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Thiswork presented the successful fabrication of dye-sensitized solar cell using polyaniline base (EB),multiwalled carbonnanotubes
(MWCNTs), organic dye (rhodamine B or riboflavin), zinc oxide (ZnO), and indium tin oxide (ITO). The electrical properties of
the resultant devices were investigated by measuring the current density voltage (J-V), capacitance voltage (C-V), and impedance
measurements under both dark and illuminated conditions. The photovoltaic cell characteristics, that is, open circuit voltage (𝑉oc),
short circuit current density (𝐽sc), and energy conversion efficiency (𝜂), were evaluated under illumination and were found to be
0.48mA/cm2, 400mV, and 0.224%, respectively, for ITO/EB-MWCNTs/ZnO-rhodamine B/ITO heterostructure. Using impedance
spectra, it was found that the series resistances of this type of solar cell are 62 and 60Ω under darkness and illumination, respectively.

1. Introduction

Conjugated polymers such as polyaniline (PANI) were used
in organic solar cells due to their excellent electrochemical
optical properties and environmental stability. Unlike all
other conducting polymers, the conductivity of PANI can
be tuned by varying the degree of oxidation and the degree
of protonation [1]. Also, by incorporating other additives to
a PANI layer, its electrical conductivity can be improved.
Carbon nanotubes (CNTs) have shown significant potential;
they can be used in a wide variety of applications on the basis
of their remarkable mechanical and electronic properties
[2–6]. CNTs have highly 𝜋-conjunctive and hydrophobic
sidewalls consisting of sp2 carbons [7], which enable them
to be incorporated into organic solar cells. Recently, there
has been a large interest in incorporating carbon nanotubes
(CNTs) into organic solar cells because of their unique
electrical properties of CNTs. For example, CNTs were used
as electron acceptors in the photoactive layer of the solar cells
[8]. Also, CNTs were used as transparent anodes in order

to replace the prevailing and widely used indium tin oxide
(ITO).

DSSC with structure of PANI/MWCNT composite films
with different MWNT concentrations and TiO

2
nanocrystals

showed a conversion efficiency of 6% [9]. PANI/graphene
counter electrode (CE) prepared by in situ polymerization of
aniline monomer in graphene dispersion for a DSSC showed
a conversion efficiency of 6.09% comparable to that of a cell
with a Pt CE [10]. The DSSCs assembled with the prepared
pulsed PANI CE exhibited an enhanced photovoltaic conver-
sion efficiency of 5.19% [11]. The DSSCs assembled with the
pulsed PANI/multiwalled carbon nanotubes (MWCNT) CE
exhibited the superior photovoltaic conversion efficiency of
6.24% (compared to 5.18% for DSSCs with PANI CE or 6.05%
for DSSCs with Pt CE) [12].

A dye-sensitized solar cell based on polyaniline base (EB),
single-walled carbon nanotubes, organic dyes (rhodamine B
and/or riboflavin), zinc oxide (ZnO), and indium tin oxide
(ITO) was successfully fabricated in our previous work [13].
The photovoltaic cell parameters, that is, open circuit voltage
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(𝑉oc), short circuit current density (𝐽sc), and energy conver-
sion efficiency (𝜂), were evaluated under illumination (0.09
W/cm2) and are found to be 0.777V, 0.484mA/cm2, and
0.462%, respectively for ITO/EB-SWCNTs/ZnO-rhodamine
B/ITO structure. The sensitization of ZnO using a mixture
of rhodamine B and riboflavin dyes doubled the values of
both 𝐽sc and 𝜂 [13]. The aim of this work is to fabricate
dye-sensitized solar cell based on EB, multiwalled carbon
nanotube (MWCNT), rhodamine B and riboflavin dyes, and
ZnO components. The current voltage, capacitance voltage,
and impedance measurements were measured under both
darkness and illumination to evaluate and compare the
electronic parameters of this type of solar cells.

2. Experimental Work

2.1. Preparation of EB. Aniline (0.2M) was added to 0.2M
hydrochloric acid and mixed with 0.25M ammonium per-
oxydisulfate. The EB precipitate was collected on a filter
and washed with three 100mL portions of 0.2MHCl and
with acetone. Polyaniline (emeraldine) hydrochloride pow-
der was air-dried and then dried in a vacuum at 60∘C.
Additional polymerizations were carried out in an ice bath
at 0∘C. Ammonia solution (3%) was added to the polyaniline
hydrochloride for 2 hours with continuous stirring to obtain
the polyaniline base (EB). The deprotonated polyaniline was
then separated, washed, and dried.

2.2. Preparation of ZnO Nanoparticles. The ZnO NPs pow-
der was prepared as follows: 100mL of a methanol-based,
0.1MNaOH solution was first heated to 65∘C and 2.19 g of
zinc acetate dihydrate was then added under constant stirring
until a transparent solution formed. 50mL of distilled water
was then added to precipitate the ZnO NPs powder. The
resulting powder was washed with distilled water then dried
in an oven at 150∘C for 12 h [14].

2.3. Preparation of MWCNTs. The MWCNTs used in this
study were fabricated by the catalytic decomposition of
methane on iron-based catalysts [15]. The reaction took
place in a quartz tube. Under an argon flow, the furnace
was heated to the reaction temperature of 950∘C. In the
step of catalyst reduction (10min), argon was replaced by
hydrogen (1000 cm3min−1). In the growth process, methane
replaced the hydrogen flow.The reactor was then cooled to an
ambient temperature under argon flow. The MWCNTs were
purified by refluxing theMWCNTs in 2.0Mnitric acid for 5 h,
followed by centrifugation, filtration, and drying in a 100∘C
vacuum.

2.4. Fabrication of Dye-Sensitized Solar Cell Based on EB and
MWCNT. The colloidal solution of ZnO in small amount of
deionized water was coated onto ITO using manual appli-
cator with controlled thickness to be 30𝜇m. The ITO glass
substrate was covered on two parallel edges with adhesive
tape to provide noncoated areas for electrical contact. The
ZnO electrode was sintered for 30min at 250∘C in air. EB
(20mg) was dissolved in 10mL DMF and MWCNTs (10mg)

Glass substrate

ITO
EB/MWCNTs

ZnO with or without dye
ITO

Glass substrate

ElectrolyteComputerized
Keithley 2635A

Scheme 1: Schematic diagram of the fabricated dye-sensitized solar
cell based on EB-MWCNTs composite counter electrode.

was also added to EB solution and a sonication for the
mixed solution for 30min was carried out. EB withMWCNT
solution was cast onto ITO with 10 𝜇m and dried at 60∘C
for 30min. The fabrication of dye-sensitized solar cell was
fabricated by sandwiching the sensitized ZnO photoanode
with ITO/EB-MWCNT CE using paper clips without an
additional pressure.The potassium iodide (0.5M) and iodine
(0.05M) as an electrolyte solution in ethanol was inserted
between the two electrodes.The riboflavin and/or rhodamine
B dyes (0.05M) in 20% (v/v) acetonitrile inwater and ethanol,
respectively, were used to sensitize the ZnO electrode. The
fabricated design of the dye-sensitized solar cell fabricated
based on EB-MWCNTs composite, ZnO, and dye and ITO
is shown in Scheme 1.

2.5. Characterization and Measurement Techniques. UV-
visible spectra for EB, riboflavin or rodamine B dyes dissolved
in DMF, water/acetonitrile, and methanol, respectively, were
obtained using a Thermo Evolution 600 UV-visible spec-
trophotometer. Current voltage characteristics were mea-
sured both in the darkness and under illumination using
a computerized Keithley 2635A system source meter. The
level of illumination provided was calibrated using a Solarex
standard solar cell. The Mott-Schottky plots under dark-
ness and illumination were measured using a Gamry G750
potentiostat/galvanostat with pilot integration operatingwith
EIS300 software at 100Hz and room temperature. Impedance
measurements under darkness and different illumination at
zero bias were mainly performed in a frequency range of
0.1 Hz to 0.30MHz. The amplitude of the sinusoidal 10mV
voltage signal was used.

3. Results and Discussion

3.1. UV-Visible Spectra. The UV-visible spectra of EB,
riboflavin or rhodamine B dyes dissolved in DMF, acetoni-
trile/water, and ethanol, respectively, are shown in Figure 1.
The EB shows absorption peaks near 600 nm, which are due
to electronic excitation from the highest occupied molecular
orbital (HOMO,𝜋

𝑏
) of benzoid part to the lowest unoccupied

molecular orbital (LUMO, 𝜋
𝑞
) of quinoid ring. Peaks at

350 nm (3.788 eV) for EB are attributed to two different
transitions: the𝜋 → 𝜋∗ transition and a transition from low-
lying orbitals to the 𝜋

𝑞
orbital [16]. The shoulder observed

at 420 nm for EB may be attributed to the formation of
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Figure 1: UV-visible spectra of EB, riboflavin, and rodamine B dyes.
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Figure 2: 𝐽-𝑉 curves of ITO/EB-MWCNT/ZnO-riboflavin/ITO
structure under darkness and illumination and with and without
electrolytes.

delocalized polarons. It is indicated that the presence of a low
doping level for EB during the spinning process may be a
result of atmospheric oxygen [17]. A conventional riboflavin
is known to have two characteristic absorption bands at ca.
370 and 444 nm for its oxidized form in the visible range
[18]. Rhodamine B shows the main characteristic electronic
absorption band at 540 nm in the visible region assigned to
𝑛-𝜋∗ transition.

3.2. 𝐽-𝑉 Characteristics. Figure 2 shows the effect of sensiti-
zation of ZnO with riboflavin dye on the 𝐽-𝑉 characteristic
curves in darkness and illumination and with and with-
out electrolyte. The structure of ITO/EB-MWCNT/ZnO-
riboflavin/ITO has high 𝑉oc (0.8), low 𝐽sc (0.131mA/cm2),
and an 𝜂 of (0.137). The electrolyte enhances the photovoltaic
parameters because it can act as electron mediator between
photoelectrode and CE. Due to the internal electric field,
the excited electrons can then transfer to the other side
of the cell via the external circuit giving output current.
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Figure 3: 𝐽-𝑉 characteristics curves of ITO/EB-MWCNT/ZnO-
rhodamine B/ITO structure in darkness and illumination and with
and without electrolytes.

However, the small value of efficiency 𝜂 may be due to low
absorbance intensity of riboflavin. 𝑉oc value depends on the
difference between the Fermi level of the electron in ZnO
and the cathodic potential of the redox couples on the CEs.
Due to the high electrochemical activities of the CE based
on EB/MWCNTs CE, it possesses relatively high 𝑉oc values
(∼0.80V), comparable to that of the Pt CE (0.74V) [11, 12].
The performance of this DSSC is lower than that obtained
previously using of CE with EB-SWCNTS [13].

Figure 3 investigates the effect of sensitization of ZnO
with rhodamine B dye on the 𝐽-𝑉 characteristic curves in
darkness and illumination and with and without electrolytes.
For this dye-sensitized solar cell structure of ITO/EB-
MWCNTs/ZnO-rhodamine, B/ITO has a 𝑉oc, 𝐽sc, and 𝜂
equal to 0.4V, 0.48mA/cm2, and 0.224, respectively. This
enhancement in performance is due to the sensitization effect
of rhodamine B dye for ZnO. It was known that the role of EB
can be used as a hole transport material [16]. MWCNTs also
can be used as a hole collection. In addition, MWCNTs offer
extremely high surface areas and a tremendous opportunity
for exciton dissociation. Durrant et al. compared the elec-
tron injection and charge recombination of ruthenium and
tetrakis (4-carboxyphenyl)porphyrins on TiO

2
. They stated

that the high efficiency reported for ruthenium dye probably
originates from differences in the rate of electron transfer
to the dye cation from the electrolyte. They also estimated
that the lower efficiency of porphyrin sensitizers results from
the increased probability of exciton annihilation from close
porphyrin proximity [19]. Dissociation of exciton to electron
and hole often occurs at the interface between materials
of high electron affinity and low ionization potential. It is
known that CNTs can act as electron transport materials
[20]. The possibility of enhancing exciton dissociation and
electron transport through the percolating carbon nanotubes
to the negative electrode has been shown by Kymakis and
Amaratunga [21].

Schematic energy diagram of this type of DSSC is shown
in Scheme 2.The following primary steps convert photons to
current [22].
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Scheme 2: Photocurrent mechanism of ITO/EB-MWCNTs/ZnO-
riboflavin/ITO.

(1) Riboflavin dye adsorbed on the ZnO surface absorbs
incident photon flux.

(2) The excited electrons from excited dye are injected
into the conduction band of the ZnO electrode,
resulting in the oxidation of dye.

(3) Injected electrons in the conduction band of ZnO
are transported between ZnO nanoparticles with
diffusion toward the back contact and consequently
reach the counter electrode through the external load
and wiring.

(4) The oxidized dye accepts electrons from the I− ion
redox mediator, regenerating the ground state, and I−
is oxidized to the oxidized state, I

3

−.
(5) The oxidized redox mediator, I

3

−, diffuses toward the
counter electrode and is re-reduced to I− ions. Further
investigations will be carried out to study the main
factors that contribute to improving the performance
of this type of DSSC.

3.3. 𝐶-𝑉 Characteristics. Figure 4 illustrates Mott-Schottky
plots for of ITO/EB-MWCNT/ZnO-riboflavin/ITO struc-
ture under darkness and illumination with electrolytes. The
reverse bias capacitance measurements are made at high
frequency (100Hz) such that the interface states are unable
to respond to the ac signal. It is noted that 1/𝐶2 versus𝑉 plots
decrease in the negative bias region whereas in the positive
bias region, the capacitance becomes steadily constant. This
linear relationship between 1/𝐶2 and reverse voltage indicates
the formation of heterojunction [23]. The capacitance (𝐶) of
this type of DSSC in the ideal case can be expressed as [24, 25]

1

𝐶2
=
2 [𝑉
𝑑
+ 𝑉]

𝑞𝜀
𝑜
𝜀
𝑠
𝑁𝑆
, (1)

where 𝑉 is the applied potential, 𝑆 is the active device area,
𝑁 is the carrier concentration, 𝑉

𝑑
is the diffusion potential,

𝜀
𝑜
is the permittivity of vacuum, and 𝜀

𝑠
is the relative

dielectric constant of EB. According to simple theory, the
capacitance for low reverse bias voltages is dominated by
the depletion region of the semiconductor and the (1/𝐶2-𝑉)
graph should give a straight line. The change in slope in
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Figure 4: 𝐶-𝑉 curves of ITO/EB-MWCNT/ZnO-riboflavin/ITO
structure under darkness and illumination.

the plots of near zero bias could be interpreted as a change
in the spatial distribution of the acceptor ions. The non-
linearities express either an excess capacitance or inductive
reactance. The carrier concentrations can be determined
from the slope of 𝐶−2 versus 𝑉 plots. It is found that the
orders of carrier concentrations of ITO/EB-MWCNT/ZnO-
riboflavin/ITO under darkness and illumination are 1 × 1012
and 5 × 1012/cm3, respectively. These low concentrations of
charge carriers explain the low value of 𝐽sc and efficiency
of the heterojunctions. It is apparent that the capacitance of
a junction generally increases with illumination. Thus, this
is a consequence of reduced depletion width and built-in
potentials, or diffusion potentials, under light [26].

Figure 5 shows Mott-Schottky plots for of ITO/EB-
MWCNT/ZnO-rhodamine B/ITO structure under darkness
and illumination with electrolytes.The appearance of a linear
region in the forward bias is due to the reverse roles in
the polarity between the EB-MWCNT electrode and ZnO-
rhodamine B. Further studies will be carried out to under-
stand this new phenomenon. It is found that the order of
carrier concentration of this structure is 1015/cm3.This higher
concentration of charge carrier explains the improvement in
the value of 𝐽sc and efficiency of this heterojunction.

3.4. Impedance Spectroscopy. The impedance analysis
method enables the reliable determination of series
resistance, shunt resistance, saturation current, and built-in
potential of nonideal semiconductor p-n junctions [16, 27–
29]. Impedance spectroscopy is a technique for electrical
characterization bymeasuring the response ofmaterials to an
applied ac signal. According to this technique, the complex
impedance of the test sample 𝑍, which is expressed as
𝑍 = 𝑍


−𝑗𝑍
, where𝑍 is the real part and𝑍 the imaginary

part, is measured directly in the frequency domain. The
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Figure 5:𝐶-𝑉 curves of ITO/EB-MWCNT/ZnO-rhodamine B/ITO
structure under darkness and illumination.
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Figure 6: Nyquist curves of ITO/EB-MWCNT/ZnO-riboflavin/
ITO structure in darkness and illumination.

Nequist impedance spectra of ITO/EB-MWCNT/ZnO-
riboflavin/ITO and ITO/EB-MWCNTs/ZnO-rhodamine
B/ITO structures under darkness and illumination with
electrolytes (shown in Figures 6 and 7) at 0.0 V are nearly
a semicircle, indicating the predominance of a single time
constant. The shunt resistances of ITO/EB-MWCNT/ZnO-
riboflavin/ITO are in the order of 60 and 40 kΩ under
darkness and illumination, respectively, which indicate that
the efficiency of this type of solar cell is limited by a small
value of the shunt resistance. The shunt resistance signifi-
cantly decreases by increasing the illumination intensity.This
can be explained by the presence of the leakage paths, which
are physically due to generation-recombination currents
within the depletion region [29]. In addition, the high series
resistances of thisDSSCare 332 and 291Ωunder darkness and
illumination, respectively. The shunt resistances of ITO/EB-
MWCNT/ZnO-rhodamine B/ITO are in the order of 100
and 20 kΩ under darkness and illumination, respectively. In
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Figure 7: Nyquist curves of ITO/EB-MWCNT/ZnO-rhodamine
B/ITO structure in darkness and illumination.

addition, the series resistances of this DSSC are 62 and 60Ω
under darkness and illumination, respectively.

4. Conclusion

In this study, it was found that a dye-sensitized solar cell
based on the composites of EB-MWCNTs andZnO sensitized
with rhodamine B had a higher performance than riboflavin.
The highest photovoltaic cell characteristics, that is, 𝑉oc, 𝐽sc,
and 𝜂, were found to be 0.48mA/cm2, 400mV, and 0.224%,
respectively, for ITO/EB-MWCNTs/ZnO-rhodamine B/ITO
heterostructure. Using impedance spectra, it was found that
the series resistances of this type of solar cell are 62 and 60Ω
under darkness and illumination, respectively. On the other
hand, the high series resistances of ITO/EB-MWCNT/ZnO-
riboflavin/ITO DSSC are 332 and 291Ω under darkness and
illumination, respectively.
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