
energies

Article

Effect of Molybdenum Disulfide on the Performance of
Polyaniline Based Counter Electrode for Dye-Sensitized Solar
Cell Applications

Usman Ghafoor 1,* , Anas Bin Aqeel 2 , Uzair Khaleeq uz Zaman 2, Taiba Zahid 3, Muhammad Noman 4 and
Muhammad Shakeel Ahmad 5,*

����������
�������

Citation: Ghafoor, U.; Aqeel, A.B.;

Zaman, U.K.u.; Zahid, T.; Noman, M.;

Ahmad, M.S. Effect of Molybdenum

Disulfide on the Performance of

Polyaniline Based Counter Electrode

for Dye-Sensitized Solar Cell

Applications. Energies 2021, 14, 3786.

https://doi.org/10.3390/en14133786

Academic Editors: Jun-ichi Fujisawa,

Hassan Elahi and Paolo Gaudenzi

Received: 24 April 2021

Accepted: 14 June 2021

Published: 24 June 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

1 Department of Mechanical Engineering, Institute of Space Technology, Islamabad 44000, Pakistan
2 Department of Mechatronics Engineering, College of Electrical and Mechanical Engineering, National

University of Sciences and Technology, Islamabad 44000, Pakistan; anas.aqeel@ceme.nust.edu.pk (A.B.A.);
uzair.khaleeq@ceme.nust.edu.pk (U.K.u.Z.)

3 Department of Mechanical Engineering, Capital University of Science and Technology,
Islamabad 44000, Pakistan; taiba.zahid@cust.edu.pk

4 US—Pakistan Center for Advanced Studies in Energy, University of Engineering & Technology,
Peshawar 25000, Pakistan; muhammad.noman@uetpeshawar.edu.pk

5 Higher Institution Centre of Excellence (HICoE), UM Power Energy Dedicated Advanced
Centre (UMPEDAC), Level 4, Wisma R&D, University of Malaya, Jalan Pantai Baharu,
Kuala Lumpur 59990, Malaysia

* Correspondence: usmanghafoor99@gmail.com (U.G.); shakeelalpha@gmail.com (M.S.A.)

Abstract: Dye-sensitized solar cells are gaining interest in the aerospace industry, extending their
applications from solar-powered drones to origami-style space-based solar power stations due to their
flexibility, light weightiness, and transparency. The major issue with its widespread commercial use is
the employment of expensive Pt-based counter electrodes. In this study, an attempt has been made to
replace the Pt with Polyaniline (PANI)/Molybdenum sulfide (MoS2) nanocomposite. The nanocom-
posites i.e., PANI-0.5wt% MoS2, PANI-2wt%MoS2, PANI-5wt%MoS2, and PANI-7wt%MoS2and
PANI-9wt%MoS2, have been synthesized and compared with standard Pt-based CE. Scanning elec-
tron microscopy, transmission electron microscopy, and X-ray diffraction methods have been utilized
to study both surface morphology and structural composition. Fourier transform infrared has also
been used to identify redox-active functionalities. Electron impedance spectroscopy and cyclic
voltammetry have been employed to study electron transfer and catalytic activity. Finally, I-V testing
has been conducted using a sun simulator. A maximum efficiency of 8.12% has been observed with
7wt% MoS2 in the PANI matrix at 6 µm thickness, which is 2.65% higher compared to standard
Pt-based CE (7.91%). This is due to high electronic conduction with the addition of MoS2, improved
catalytic activity, and the high surface area of the PANI nano-rods.

Keywords: polyaniline; dye-sensitized solar cell; counter electrode; molybdenum disulfide; catalyst

1. Introduction

The technology of DSSC has attained immense attention in the scientific community
as a promising future photovoltaic due to its ease in fabrication, optimum efficiency, cost-
effectiveness, environment-friendly manufacturing, and optimum life span [1]. Effectively
extending its applications from portable electronic devices to building integrated systems,
solar-powered drone applications have a huge potential to be explored in the field of
space technology as flexible origami-style solar power stations and for easy lift-off, even in
confined areas of space crafts and rockets [2]. The DSSC device is essentially a sandwich
structure consisting of a semi-conductor light-harvesting layer (mostly TiO2), dye sensitizer,
electrolyte, and a catalyst layer (mostly Pt), sandwiched between two conducting substrates
(mostly FTO coated glass). In principle, the sunlight is absorbed by the dye sensitizer and
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becomes oxidized. The ejected electron is then picked by the semi-conductor layer and
transferred to the outer circuit through a conducting substrate. The oxidized dye takes an
electron from the electrolyte which has been further reduced by an incoming outer electron
with the help of a catalyst. This process of regeneration keeps occurring until the sunlight
is present [3–5].

The rare earth element Pt has proved to be the most effective and efficient catalyst for
DSSC, being coated on a counter electrode (in brief, a counter electrode is any conducting
substrate coated with a suitable catalyst). The counter electrode acts as a cathode, which is
responsible for accepting electrons from the outer circuit and regenerating electrolytes. The
limited availability and expensive nature of Pt limits the use of DSSC technology and is
probably one of the main hurdles in the commercialization of this technology [6,7]. Various
materials and their combinations have been tried to replace Pt with promising results.
In this regard, conducting polymers such as polyaniline, polypyrrole, poly(3,4-ethylene-
dioxythiophene, etc., have shown encouraging electronic and catalytic properties [8].

Among conducting polymers, PANI and its nanocomposites with various inorganic
materials such as Au [9], Al [10], and other transition metals [11] have been investigated
and the results have revealed comparable electronic and catalytic properties. Other advan-
tages include low-cost synthesis, low-temperature coating, and ease in availability of raw
materials. In one study, porous PANI nanotubes were investigated as a counter electrode.
The claimed efficiency of porous PANI as a counter electrode was 5.57% (at optimized
layer thickness), which is higher compared to standard reference Pt-based CE (5.20%) [12].
In another study, PANI was doped with reduced grapheme nano sheets with comparable
results [13]. In a recent study, a combination of polyacrylonitrile/polyaniline/tungsten
dioxide was investigated, which increased catalytic activity in the iodide/triiodide elec-
trolyte [14]. Recently, PANI was doped with molybdenum diselenide and its effects were
investigated as a counter electrode for DSSC. The remarkable overall conversion efficiency
of 8.04% and the high cathodic current density in the iodide/triiodide electrolyte has been
claimed to be 4.68% higher compared to the standard Pt-based CE [15].

Recently, a MoS2 transparent thin film has been deposited on FTO glass using both
one-step potentiostat and potential-reversal electrodeposition methods. This film has been
employed as a counter electrode for the bifacial DSSC device. The highest efficiency of 8.77%
has been claimed, which is close to the standard Pt-based CE [16]. Herein, we synthesized
PANI/MoS2 nanocomposites with varying MoS2 concentrations in order to investigate the
effect of MoS2 concentration in the PANI matrix. The oxidation polymerization method
has been employed in order to synthesize the PANI nano-rods. A simple solution mixing
method has been used to prepared nanocomposites and a heat-assisted drop-casting
method has been employed to fabricate CE specimens.

2. Experimental Investigation
2.1. Polyaniline Nano-Rods (PANI) Synthesis

Conducting polyaniline (emeraldine salt) was prepared using chemical oxidation
method mentioned in the literature [17]. Briefly, a certain amount of monomer of aniline
(0.0215 mol) was treated with a certain amount of HCl (30 mL) solution with a 1 molar aq
concentration. The ammonium peroxydisulfate (acting as an oxidant) was added to the
solution of aniline and HCl and stirred continuously below 5 ◦C using a magnetic stirrer
for 3 h. The solution was filtered and dried at 60 ◦C overnight. The dry greenish powder
was then stored in a refrigerator until further use.

2.2. Preparation of PANI-MoS2 Nanocomposite

The PANI and MoS2 nanocomposites were prepared using a simple chemical mixing
method. In brief, powder PANI was suspended in de-ionized water using ultrasonication
and stirred for 3 h at room temperature. A certain amount of HCl was added to the suspen-
sion followed by an introduction of MoS2 into the suspension with continuous stirring for
further 5 h. The mixture was centrifuged and washed using de-ionized water five times,
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followed by drying at 60 ◦C overnight. All of the samples with varying concentrations
were prepared using the same procedure.

2.3. Counter Electrode Fabrication

The CEs have been prepared using drop casting method. A stable ink was prepared
using a suitable solvent (toluene) and binder (polystyrene) in 70wt% and 3wt% concen-
trations with respect to the wt% of nanocomposite. To cast the ink, the fluorine doped tin
oxide (FTO) glass was washed properly using ethanol and masked with a 6µm high-density
polyethylene (HDPE) film with a 1 × 1 cm2 window. The masked FTO glass was placed
over the heating plate and the temperature was set to 60 ◦C prior to drop casting. The ink
was drop-casted slowly using a medical syringe and the temperature was raise to 90 ◦C
and maintained for 1 h after the casting. After that, the temperature was raised to 120 ◦C
and the samples were kept at the same temperature for 1 h for proper drying and crack-free
coating. All of the samples were prepared using the same method. For comparison, the Pt
coated FTO glass was prepared using Pt paste and annealed to 450 ◦C for 1 h.

2.4. DSSC Fabrication

To prepare an efficient DSSC device, great care was practiced for the fabrication of
a photoanode. A layered approach was used to fabricate high efficiency photoanode. In
brief, FTO glass was washed using ethanol and dried in oven. After that, the FTO glass
was immersed in TiCl4 solution and annealed at 400 ◦C for 30 min. The TiCl4 treated FTO
glass was coated with TiO2 (P25) paste and annealed at 450 ◦C for 1 h. The as0prepared
coated glass was again treated with TiCl4 solution and annealed for another 30 min at
400 ◦C. This procedure created a blocking layer that would minimize the recombination
reactions. The now prepared samples were again coated with TiO2 paste with coarse TiO2
particles and annealed at 450 ◦C for 1 h. This layer of coarse TiO2 particles would improve
the high scattering ability and improve the light harvesting capability of photoanode. The
samples were again treated with TiCl4 to create a blocking layer.

The prepared photoanodes were immersed in Ru(dcbpy)2(NCS)2 (dcbpy 1
4 2,2-bipyridyl-

4,4-dicarboxylato) dye solution (535-bisTBA (N719), Solaronix) with acetonitrile overnight
and rinsed with DI water. The prepared counter electrode was placed over the dye
impregnated photoanode and sealed by heating after placing a hot melt film between them.
Electrolyte Z-150 was filled using a medical syringe and sealed using hot glue. It is worth
mentioning here that five specimens for each DSSC device were prepared and testing using
the same conditions. The mean value for Voc, Isc and the efficiency has been presented
through the manuscript.

2.5. Characterization

The morphological and phase identification (composition) analysis was performed
using scanning electron microscopy (SEM) and X-ray diffraction (XRD). A Fourier trans-
formed infrared (FTIR) study has also been conducted to examine the chemical groups
and nature of the bonds. For the electrochemical studies, cyclic voltametery (CV) and
electrochemical impedance spectroscopy were conducted. The CV was conducted in a
three-electrode setup where the counter electrode was Pt wire, the reference electrode was
Ag/AgCl, and the as-prepared electrodes were used as working electrodes. The range of
electrical potential was set from −1.0 to 1.0 V with an optimized scan rate of 20 mVs−1.
The frequency range of 0.1–1 MHz was used for the EIS studies. The I-V characteristics, Voc
and Isc, have been measured using a solar simulator at a 1000 W/m2 irradiation level.

3. Results and Discussion

Figure 1a,b illustrates the SEM images of the as-synthesized PANI nano-rods and
as-received MoS2 nanoparticles. A solid rod-like morphology of the PANI is evident from
Figure 1a, along with a rough surface. The approximate diameter of the PANI nano-rod
ranged between 50 and 90 nm. The length ranged from between 500 nm to more than 2 µm.
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On the other hand, the SEM image of the raw MoS2 shows irregular sheet-like morphology
along with smooth surfaces. The MoS2 sheets size ranged between 200 and 800 nm and the
thickness of MoS2 sheets ranged between 20 and 50 nm.
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Figure 1. SEM micrographs of (a) as-synthesized PANI nano-rods and (b) as-received MoS2nanosheets.

Figure 2a,b shows the SEM and TEM images of the highest performing nanocomposite
(i.e., PANI/7wt%MoS2). Figure 2a shows homogenous mixing of two phases while TEM
was conducted in order to examine the internal structure of the nanocomposite. No contrast
through the thickness was observed for PANI, which suggests a solid rod-like internal
structure. The XRD pattern of PANI/7wt% MoS2 is shown in Figure 2c. The peaks at close
to 25 2-theta values represent the PANI phase. On the other hand, the 2 theta peaks at 30,
45, and 60 represent the MoS2 phase. Note that the XRD of the best performing specimen
has been presented here. The XRD patterns of bare PANI, PANI—0.5wt%MoS2, PANI—
2wt%MoS2, PANI—5wt%MoS2, and PANI—9wt%MoS2 are presented in Figures S1–S5,
respectively, and in the Supplementary Materials. The FTIR (Figure S6) was conducted
in the range of 500–4500 cm−1. The convoluted set of peaks between 1000 and 1500 cm−1

shows a mix of stretching and bending modes of C-C, C-O, and C-H functionalities. The
result most interesting to the present study is the presence of redox-active functionalities,
such as unsaturated ketones or quinone-like moieties (1600–1700 cm−1), that can participate
in redox cycling [18].

Figure 3 shows the current voltage curves of specimens under investigation. The
detailed summary of parameters has been presented in Table 1. It was observed that
with the incorporation of MoS2nanosheets in the PANI matrix of CE, the overall photo-
conversion efficiency increased. The PANI/2wt% MoS2 CE-based DSSC device exhibited a
conversion efficiency of 7.73% along with values of Voc and Isc as 0.61V and 15.36 mA/cm2,
respectively, which is 3.62% higher compared to bare PANI CE based DSSC. The addition
of 5wt% MoS2 in PANI led to a further increase in efficiency (by 7.98%). The best perfor-
mance was achieved at 7wt% MoS2. The PANI/7wt% MoS2 CE-based DSSC exhibited
a remarkable 8.12% conversion efficiency along with values of Voc and Isc as 0.62 V and
17.24 mA/cm2. This efficiency is 8.84% higher compared to the bare PANI CE-based DSSC
and 2.65% higher compared to the Pt CE-based reference DSSC. A further increase in the
concentration of MoS2 in PANI led to a reduction in overall efficiency. This may be due to
an increase in defects and electron trapping sites.
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To understand the increasing trend in conversion efficiency with the addition of MoS2
in PANI, a CV of all the nanocomposites was performed, along with the bare PANI and
Pt for comparison purposes. Figure 4 shows the cyclic voltammograms of the specimens
under investigation. Iodolyte Z-150 (0.01 M concentration in acetonitrile) electrolyte was
used for the CV. Redox peaks for each curve can be observed in Figure 3, suggesting
a reduction of I−3 to I− (left side) and oxidation of I− to I−3 (right side). The equation
presented in Figure 3 represents a reduction reaction. It is well known that the performance
of DSSC is directly related to the electrocatalytic activity of catalysts towards the reduction
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of I−3 . High cathodic current density suggests faster kinetics of the electrocatalytic process
of electrodes [19]. An increase in redox peaks was observed with the introduction of
MoS2 in PANI, suggesting an increase in the catalytic activity of the PANI matrix with the
addition of MoS2. A further increase in the concentration of MoS2 led to an increase in
redox peaks. The PANI/7wt% MoS2 nanocomposite exhibited the highest redox peaks,
outperforming the bare PANI and Pt references. The CV results correspond with the I-V
curves and overall efficiency, which are in agreement with each other. It can be said with
confidence that the increase in overall conversion efficiency was due to an increase in the
catalytic activity of PANI/MoS2 nanocomposite which led to an increase in the current
density of the DSSC device.

Table 1. A detailed summary of I-V parameters.

Sr. No. Specimen ID Voc (V) Isc (mA/cm2) FF (%) EFF (%)

1 PANI CE based DSSE 0.61 14.49 71 7.46
2 PANI—2wt% MoS2 CE based DSSC 0.61 15.36 72 7.73
3 PANI—5wt% MoS2 CE based DSSC 0.62 16.08 71 7.98
4 PANI—7wt% MoS2 CE based DSSC 0.62 17.24 73 8.12
5 PANI—9wt% MoS2 CE based DSSC 0.61 16.37 72 7.87
6 Pt reference 0.62 16.68 74 7.91
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To further study the electron kinetics and their effect on the overall charge transfer
resistance, an EIS was performed. Figure 5 shows the EIS pattern of specimens under
investigation. Three semi-circles are evident for each specimen from high frequency to
low frequency. The first semi-circle at high frequency represents the charge transfer prop-
erties (Faraday’s redox reaction resistance) at the counter electrode (catalyst/electrolyte
interface) which is the main focus of the present study. The second semi-circle repre-
sents electron kinetics at the interfaces present at photoanode (i.e., the nano-architecture
(TiO2)/dye/electrolyte interface). The third semi-circle belongs to the Warburg diffusion
process of iodide ions in the electrolyte. The graph has been adjusted on ZVIEW software
and drawn against an imaginary axis. The equivalent circuit is shown in Figure 5. The onset
point of the first semicircle at the high-frequency range represents the series resistance
(Rs) and its radius refers to the charge transfer resistance (Rct) which corresponds to the
catalytic process at the film/electrolyte interface. A negative shift in Rs and Rct values has
been observed that, with the addition of the MoS2 nano-sheets in PANI, imply a reduction
of the overall charge transfer resistance. The lowest Rs and Rct values have been displayed
by the PANI/7wt% MoS2 nanocomposite, outperforming the reference Pt CE. A further
increase in the concentration of MoS2 led to an increase in the charge transfer resistance,
which can be co-related with the CV and I-V results.
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The increase in resistance led to a reduction in current density, which affected the
overall conversion efficiency. The EIS results are in agreement with the CV and I-V results
presented in Figures 3 and 4. The best performance exhibited by PANI/7wt% MoS2 CE-
based DSSC was due to high catalytic activity, optimum available catalytic cites, and high
electron transfer ability, which led to an increase in the current density of the DSSC device.

4. Conclusions

The high achievable module flexibility, low cost, lightweight nature, and ability
of DSSC to harvest indoor light make it a potential candidate to be used in aerospace
technologies such as electrically operated solar-powered drones, lightweight portable
structures (such as origami-style space solar power stations), and the powering of high-
altitude blimps. In this study, the effect of MoS2 on the catalytic and charge transfer ability
of PANI-based CE has been investigated. SEM and XRD methods have been utilized
to study both surface morphology and structural composition. EIS and CV have been
employed to study the electron transfer and catalytic activity, respectively. Finally, I-V
testing has been conducted using a sun simulator. A maximum efficiency of 8.12% was
observed with 7wt% MoS2 in the PANI matrix at a 6µm thickness, which is 2.65% higher
compared to the standard Pt-based CE (7.91%). This is due to high electronic conduction
with the addition of MoS2, improved catalytic activity, and the high surface area PANI. The
proposed CE material has the potential to replace Pt-based CEs due to its cost-effectiveness,
chemical inertness, and ease in fabrication.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/en14133786/s1, Figure S1. Bare PANI coated on glass substrate, Figure S2. PANI—0.5wt%
MoS2 coated on glass substrate, Figure S3. PANI—2wt% MoS2 coated on glass substrate, Figure
S4. PANI—7wt% MoS2 coated on glass substrate, Figure S5. PANI—9wt% MoS2 coated on glass
substrate, Figure S6. FTIR spectra of pure PANI and PANI/7wt% MoS2 composite.
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