The conversion of solar
energy into electricity is a clean, abundant and
renewable energy source. Conventional solar
cells made from inorganic materials use very
expensive materials of high purity and energy
intensive processing techniques. New ways of
manufacturing solar cells that can extend to large
volumes and low cost are required. A very wide
range of solar cell technologies are currently
being developed, including dye-sensitized nano-
crystalline photoelectrochemical solar cells, poly-
mer/fullerene bulk heterojunctions, small mole-
cule thin films and organic-inorganic hybrid
devices.

In contrast with the conventional single crystal
silicon-based or compound-semiconductor thin-
film solar cells, dye sensitized solar cells (DSSCs)

redox couple, nanocrystalline-TiO;, polymer electrolyte, solid state

are thought to be advantageous as a solar energy
conversion device possessing both practicable
high efficiency and cost effectiveness. So far, the
most successful DSSC was obtained on nanocrys-
talline-TiO, film combined with a ruthenium-
polypyridine complex dye, as first reported by
O’Regan and Gritzel (1991). Overall conversion
efficiency of 10.4% was achieved on a TiO»-
Rul’(Ncs); (black dye) system, in which the
spectral response of the complex dye was
extended into the near-infrared region so as to
absorb far more of the incident light
(Nazeeruddin et al., 2001; Gratzel, 2003; 2007).
The porous nature of nanocrystalline-TiO» films
drives their use in DSSCs due to the large surface
area available for dye-molecule adsorption.
Moreover, the suitable relative energy levels at
the semiconductor-sensitizer interface (i.e., the
position of the conduction-band edge of TiO:
being lower than the excited-state energy level of
the dye) allow for the effective injection of
electrons from the dye molecules to the
semiconductor (Nelson and Chandler, 2004).
From the time of the first report on DSSCs
(O’'Regan and Gritzel, 1991), the basis for energy
conversion of which is the injection of electrons
from a photoexcited state of the dye sensitizer
into the conduction band of the TiO, semi-
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conductor upon absorption of light, DSSCs have
received considerable attention over the past
decade because of their attractive features such
as high energy conversion efficiency and
relatively low production costs. Even though the
light-to-electrical energy conversion efficiencies
of DssCs based on liquid electrolytes have
reached over 10% under AM 1.5 (100 mWcm™)
(Nazeeruddin et al., 1993), there are some
problems such as leakage of the electrolytes,
evaporation of the solvent and high temperature
instability, which cause difficulties in sealing and
performance degradation of DssCs (Smestad,
2003).

Enormous efforts have been devoted to solve
these problems by employing solid or quasi solid
state electrolytes that substituted the con-
ventional volatile organic solvent-based electro-
lytes to fabricate DsSCs (Cao et al., 1995; Bach et
al., 1998; Nogueira et al., 2001; O'Regan et al.,
2002). The polymer electrolyte is an important
class of the solid or quasi solid state electrolytes
for DsSCs because it has the advantages of
relatively high ionic conductivity and easy
solidification (Li ef al., 2006).

Previously Assefa Sergawie et al. (2007) re-
ported a work on regenerative type PEC based on
emeraldine base form of polyaniline as a sensi-
tizer. In this work we report the studies made on
an all-solid-state PEC constructed with nanocrys-
talline-TiO, coated onto indium tin-oxide (ITO),
covered N719 dye and used as a photoactive
electrode, the ion conducting polymer
poly[oxymethylene-oligo(oxyethylene)], POMOE,
complexed with redox couple as a solid polymer
electrolyte, and a PEDOT coated on ITO as counter
electrode. The polymer electrolyte POMOE, having
a repeating unit of CH>O(CH2CH20)9 , was used
since it is a good ionic conductor at room
temperature (Craven et al., 1986; Nicholas et al.,
1988; Linden and Owen, 1988; Nekoomanesh et
al., 1992). When iodide/triiodide was used as a
redox couple in the all-solid-state PEC, oxidised
poly-3,4-ethylenedioxythiophene, PEDOT, coated
onto ITO was used as a counter electrode.
Oxidised PEDOT improves the charge transfer
between ITO and the iodide/triiodide redox
couple (Teketel Yohannes and Ingands, 1998).
The basic structure of the device is shown in
Figure 1.
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Fig. 1. The device structure of the solid state PEC.
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MATERIALS AND METHODS

ITO-coated glass having transmittance above 80%
in the visible region of the solar spectrum was
employed as a substrate for the photoactive
materials and counter electrodes. It was cleaned
in ultrasonic bath successively with acetone
(Aldrich), 2-propanol (Riedel-de Haen), and
ethanol (BDH) and dried with an air gun.

Preparation of mesoporous TiO; film was done
with the method described elsewhere (Nazeerud-
din et al., 1993). Nanocrystalline-TiO; films were
prepared by spreading a viscous dispersion of
colloidal TiO: particles on ITO with heating under
air for 30 min at 450°C. The method for
preparation of nanocrystalline films employed
commercial TiO, (P25, Degussa). 3 g of TiO»
powder was ground in a porcelain mortar with 1
mL water containing 0.1 mL acetylacetone to
prevent reaggregation of the particles. After the
powder had been dispersed by the high shear
forces in the viscous paste, it was diluted by slow
addition of 4 mL water under continued
grinding. Finally, a detergent 0.05 mL Triton X-
100 (Aldrich), was added to facilitate the
spreading of the colloid on the substrate. The ITO
was covered on two parallel edges with adhesive
tape to control the thickness of the TiO; film and
to provide noncoated areas for electrical contact.
The colloid was applied to one of the free edges
of the conducting glass and distributed with a
glass rod sliding over the tape-covered edges.
After air drying, the electrode was fired for 30
min at 450°C in a furnace (Carbolite Model ELF
11/14B).
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Coating of the TiO. surface with dye was
carried out by soaking the film for 2 h in a 0.3
mM solution of N719 dye (Aldrich) in dry
ethanol. The dye coating was done immediately
after the high temperature annealing while still
hot in order to avoid rehydration of the TiO»
surface or capillary condensation of water vapor
from ambient air inside the nanopores of the film
(Nazeeruddin et al., 1993). The presence of water
in the pores decreases the injection efficiency of
the dye. After completion of the dye adsorption
(Nazeeruddin et al., 1993), the electrode was
withdrawn from the solution under a stream of
dry air. It was stored in dry ethanol or
immediately wetted with redox electrolyte
solution for testing.

The polymer film for the counter electrode was
formed by electrochemical polymerization of 3,4-
ethylenedioxythiophene (EDOT) (Aldrich), in a
three electrode one-compartment electrochemical
cell. The electrochemical cell consisted of a pre-
cleaned I1TO-coated glass working electrode,
platinum foil counter electrode and quasi-
Ag/AgCl reference electrode. The solution used
for the polymerization contained 0.2 M EDOT and
01 M (CHs)4NBF; (Aldrich) in acetonitrile
(Aldrich). The monomer was used as received.
The polymerization was carried out potentiostati-
cally at +1.8 V for 2 seconds. At this potential, the
electrode surface becomes covered with blue-
doped PEDOT film. The PEDOT covered ITO glass
was then rinsed with acetonitrile and dried in air.
The polymer electrolyte was prepared by
dissolving 311 mg of POMOE in 25 ml of
methanol. The redox couple I3 /T was prepared
by dissolving 48.47 mg KI 25 ml of methanol and
741 mg I, in 25 ml of methanol. Finally, 1ml of
each of the above three solutions were mixed to
produce the polymer electrolyte complexed with
a redox couple. The mole ratio of oxygen to
potassium as calculated by taking into account
both the oxymethylene and oxyethylene oxygen
atoms was 25 and the mole ratio of XI to I was
10. The conductivity of POMOE is known to be
high at room temperature when the oxygen to
cation (potassium) mole ratio is 25 (Nagae ef al.,
1992) and Eredox(Is /1) = -4.9 eV at mole ratio of
KI to I> of 10 making dye regeneration effective
(Hagfeldt and Grétzel, 2000; Teketel Yohannes et
al., 1996).

Finally, the polymer electrolyte complexed
with I3 /T was deposited in the form of thin film
by solvent casting on top of the dye coated TiO»

electrode and allowed to dry in a laboratory
atmosphere. The PEC was completed by pressing
against PEDOT-coated ITO glass counter electrode.
The PEC was then mounted in a sample holder
inside a metal box with 1 cm? opening to allow
light from the source. All experiments were
carried out at room temperature.

The photoelectrochemical measurements of the
cell were performed using a computer controlled
CHI630A Electrochemical Analyzer. A 250-W
tungsten-halogen lamp regulated by an Oriel
power supply (Model 68830) was used to
illuminate the PEC. A grating monochromator
(Model 77250) placed into the light path was
used to select a wavelength between 300 and 800
nm. The measured photocurrent spectra were
corrected for the spectral response of the lamp
and the monochromator by normalization to the
response of a calibrated silicon photodiode
(Hamamatsu, Model S1336-8BK) whose sensitiv-
ity spectrum was known. No correction was
made for the reflection from the surface of the
sample. The white light intensity was measured
in the position of the sample cell with Gigahertz-
Optik X11 Optometer. A series of neutral density
filters were used to vary the light intensity
incident on the sample.

RESULTS AND DISCUSSION

Current density-voltage characteristics

When an external field is applied to a solar
energy conversion device, it acts to diminish the
effects of the internal barrier field. Carriers can
acquire sufficient energy to cross the barrier, and
at high enough external voltages a large current
will flow. On the other hand, if the bias is
reversed, the external field enhances the barrier
potential and only small current flows. Thus, the
junction acts as a rectifier since the current
flowing for a given positive external voltage is
quite different from the current flowing at the
same negative voltage. Such a current density-
voltage characteristic is described mathematically
as (Sze, 2003):

=1, {exp(%j_l} .......................... 1)

where I is the saturation current, q the electron
charge, k the Boltzmann constant, T the absolute
temperature, v the applied voltage, and n the
ideality factor.
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The current density-voltage characteristics of
the ITO | PEDOT |POMOE: I3 /T | TiOy: dye | ITO
PEC in the dark and under illumination are
shown in Figure 2(a) and (b), respectively. The
device was illuminated through the 1TO|TiO2:
Dye side using white light the intensity of which
is 100 mW/cm?2 The current density-voltage
characteristic of the polymer electrolyte|TiOx:
dye interface in the dark obeys the diode
equation as depicted in Figure 2(a). The forward
current corresponds to a positive bias where the
barrier height is lowered, whereas in reverse
polarization the increased barrier prevents the
passage of a current.

40-
N 30

Fig. 2. Current density-voltage characteristics of ITO | PEDOT
| POMOE: Iz /T | TiO2:N719 | ITO cell (a) in the dark and
(b) under illumination through front side with light
intensity of 100 mWcm2.

Under illumination, absorption of photons
initially creates excitons, and later both the ma-
jority and the minority carriers. The concentra-
tion of photogenerated majority carriers is
usually small. This implies that illumination does
not significantly perturb the majority carrier.
Because the majority carrier concentrations are
essentially unchanged, the majority charge flow
is also unchanged. Majority carriers should thus
exhibit the J-v characteristic that is well
described by the diode equation, regardless of
whether it is in the dark or under illumination.
The current under illumination can generally be
described by adding the current from photo-
generated carriers to the dark current. From
Equation 1 the J-v characteristic under illumina-
tion is given by:

I=1,-1 [exp(%)-l} .................... )

The TiO: used in this work is lightly n-doped
wide bandgap semiconductor. These large band-
gap semiconductor oxide films are insulating in
the dark; however, a single electron injected in a
20 nm sized particle produces an electron
concentration of 2.4 x 107 cm?3. This corresponds
to a specific conductivity of 1.6 x 104 Scm™ if a
value of 104 cm? s' is used for the electron
diffusion coefficient (Gratzel, 2005).

As it is depicted in Figure 2, the short circuit
current density (Jsc) and the open circuit voltage
(Voo were measured to be 33 pAcm? and 762 mV,
respectively. The fill factor which is the measure
of the squareness of the output characteristics,
was calculated using Equation 3 and was 0.32
which is very low value.

Vm m|
FF = VP—JP ........................................... (3)

oc = sc

where Vi and Jip are the voltage and current
density at the maximum power point,
respectively whereas Voc and Jsc are open
circuit voltage and short circuit current
density, respectively and FF is the fill factor.

The dependence of Jsc and V,. on illumination
time

Time dependence of short circuit current
density (Js) and open circuit voltage (Vo) was
studied for the hybrid PEC through illumination
with a white light intensity of 100 mWcm2. The
short circuit current density and open circuit
voltage were induced by periodically blocking
the light path to the sample and are depicted in
Figures 3 and 4, respectively. When the light is
switched on, the photocurrent density rises to a
steady-state value of about 35 pAcm? and decays
at approximately the same rate to zero current
when the light is switched off.

As can be seen from changes in photocurrent
with time of illumination, the photoactive mate-
rial seems stable towards light. Open circuit
voltage obtained from the transient measure-
ments was 771 mV. The results of time
dependence study show that the steady state Js
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and V,. values are consistent with those obtained
from the J-V curve.
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Fig. 3. Photocurrent density response to transient illumina-
tion with light intensity of 100 mWcm?2 for the
ITO | PEDOT | POMOE: Iz /I | TiO2:N719 | ITO solid state
PEC from the front side.
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Fig. 4. Photovoltage response to switching illumination on
and off from the front side of ITO | PEDOT | POMOE:
I /T | TiOzN719|1TO solid state PEC with light
intensity of 100 mWcm2.

Photocurrent action spectra

The incident monochromatic photon-to-current
conversion efficiency (IPCE), defined as the
number of electrons generated by light in the
external circuit divided by the number of

incident photons, is plotted as a function of
excitation wavelength in Figure 5. This was
obtained from the photocurrents by means of the
following equation:

1240 J [uAcm?]

IPCE% = -
Alnm]x I, [W.m™]

The maximum IPCE percentage obtained for the
hybrid PEC was 1.7% at 330 nm.
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Fig.5. Photocurrent action spectra for ITO|PEDOT|-
POMOE:I;3 /T | TiO2:N719 | ITO solid state PEC.

The dependence of s and V,. on light intensity

The maximum open circuit photovoltage
attainable in the dye-sensitized solar cell is the
difference between the Fermi level of the solid
under illumination and the Nernst potential of
the redox couple in the electrolyte. However, for
these devices this limitation has not been
realized and Vi is in general much smaller. It
appears that V_is kinetically limited and for an
n-type semiconductor in a regenerative cell the
diode equation (Equation 5) can be applied
(Kumar et al., 1992),

Vv, = [k—Tj In (LJ ....................... )
q ncbkct[IB ]

where Iiyj is the flux of charge resulting from
sensitized injection and ny, is the concentration
of electrons at the TiO, surface.
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For organic and some inorganic solar cells, the
Jse increases with increasing incident light
intensity (lin) and is proportional to I, (Meier,
1974). Thus, a plot of log Js. versus log I, yields a
straight line whose slope is characteristic of the
photoactive material. The plot of log Js. versus
log Iin of the ITO| PEDOT|POMOE: I3 /I |TiOx:
Dye|ITO PEC is shown in Figure 6. The
illumination intensity was varied from 0.01
mWem=2 to 100 mWem=2. The Js increases with
illumination intensity and is proportional to 1%y,
where a is the power factor (Meier, 1974). The
plot of log Jsc versus log I, yielded a straight line
with a = 0.98 which is very close to 1 indicating
that recombination traps are absent (Meier, 1974).
For Schottky junction solar cells under open
circuit conditions, no net current will flow
through the junction. The gain in open circuit
voltage can be calculated from the equation
(Gratzel, 2009):

v, = (%) In {'I_O _1} .............................. ©)

where n is the ideality factor whose value is
between 1 and 2 for the DssC and Iy is the
reverse saturation current.

log Iin/chm'2

Fig. 6. Plot of log Jsc versus log Iin of ITO| PEDOT | POMOE:
I: /T | TiO2:N719|ITO solid state PEC.

As can be seen from Equation 6, Voc increases
logarithmically with the light intensity because Js
is linearly proportional to the incident light

intensity. The plot of V. versus logli, of the ITO |
PEDOT| POMOE: I3 /I |TiOxDye| ITO PEC is
shown in Figure 7. V. increases logarithmically
with the light intensity, in agreement with the
projected behavior for semiconductor based solar
cell devices (Sze, 2003).
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Fig. 7. Plot of Vo versus log Lin of ITO|PEDOT | POMOE:
Is /T | TiO2:N719 | 1TO solid state PEC.

CONCLUSIONS

In this study, all solid state dye sensitized PEC
was constructed using nc-TiO, and N719 dye as a
sensitizer and was used as a photoactive
electrode. The ion-conducting polymer POMOE
complexed with redox couple was used as a solid
polymer electrolyte and a PEDOT coated ITO was
used as a counter electrode. Photoelectrochemical
properties of this device was studied using
current density-voltage characteristics together
with the dependence of Ji. and V. on
illumination intensity. The dependence of ], on
intensity indicated that there are no traps. An
open circuit voltage of 762 mV and a short circuit
current density of 33 pA/cm? at light intensity of
100 mW/cm? maximum IPCE percentage of 1.7%
for front side illumination at a wavelength of 330
nm were obtained. The results of time
dependence study on the steady state J.c and Voc
show that the steady state Js. and V.. values are
consistent with those obtained from the current
density-voltage curve. Though the performances
of the PECs under the present experimental
conditions are low, the results indicate that we
can make use of the polymer based solid state
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electrolyte system for dye sensitized solar cell
application.

ACKNOWLEDGEMENTS

We thank the anonymous reviewers of SINET: Ethiop. ].
Sci. for their constructive comments.

—_

10.

REFERENCES

. Assefa Sergawie, Teketel Yohannes, Giines, S.,

Neugebauer, H. and Sariciftci, N.S. (2007).
Photoelectrochemical cells based on emer-
aldine Base Form of Polyaniline. J. Braz. Chem.
Soc. 18:1189-1193.

Bach, U, Lupo, D. Comte, P, Moser, J.E,
Weissortel, F., Salbeck, J., Spreitze, H. and
Gritzel, M. (1998). Solid state dye-sensitized
mesoporous TiO, solar cells with high
photon-to-electron conversion efficiencies.
Nature 395:583-585.

Cao, F., Oskam, G. and Searson, P.C. (1995). A
solid state, dye sensitized photoelectrochemi-
cal Cell. J. Phys. Chem. B 991:17071-17073.

Craven, J.R., Mobbs, R.H., Booth, C. and Giles,
JRM. (1986). Synthesis of oxymethylene-
linked poly(oxyethylene) elastomers.
Makromol. Chem. Rapid Commun. 7:81-84.

Griatzel, M. (2003). Dye-sensitized solar cells. |.
Photochem. Photobiol. C: Photochem Rev. 4:145-
153.

Griatzel, M. (2005). Solar eergy cnversion by de-
snsitized potovoltaic clls. Inorganic Chem.
44:6841-6851.

Gritzel, M. (2007). Photovoltaic and photoelec-
trochemical conversion of solar energy. Phil.
Trans. R. Soc A 365:993-1005.

Gritzel, M. (2009). Recent advances in sensitized
mesoscopic slar clls. Acc. Chem. Res. 42:1788-
1798.

Hagfeldt, A. and Gratzel, M. (2000). Molecular
Photovoltaics. Acc. Chem. Res. 33:269-277.

Kumar, A., Santangelo, P.G. and Lewis, N.S.
(1992). Electrolysis of water at strontium
titanate (SrTiOs), photoelectrodes: distin-
guishing between the statistical and stochastic
formalisms for electron-transfer processes in
fuel-forming photoelectrochemical systems.
Phys. Chem. B 96:834-842.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

Li, B, Wang, L., Kang, B.,, Wang, P. and Qiu, Y.
(2006). Review of recent progress in solid-
state dye-sensitized solar cells. Sol. Energy
Mater. Sol. Cells 90:549-573.

Linden, E. and Owen, J.R. (1988). High frequency
impedance of Poly(ethylene oxide) and
related polymers doped with lithium perchlo-
rate. Br. Polym. ]. 20:237-241.

Meier, H. (1974). Organic Semiconductors. Verlag
Chemie, Berlin, pp.318-321.

Nagae, S., Nekoomanesh, H.M., Booth, C. and
Owen, JR. (1992). The effect of salt
concentration on the properties of poly
[oxymethylene-oligo (oxyethylene) ]/LiC10,
polymer electrolytes. Solid State Ionics 53-56:
1118-1124.

Nazeeruddin, MK, Kay, A, Rodicio, I,
Humphry-Baker, R., Miiller, E., Liska, P,
Vlachopoulos, N. and Grétzel, M. (1993).
Conversion of light to electricity by
cisXBis(2,2-bipyridyl-4,4’-dicarboxylate)
ruthenium(ll)  charge-transfer  sensitizers
(X=C1-, Br, I, CN-, and SCN-) on nanocrys-
talline TiO, Electrodes. ]. Am. Chem. Soc.
115:6382-6390.

Nazeeruddin, M.K,, Péchy, P., Renouard, T.,
Zakeeruddin, SM., Humphry-Baker, R,
Comte, P., Liska, P., Cevey, L., Costa, E.,
Shklover, V., Spiccia, L., Deacon, G.B,
Bignozzi, C.A. and Gritzel, M. (2001).
Engineering of efficient panchromatic
sensitizers for nanocrystalline TiO,-Based
Solar Cells. ]. Am. Chem. Soc. 123:1613-1624.

Nekoomanesh, M., Nagae, S., Booth, C. and
Owen, J.R. (1992). The effect of oxyethylene
sequence length on the properties of
poly[oxymethyleneoligo(oxyethylene)] /LiCl
Oy polymer electrolytes. ]. Electrochem. Soc.
139:3046-3051.

Nelson, J. and Chandler, R.E. (2004). Random
walk models of charge transfer and transport
in dye sensitized systems. Coord. Chem. Rev.
248:1181-1194.

Nicholas, C.V., Wilson, D.]., Booth, C. and Giles,
JRM. (1988). Improved synthesis of
oxymethylene linked poly(oxyethylene). Br.
Polym. J. 20:289-292.

Nogueira, A.F., Paoli, A.D. and Montanari, I
(2001). Electron transfer dynamics in dye
sensitized nanocrystalline solar cells using a
polymer electrolyte. J. Phys. Chem. B 105:7517-
7524.



Sisay Tadesse and Teketel Yohannes

21.

22.

23.

24.

O'Regan, B. and Grétzel, M. (1991). Low cost high
efficiency solar cells based on dye-sensitized
colloidal TiO; films. Nature 353:737.

O'Regan, B., Lenzmann, F., Muis, R. and Wienke,
J. (2002). A solid state dye-sensitized solar cell
fabricated with pressure-treated P25-TiO, and
CuSCN: analysis of pore filling and I-V
characteristics. Chern. Mater. 14:5023-5029.

Smestad, G. (2003). Dye sensitized and organic
solar cells. Sol. Energy Mater. Sol. Cells 76:1-2.

Sze, S.M. (2003). Physics of Semiconductor Devices.
Wiley, New York, pp. 719-736.

25. Teketel Yohannes, Theodros Solomon and
Inganas, O. (1996). Polymer-electrolyte based
photoelectrochemical solar energy conversion
with  poly(3-methylthiophene) photoactive
polymer, Synth. Met. 82:215-220.

26. Teketel Yohannes and Ingands, O. (1998).
Photoelectrochemical studies of the junction
between  poly[3-(4-octylphenyl)thiophene]
and a redox polymer electrolyte. Sol. Energy
Mater. Sol. Cells 51:193-202.



