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a b s t r a c t

Platinum-free counter electrodes are crucial for developing cost effective solar energy harvesting tech-
nology. We describe here the fabrication of efficient platinum free FTO counter electrodes for dye
sensitized solar cells based on pristine polyaniline, polyaniline doped with sulfuric acid, ammonuim
lauryl sulfate, as well as binary doped with sulfuric acid and ammonium lauryl sulphate. The charac-
teristics of these counter electrodes were analyzed using cyclic voltammetry, photocurrent density
evoltage and electrochemical impedance spectroscopy measurements. At optimized fabrication condi-
tions, the counter electrode shows significantly high photoelectric conversion efficiency of 4.54%
compared to 4.03% for reference platinum counter electrode. Charge transfer resistance at the interface
between electrolyte and counter-electrode is also decreased for the optimized polyaniline based counter
electrode. Furthermore, the device presented characteristics of multiple start/stop ability and fast ac-
tivity. The simple preparation procedure, low cost and improved photoelectric properties permit fabri-
cated counter electrode to be a reliable alternative for dye sensitized solar cells.
© 2019 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).
1: Introduction

Environmental pollution and increasing energy demands have
incited research on clean and renewable energy sources. One of the
most profitable renewable energy is solar energy because it is
inexhaustible, and is environment friendly. In 1991 Gratzel devel-
oped a highly efficient Dye Sensitized Solar Cell (DSSC) encouraging
a drift of research related to DSSCs [1,2] This was considered as a
technically and economically credible alternative to traditional
silicon solar cells owing to the low material cost, easy and inex-
pensive fabrication methods and competitive light to current con-
version efficiencies [3,4].

A standard DSSC is fabricated by utilizing three major compo-
nents: a porous film of TiO2 sensitized by dye as an anode, an
electrolyte solution containing iodide redox system between the
electrodes, and platinized fluorinated tin oxide (FTO) glass
e of Energy and Process Sys-
nschweig, Germany.
, dresalmabilal@gmail.com

r Ltd. This is an open access article
substrate as a counter electrode (CE). CE is a significant constituent
of DSSC and is responsible to provide electrons for the I�/I3� redox
couple in the electrolyte [5]. Normally platinum loaded FTO is
utilized as a CE inferable from its higher electro catalytic activity for
I3�to I�redox couple. However, Pt metal is undoubtedly expensive
and its cost as a CE is over 40% of the whole DSSC [6]. Moreover, Pt
requires high energy for preparation and is susceptible to corrosion
by tri iodide electrolyte. These defects directly make Pt unfavorable
for durable stability and practical manufacture of DSSCs. Subse-
quently, the substitution of Pt by an alternative material remains a
serious matter in DSSCs development [7]. Considering these de-
fects, it is essential to substitute easily fabricated, stable and cost
effective platinum free counter electrodes in DSSCs. Several mate-
rials such as derivatives of carbon (graphene based carbon [8],
carbon nanotubes [9], carbon nanofibers [10], etc.), metal alloys
[11], transition metal compounds [12,13] and intrinsically conduc-
tive polymers (ICPs) [1,6] have been investigated for the replace-
ment of Pt. However, various draw backs such as low stability, low
catalytic activity and low efficiency, have been reported among
most of these candidates. However, conductive polymers in DSSCs
are more desirable as CE catalysts due to their facile synthesis,
porous structure, electrical conductivity, low cost, abundance, and
under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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Table 1
Pani samples and their codes.

Samples Name Code

Pristine Pani PeN
H2SO4 doped Pani PeH2SO4

ALS doped Pani P-ALS
ALS e H2SO4 doped Pani P-Mix
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favorable catalytic properties [14]. The most adopted conductive
polymers as counter electrode for DSSCs include Polypyrrole (PPy),
Poly (3,4-ethylenedioxy-thiophene) (PEDOT), and Polyaniline
(Pani). They have attracted much interest as alternative CEs in
DSSCs due to the ambient temperatures used in their synthesis as
well as conducting nature and facile deposition methods [15]. As
PPy has the problem of low stability and PEDOT is costly, Pani can
be considered as an encouraging state-of-the-art-material to
replace Pt CE in a DSSC due to its superior electro catalytic activity,
stability and availability of various simple and cost effective routes
for its synthesis [1].

The synthesis routes may include enzymatic, electrochemical,
template and chemical oxidative methods [1,16,17]. Pani prepared
by an efficient and versatile in situ chemical oxidative polymeri-
zation method is proven to be effective method for its utilization in
sensors [18], supercapacitors [19] and DSSC [20].

Various studies have been reported for the preparation of Pani
films through both chemical and electrochemical methods and to
assess the capability of Pani as a CE for solar cell applications
[1,6,21]. However, the performance of DSSC using these Pani CEs is
still low as compared with that of Pt CE [14]. Therefore, a further
improvement of its electro catalytic performance and efficiency is a
requisite.

Pani is distinctive in that its metallic states can be reversibly
controlled through charge-transfer doping and protonation. Its
electrochemical properties can readily be tuned by controlled
doping. The incorporation of a dopant in synthetic mixture can
significantly alter the electrical andmorphological properties of the
synthesized polymers [22e24].

A CE with high electrocatalytic activity, electric conductivity and
fine transparency in visible and near-infrared region, low band gap,
high thermal and chemical stability and processability can over-
come the issue of high charge transfer resistance (Rct) which is an
important factor to improve the performance of DSSCs [25].
Therefore, it is crucial to improve the electro chemical and optical
properties of Pani CE such as desirable band gap processability,
electric conductivity and elecrocatalytic activity [26,27]. In order to
improve the above mentioned properties, some effective ap-
proaches have been implemented by adding different organic and
inorganic dopants into Pani matrix such as sodium fluoroacetate
[28], camphor sulfonic acid (CSA) [29], sulphuric acid (H2SO4) [6]
and sodium dodecyl sulfate [21].

It has been recognized that organic dopants may increase the
stability and processability of Pani. While inorganic acids are re-
ported to decrease the band gap. As a result the conductivity of Pani
is increased through creation of various degrees of charge delo-
calization on the polymer backbone [30]. Yin Qiu fabricated Pani
CEs for DSSCs in the presence of sodium dodecyl sulfate with
improved conductivity and electrocatalytic activity, resulting in an
enhanced efficiency [21]. Wang et al. studied the effect of sulphuric
acid on the properties of Pani CE. They found great influence of
dopant on the performance of resultant DSSCs [6].

Herein, we have adopted a strategy to binary doped Pani with
H2SO4 and ammonium lauryl sulfate (ALS) with the aim to develop
efficient and cost effective materials. ALS was used as a novel
dopant. The synthesis of binary doped Pani (P-Mix) was carried out
via chemical oxidation polymerization and its photocatalytic
properties were analyzed and utilized for efficient Pt-free CE in
DSSCs. In addition, the effect of H2SO4 and ALS on electrocatalytic
activity, photovoltaic performance as well as charge transport
properties was investigated. Furthermore, performance of the
DSSCs based on P-Mix was compared with those based on Pt CE,
Pristine Pani (PeN), ALS doped Pani (P-ALS) CE and H2SO4 doped
Pani (PeH2SO4) CE. So far no work is reported about the Pani CEs
prepared with such surfactant/dopant combination for DSSCs
application.
2: Experimental

2. 1: Materials

Aniline (ANI), Ammonium Lauryl Sulphate (ALS), Dimethyl
formamide (DMF), N-Methyl-2-pyrrolidone (NMP), Dimethyl sulf-
oxide (DMSO) were obtained from Acros. ANI was distilled prior to
use and stored in the refrigerator. Chloroform was purchased from
Scharlau chemicals. Ammonium per Sulphate (APS) was provided
by Merck and Sulphuric acid (H2SO4) from Sigma Aldrich.

Anhydrous lithium iodide (LiI), Iodine (I2), 3-
methoxypropionitrile (MPN), 4-tert-butylpyridine (TBP), deoxy-
cholic acid (DCA) and 1,2-dimethyl-3-propylimidazolium iodide
(DMPImI), were obtained from Aldrich. TiO2 (20 nm), Fluorine-
doped Tin Oxide (FTO) glass (13U/sq), 25 mm of surlyn and Rho-
thenium Dye D179 (Di-tetrabutylammonium cis-
bis(isothiocyanato) bis(2,2-bipyridyl-4,4-dicarboxylato)ruth-
enium(II)) were obtained from Solaronix.
2. 2: Synthesis of binary doped pani

The chemical polymerization of binary doped Pani was carried
out by adding 0.0098mol of aniline to 0.62mol of chloroform in a
round bottom flask under constant stirring at room temp following
by the addition of 0.008mol of ALS. After this, 0.0012mol of H2SO4

and APS solutions, dissolved in 100ml water, were dropwise added
in the above mixture, respectively. The mixture turned green with
time showing formation of Pani. After 24 h the reaction was
stopped, Pani was separated from this mixture through a separa-
tory funnel and washed copiously with distilled water and acetone.
The obtained Pani powder was dried in vacuum.
2. 3: Synthesis of H2SO4 doped pani, ALS doped pani and Pristine
Pani

For comparative purpose, Pani doped alone with H2SO4 or ALS
and Pristine Pani without ALS and H2SO4, were synthesized under
the same conditions as mentioned above.

These polymers along with their codes are shown in Table 1.
2. 4: Fabrication of pani based counter electrodes (CEs)

In a series of experiments, PeN, PeH2SO4, P-ALS and P-Mix in
the form of powder were dispersed in NMP at a constant concen-
tration (0.5 g/ml) under stirring for 2 h. The dispersed Pani solu-
tions were deposited on the FTOs by Doctor blade technique [5] and
dried at 50 �C for 10min. The thickness of all the films was about
8 mm (Fig. 1 e). Prior to this, FTO coated glass substrates were ul-
trasonically cleaned with deionized water, acetone, and 2-propanol
for 15min in each round. The Pt CE was prepared by thermal
decomposition of H2PtCl6 on FTO substrates for 30min at 385 �C.



Fig. 1. Top view of SEM of a) PeN b) PeH2SO4 c) P-ALS and d) P-Mix. (e and f) FIB-SEM
cross sections of P-Mix and TiO2 films, respectively.
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2. 5: Fabrication of DSSCs devices

Different layers of 20 nm opaque TiO2 (Dyesol 18NR-O) paste
were deposited on FTO glasses using screen printing technique
followed by rapid annealing at 150, 300, 350, 400, 450, and 500 �C
for 10, 15, 10, 15, 10 and 15min, respectively. The thickness and
active area of the obtained TiO2 photoanodes was about 15 mm and
0.28 cm2, respectively as indicated in Fig. 1 f. After cooling down to
80 �C, they were dipped into ethanolic solution of N719 dye
(0.5mM) for 24 h followed by cool air drying. The as prepared Pani
CEs were positioned over the sensitized TiO2 electrodes with a
surlyn between them by using paper clips (Scheme 1). A few drops
of redox electrolyte comprising 0.04M I2, 0.4M LiI and 0.4M tet-
rabutylammonium iodide (TBAI) dissolved in 0.3M N-
Scheme 1. Illustration of the representative structure of Pani CE for DSSCs.
methylbenzimidazole (NMB) in 3-methoxypropionitrile (MPN) and
acetonitrile (ACN) mixture at a volume ratio of 1:1 were then
carefully applied between the photoanodes and CEs. The excess
electrolytes were removed by using clean wipes. The overall illus-
tration is presented in Scheme 1.

2. 6: Characterization

The elemental mapping and surface morphologies of different
Pani samples as well as morphologies of the counter electrodes
were observed with SEM-EDX, SEM and FIB-SEM respectively
(Helios G4 CX Dual Beam microscope equipped with Octane Elite).
The structural information about all the synthesized samples were
obtained through recording ATR-FTIR (Shimadzu) spectra in the
range of 400e4000 cm�1. The crystallinity of different samples of
Pani was analyzed by using Rigaku X-Ray diffractometer (Japan)
operated at 30mA and 40 KV with wavelength of 1.5405 Å over the
range of 10�e80�. For dc conductivity measurements, dry pellets of
powder samples with 13mm diameter and 5mm thickness were
prepared under a pressure of 20MPa. Electrical conductivity of
these pellets was tested by using Jandel RM3000 four-probe re-
sistivity/square resistance tester at room temperature.

Absorption spectra were collected using a PerkinElmer spec-
trophotometer in NMP using scan range of 300e900 nm. To study
the electro catalytic performance, CV measurements were con-
ducted using Metrohm Autolab with Nova Software in redox elec-
trolyte containing 0.1M LiClO4, 1.0mM I2 and 10mM LiI in
acetonitrile within the potential range of�0.6e1.2 V at various scan
rates (30, 50, 75, 100, 125mV/s). Pani/FTO or Pt/FTO were used as
working electrode and Ag/AgCl and Pt wire were used as reference
and counter electrodes, respectively. The constant quantity of
synthesized materials were dissolved in NMP and drop coated on
FTO glasses followed by drying at 50 �C for 5min.

2. 7: Photoelectric characterization

The photovoltaic tests of Pristine Pani, doped Pani's and Pt based
DSSCs were performed by measuring the photocurrent density-
voltage (IeV) curves using the Metrohm Autolab with a light
source of 100W Xenon arc lamp in an ambient atmosphere. Cur-
rent density and time curves of the DSSCs assembled with P-Mix CE
were recorded by alternately irradiating (100mWcm�2) and
darkening (0mWcm�2) the cell over 600 s to study the start/stop
ability of the cell. Electrochemical impedance spectroscopy (EIS) of
DSSCs were performed using the aforementioned Metrohm Auto-
lab in ambient atmosphere under light with a frequency range of
0.01e105 Hz and 0.7 V bias. The obtained EIS spectra were simu-
lated by Autolab impedance analyzer. Each IeV curve was repeat-
edly measured at least five time to control the experimental error
within ±5%.

3: Results and Discussion

3. 1: SEM

Fig. 1 a-d, respectively, shows scanning electron micrographs of
PeN, Pe H2SO4, P-ALS and P-Mix. It can be observed that the
counter ions derived from the dopants has significant influence on
the morphological features of the resulting polymer. The morpho-
logical analysis reveals some fascinating features as a function of
organic and inorganic acids used during synthesis.

The microstructure of PeN, as shown in Fig. 1a, seems to consist
of closely packed aggregations probably due to intermolecular and
intramolecular hydrogen bonding. This compact structure might
increase interfacial and penetration resistance for charger transfer
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and for exchange of I�/I�3 redox couples [31]. PeH2SO4 (Fig. 2b)
shows interconnected fibrous like morphology while P-ALS ex-
hibits micro porous structure ((Fig. 2a and b). Interestingly, in the
case of P-Mix (Fig. 2a and b) it is illustrious that some morpho-
logical features are similar to those of Pe H2SO4 and P-ALS [32].
Short Pani nano fibers might grow on porous sites of ALS and long
interconnected rod like morphology with porosity is thus observed
in P-Mix [33]. This porous and rod like morphology of Pani can be
considered beneficial to the diffusion and rapid exchange of I3�

redox couples within the CE material [34].
Fig. 2a and b represent the FIB SEM cross sections of TiO2 and P-

Mix CEs. The thickness of TiO2 film and P-Mix are 15.2 mm and
8.02 mm, respectively. Same thickness of other CEs is used in this
study.

3. 2: XRD and FTIR analysis

The XRD diffraction patterns of PeN, PeH2SO4, P-ALS and P-Mix
are shown in Fig. 2a. The Pani exhibits two significant peaks located
at 2q¼ 20.2� and 25.2�, corresponding to the diffraction of crys-
tallographic planes of Pani which originates from the main chains
of the polymer structure. These peaks are recognized to the peri-
odicity parallel and perpendicular to the Pani chain, respectively
[35].

Similar peaks are also observed in all samples in addition to the
shoulder peak at 2q¼ 14.4�. This peak is considered to be specific
for an anionic lattice and can be assigned to scattering from a lattice
built up frommain Pani chains [36]. With addition of binary dopant
into the Pani, the diffraction peak becomes sharper, indicating a
growth of composed crystallites [37]. The conversion of shoulder
peak into intense peak in all doped samples suggests the incorpo-
ration of dopants induces ordered packing of polymer chains. All
these peaks are symbolic of semi crystalline emeraldine salt of Pani
[38].

The above discussion clarifies that incorporation of individual
dopants i-e H2SO4 and ALS has little effect on crystallinity while
their combination (P-Mix) exhibits intense peaks suggesting high
crystallinity. The higher crystallinity can be attributed to the
smaller dopant such as H2SO4 helping in closer chain arrangement
while the presence of bulky ALS causes ring distortion in the ma-
terial [39].

The vibrational bands (Fig. 2b) observed in pristine, doped and
binary doped Pani are explained on the basis of normal modes. The
contribution from the stretching mode of NH part present in
Fig. 2. (a) XRD pattern (b) FTIR spectrum of PeN, PeH2SO4, P-ALS and P-Mix.
polymer is observed at 3254 cm�1. Band at 2914 cm�1 is related to
NH2þ part in C6H4NH2

þC6H4e groups [40,41].
The CeN, C]N and CeH stretching vibrations in the polaron

framework of Pani appear at 1248 cm�1. The signals observed at
1348 cm�1, 1144 cm�1 and 806 cm�1 are assigned to the stretching
mode of CN part of a secondary aromatic amine, vibrational band of
nitrogen quinine and 1,4-substituted aromatic rings, respectively
[41].

The characteristic signals at 1555 cm�1 and 1469 cm�1 in the
spectrum of PeN depict the presence of the benzene and quinone
ring deformations, respectively [42]. In PeH2SO4, P-ALS and P-Mix,
shifting of these bands towards higher wavenumber represent the
creation of positive charges on the polymer chain, which is a
distinctive behavior of doped polymers [43]. The bands at 1631,
1348, and 1144 cm�1 disappeared in all the doped samples,
revealing effective doping of polymers with the polaron formation
(CeNþ) [44]. Themajor characteristic peaks observed at 3206,1558,
1462, 1295 and 1234 cm�1 are similar to the Pani. In PeH2SO4, the
band observed at 1031 cm�1 indicates NHþ …. .SO3

� interaction be-
tween polymer and dopant. The peaks detected at 942 and
682 cm�1 are allotted to the stretching of O]S]O and SeO group
due to the dopant [45].

In P-ALS, the presence of the bands at 2941 cm�1 and 2841 cm�1

are related to symmetrical and asymmetrical stretching of alkyl
substituent of ALS [46]. In P-Mix, similar peaks are observed as in P-
ALS but intensity of the peaks is enhanced due to the presence of
H2SO4. The FT-IR spectra clearly indicate the presence of counter
ions of dopants on PANI salts and confirms the formation of
emeraldine salt of the polymer.

3. 3: DC conductivity and electronic spectroscopy

The electrical conductivity of pristine, doped and binary doped
Pani was measured by four probe technique. The values of electrical
conductivity fall in the sequence of PeN< P-ALS< PeH2SO4< P-
Mix (0.03, 0.22, 0.10 and 1.42U�1 cm�1). High conductivity is
required for ease of electron transfer from CEs to redox electrolyte.
P-Mix exhibits highest conductivity amongst the synthesized ma-
terials thatmight be due to the simultaneous addition of both acidic
dopants. The presence of these dopants during synthesis provide
maximum acidic medium for the polymerization due to which
maximum transport of electrons take place consequently resulting
in the enhancement of conductivity [30].

The UV spectra of Pani samples, except PeN (Fig. 3a), reveal a
similar shape with three absorption bands. PeN shows two distinct
absorption bands at 329 nm and 610 nm representing a local charge
transfer between a quinoid ring and the adjacent imine-phenyl-
amine unit [47].

The band ranging from 338 to 346 nm relates to the electronic p
to p* transitions centered on the benzenoid rings. The band
centered at 418e428 nm belongs to the polaron�p* transitions
indicating the protonation of polymer backbone [48]. The band
obtained in NIR region, in the range of 790e822 nm, corresponds to
the protonated Pani which confirms the presence of benzenoid and
quinoid rings in the conducting emeraldine salt state of Pani.
Stronger absorption of this band represents the introduction of
dopants into the polymer backbone [49]. On comparison with
UVeVis absorption spectrum of PeN with that of Pe H2SO4, P-ALS
and P-Mix (Fig. 3a), noticeable differences can be seen, suggesting
that the nature and size of the counter ions of various dopants are
responsible in the creation of different states of doped and binary
doped polymers [50].

It is illustrious that notable changes are observed in blue band
with various dopants demonstrating that degree of oxidation is
different in all spectra [49]. However, the red region band of the



Fig. 3. a) Electronic spectra and b) Tauc plots (showing the band gap energy (Eg), of the synthesized Pani materials, as indicated.

S. Farooq et al. / Electrochimica Acta 320 (2019) 134544 5
doped and binary doped Pani exhibit a significant red shift
compared to PeN, proposing an increase in conjugation length and
degree of polymerization of the polymer backbone. This mean-
ingful shift might reveal the effective integration of the dopant ions
in the Pani during polymerization which results in the ordered
structure of Pani backbone [51].

The absorption band's intensity and wavelength of various Pani
samples are presented in Table 2.

The intensity ratio of the low energy band (second band) to the
high energy band (first band) (A2/A1) for all the samples is pre-
sented in Table 2. The A2/A1 ratio for P-Mix is larger compared to
others indicating the high doping level of the counter anions than
the others. It is known that electrical conductivity is directly related
to the ordered structure and doping level of Pani backbone [6,52].
The high doping level of P-Mix in comparison with other samples
correlates well with the trend in conductivity values as well as
crystallinity.

In order to find band gap energy (Eg) of all Pani's, Tauc relation
[53] was used to interpret absorption spectra.

ahv ¼ Aðhv� EgÞn

where a is the absorption coefficient and is calculated by the
following equation
Table 2
The wavelength (l), intensity (A) and band gap calculated from the UVeVis spec-
trum of different Pani samples.

Sample A1 A2 l 1 l 2 A2/A1 Eg

PeN 1.13 0.67 329 610 0.59 2.67
PeH2SO4 0.3 0.35 346 790 1.16 2.58
P-ALS 0.36 0,41 344 822 1.21 2.35
P-Mix 0.48 0.58 344 822 1.21 2.35
a ¼ 2:303� A
I

where A represents absorbance and I depicted path length.
hv is determined by 1240/wavelength. The (ahv)2 for direct

energy transitions (n¼ 2) was plotted against the photon energy
(hv) and Eg was determined by extrapolating the slope to
(ahv)2/ 0. Fig. 3 b and Table 2 show that calculated values of Eg
are within the range of 2.35e2.67 eV. The band gap values for
synthesized materials are also in agreement with the reported
works [54].

3.4. Elemental analysis and Mapping

To confirm the presence of different elements and their distri-
bution in the synthesized materials, elemental analysis and map-
ping was performed with the help of EDX spectroscopy (Fig. 4).
Very less amount of sulfur can be seen in the EDX spectrum of PeN
(Fig. 4a) which might be due to the presence of APS [40]. For the
other electrodes, the detected weights and atomic ratios of sulfur
were respectively 3.36% and 1.39% for PeH2SO4 (Figs. 4b), 2.58% and
1.07% for P-ALS (Figs. 4c), and 10.46% and 4.64% for P-Mix (Fig. 4d).
It shows that P-Mix has the highest content of S, probably due to
the presence of two type of dopants (H2SO4 and ALS) in the Pani
backbone.

3. 5: Electrochemical characterization

Collection of electrons from the external circuit and reduction of
iodide species in the electrolyte are main functions of a CE.
Therefore, low charge transfer resistance and high catalytic activity
are ideal to optimize the efficiency of a CE [55,56]. To explore the
electrocatalytic performance of various doped Pani and Pt CEs on I3�

reduction, CV analysis was performed (Fig. 5 a). All curves show a
pair of anodic and cathodic peak corresponding to the redox



Fig. 4. EDX spectrum and elemental mapping of a) PeN b) PeH2SO4 c) P-ALS and d) P-Mix.
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reaction of I3� þ 2e�/3 I�, which strongly affects the performance
of DSSC [5]. The anodic peak is responsible for the oxidation reac-
tion (3I� � 2e�/ I3�), and cathodic peak is allotted to the reduction
reaction (I3�þ 2e�/ 3I�) [56]. The shape of CV of all the Pani CEs are
similar to Pt CE, revealing that Pani CEs have identical electro-
catalytic activity towards I- to I3-redaox couple.

Reduction peak current IRed and peak-to peak separation (Epp)
are two critical parameters for comparing the electrocatalytic
behavior of various CEs [57]. The values of IRed are in an order of
PeN< PeH2SO4< P-ALS< Pt< P-Mix and the Epp values (listed in
Table 3) are in an inverse order. Compared with the Pt and other
counter electrodes, P-Mix electrode shows higher IRed and lower
Epp values for I�/I3� redox reaction. Whereas the low value of IRed is
evident in PeN, PeH2SO4 and P-ALS. Thus, the simultaneous
introduction of H2SO4 and ALS into Pani results in a significant
improvement in the electrocatalytic activity. Epp is inversely
related to rate of charge transfer and high rate of charge transfer is
favorable for high electrocatalytic activity of a CE [56]. Further, the
smaller △Ep between the redox peaks of I�/I3� with P-Mix 0.59 as
compared to Pt electrode (△Ep¼ 0.25 V) highlights the small po-
larization overpotential at the surface of P-Mix with remarkable
electrochemical activity for I3� reduction [21]. The higher IRed is
directly related to the dye-regeneration at the photoanode.
Generally, in DSSCs, electrons generated from the oxidation of I�
ions to form I3�, regenerate photooxidized dyes, and the produced I3�

ions diffuse to and are reduced at the counter electrode. It is
observed that the reduction reaction rate is high in P-Mix electrode,
which might enhance the process of dye-regeneration at the pho-
toanode [57,58].

The higher peak current and the lower Epp demonstrate a
higher catalytic behavior to I3� reduction [7,57]. The trend of elec-
trocatalytic activity of various CEs is in an order of PeN< Pe
H2SO4< P-ALS< Pt< P-Mix. The trend shows that reduction peak
current density of P-Mix is higher than others suggesting high
electrocatalytic activity for I3� reduction. We can assume that
possible high surface area of P-Mix which provide high active sites
for reduction of I3� [27]. Further, the observed differences in the
catalytic activity of the tested electrodes may be affected by
different morphologies of the CEs that means different electrode
porosity and, thus, different apparent catalytic activities [59].

To elucidate the correlation between diffusion of iodide and
peak current density in the binary doped Pani CE, Randles-Sevcik
theory was applied to calculate the diffusion coefficient (Dn) [14].

Jred ¼ KAC
ffiffiffiffiffiffiffiffiffiffiffiffiffi
n3vDn

p

where K indicates the constant of 2.69*105, n represents the
number of electrons transferred in redox reaction, A stands



Fig. 5. (a) Cyclic voltammograms of iodide species for Pt and Pani CEs at 50 mV/s scan rate. b and c) CVs of P-Mix and Pt, respectively, at different scan rates (30, 50, 75, 100, 125 mV/
s). d) Variation of anodic (P-Mix, Pt) and cathodic (P-Mix*, Pt*) peak current density values with scan rates.

Table 3
CV, J-V, and EIS parameters of DSSCs with PeN, Pe H2SO4, P-ALS, P-Mix and Pt CEs.

CE Epp (V) Dn
� 10�7 (cm2 s�1)

Rs (Ucm2
) Rct (Ucm) Jsc (mA) Voc (V) FF h (%)

PeN 0.82 0.9� 10�8 8.94 23.21 4.71 0.48 0.45 1.14
PeH2SO4 0.798 1.45� 10�8 6.4 18.17 7.86 0.53 0.43 1.78
P-ALS 0.93 1.70� 10�7 4.21 17.16 10.84 0.603 0.43 2.79
P-Mix 0.59 2.3� 10�7 4.2 8.26 15.13 0.603 0.53 4.54
Pt 0.69 1.8� 10�7 4.6 10.36 12.67 0.64 0.52 4.03
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electrode area, and C demonstrates the scan rate and concentration
of redox species in bulk, respectively.
As recorded in Table 3, the Dn increases in an order of PeN< Pe
H2SO4< P-ALS< Pt< P-Mix, for CE's catalytic activity of I3�



Fig. 7. Nyquist plots of Pt and Pani CEs, as indicated.
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reduction. It clearly shows that P-Mix CE exhibits larger Dn, which is
even slightly larger than Pt electrode. This might be attributed to
the facile charge transmission and I3� diffusion offered by this
electrode [60].

An analysis of electron transfer process was done by recording
cyclic voltammograms of Pt and P-Mix as the working electrodes
under different scan rates (30e125mV/s) as illustrated in Fig. 5(b
and c). These CV curves illustrated the increase in cathodic and
anodic peaks with scan rates. By analyzing the current density and
(scan rates)1/2 of Pt and P-Mix (Fig. 5d), a linear relationship is
observed for both the samples indicating that the redox reaction on
the electrodes is controlled by ionic diffusion in the electrolyte [61].

The magnitude of anodic and cathodic peak currents density of
P-Mix is higher than that of Pt indicating facile electron transfer.
Slope of these linear curves are correlated to the diffusion process,
hence estimating the rate of electrochemical reaction. Slope with
highest value manifests a high diffusion rate that is beneficial for
ease of charge transfer [62]. It can be observed that P-Mix depicts
the higher slope than that of Pt. Although Pt CE is the best elec-
trocatalyst but in some cases, electrocatalytic activity of Pt is lower
than other CEs. Actually, catalytic activity is intrinsic property of a
material but it also depends on the extrinsic factors and can be
varied by changing certain extrinsic factors like porosity, particle
size, crystal structure, morphology and so on [63].

Dissolution or corrosion of the CE material in electrolytes is
major obstacle for its long term stability. In order to check the
stability of P-Mix in iodide electrolyte, the freshly prepared P-Mix
CE was stored for 30 days and then was subjected to successive CV
scanning i-e 15 CV cycles at 50mVs�1. As illustrated in Fig. 6, no
noticeable change is observed in the reduction of current density
and peak shifting. This implies that the material is stable and can
coexist with iodide species for long period of time [64].

From the above results, we can assume that the improved
electrocatalytic activity of P-Mix are due to simultaneous incor-
poration of ALS and H2SO4 in the PANI chain. The combined effect of
these two dopants can also be a reason for enhanced conductivity,
low bandgap, low charge transfer resistance, as well as the porous
microstructure of this material [60,61].

To further elucidate the electron transferability between
different counter electrodes and electrolyte, EIS was performed
with DSSC based on different counter electrodes. The Nyquists plots
(Fig. 7) illustrate impedance characteristics using a well-supported
equivalent circuit (shown as an inset in Fig. 7) and are potted in
Table 3.

In the equivalent circuit, Rs relates to the ohmic series resistance
of the device and is determined directly from the intercept of the
real axis at high frequency region. The fill factor of the device is
Fig. 6. a) 15 successive CVs of P-Mix electrode, prepared 30 days before performing the
experiment, at the scan rate of 50mVs�1 in iodide electrolyte b) Dependence of anodic
and cathodic peak current values on cycle time.
mainly dependent on this parameter [60]. Rct observed as a
semicircle at high frequency region of Nyquist plot corresponding
the charge transfer process at the electrolyte/CE interface, reflect-
ing catalytic activity in the I3� reduction at the electrolyte/CE
interface and is at the focus of this work. W refers to Warburg
impedance which describes the diffusion resistance of electrolyte
[21].

P-Mix exhibits much smaller value of W and a higher value of
diffusion coefficient. The Rct value decreases in the order of P-Mix
(8.26U cm2) ˃ Pt (10.36U cm2) ˃ P-ALS (17.16U cm2) ˃ Pe H2SO4
(18.17U cm2) ˃ PeN (23.21U cm2) signifying an inverse order of
electrocatalytic activity. DSSC based on P-Mix CE is found to depict
lesser Rct value (8.26U cm2) compared to that of Pt CE
(10.36U cm2) and its counter parts. The lower Rct value implies
that reduction of iodide specie is most favorable at P-Mix CE and
performance of this electrode is better than Pt CE. In contrast high
RCT values can be recognized to slow ionic diffusion in the structure
of Pristine and doped Pani CEs [65]. The lower Rct might be due to
the addition of ALS and H2SO4 that imparts P-Mix a higher catalytic
activity as well as a more porous structure than its counter parts
and thereby, the highest device efficiency.

Rct is an important parameter in order to determine the elec-
trochemical stability of a CE in DSSC [64]. Fig. 8 illustrates the
electrochemical stability of P-Mix based DSSC which was per-
formed by electrochemical impedance at different time intervals i-e
from 0 h to 30 h. Fig. 8 shows that there is slight increase in Rct
value with time. The Rct value for fresh cell is 8.26U cm2 which
increases after 5 h to 8.408U cm2 and to 9.20 after 20 h and then to
9.33 after 30 h while Rs value is not affected with time. This in-
crease in Rct value with time is not so significant suggesting an
excellent electrochemical stability of DSSC with P-Mix.

3. 7: Photovoltaic properties

Scheme 2 illustrate the process of photo excitation in the DSSCs
[66]. The mesoporous TiO2 layer (nanometer-sized particles) is
coated on a fluorine-doped tin oxide (FTO) glass. TiO2 film acts as a
high surface area support for the sensitizer, provides path for
transportation of electron and diffusion of the redox electrolyte. A
monolayer of dye (sensitizer) is covalently bonded to the surface of
the TiO2 film. The dye pushes an electron into the CB of mesoporous
TiO2 film by harvesting incident solar light resulting in the



Scheme 2. Schematic representation of DSSC with Pani as CE showing the sequence of
electron transfer.

Fig. 9. Photovoltaic performances of DSSCs based on Pt and Pani CEs.

Fig. 8. Stability illustration of DSSC with P-Mix through impedance at 0 V from 0.01-
105 Hz.
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formation of oxidized dye. The regeneration of oxidized dye takes
place by triiodide (electron donor) in the electrolyte (charge
mediator) as rapidly as possible. The oxidized redox couple (iodide)
migrates to the Pani CE and reduced by accepting electrons at CE
surface. This results in reduction of oxidation state of doped Pani to
emeraldine and/or leucoemeraldine salt. Meanwhile these salts
may oxidized by redox couple because of the redox equivalent.

The electrons are collected at CE from the external circuit and
return back into the circulation within the cell. The circuit being
completed via electron migration through the external load.

Fig. 9 shows the J-V characteristics of the DSSCs with Pristine
Pani, Pe H2SO4, P-ALS and P-Mix CEs, with the Pt CE for comparing,
under light source of 100W. The parameters derived from J-V
curves are summarized in Table 3. Eqs. (1) and (2) are used to
calculate the fill factor (FF) and power conversion efficiency (h) of
the DSSCs, respectively [67].
FF ¼ Vmax � Jmax
Voc � Jsc

(1)

h ¼ Voc � Jsc � FF
Pin

(2)

According to the experimental data, the poor performance of
PeN CE based DSSC in terms of the lowest values of h¼ 1.14%,
Voc¼ 0.48mV and FF¼ 0.45 might be due to the fact that this CE
has insufficient surface area for diffusion of redox species. This may
increase the chances of recombination between the photoinjected
electrons and iodide ions at the CE [65, 67]. The Pe H2SO4 also
demonstrate low value of h representing that H2SO4 alone is not
sufficient to improve the photocatalytic properties of the material.

A noticeable difference is observed in Jsc and Voc of P-ALS based
DSSC. This might be due to doping of Pani with ALS that can
enhance the conductivity and desirable morphology of counter
electrodes. The efficiency of P-ALS increases to 2.79%. In the P-Mix,
the value of FF increases noticeably with improved Jsc and Voc
values; increasing its performance to 4.54%, a level more efficient
than that of DSSCs with Pt CEs (4.03%). As aforementioned, high
conductivity and low charge transfer resistance due to contribution
of binary dopants in P-Mix are attributed to the higher value of Jsc,
leading to high catalytic activity for facile reduction of electrolyte at
the CEs. In addition, the increased electro-catalytic ability for fast
reduction of I3� ions at the P-Mix CEs results in the reduced avail-
ability of I3� ions for recombination with photoinjected electrons,
resulting in higher Voc compared to the other CEs [68,69].

The improvement in the Jsc can be attributed to the fact that
simultaneous doping of P-Mix with H2SO4 and ALS increases the
conductivity and provide unusual morphology to Pani CE which
may bring more active sites for I3� reduction. These active sites are
responsible for serving a good path for transportation of charges
[60,70].
3. 8: Multiple start/stop proficiency

When applied as roof panels, portable sources or windows, the
solar panels should be expected to have advantages of numerous
start/stop proficiency, fast start-stop performance, and insistent
stability. By alternatively darkening (0 mWcm�2) and illuminating



Fig. 10. The start-stop switch by alternatively irradiating (100mW cm�2) and darking
(0mWcm�2) the cell device based on P-Mix and Pt as CEs at an internal of 25 s and 0 V.
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(100 mWcm�2) the P-Mix CE based DSSC, the start/stop switches
were recorded to estimate the start-up performance. The perfor-
mance of DSSC/Pt is also examined for comparison. As shown in
Fig. 10, a rapid increase in photocurrent density under irradiation
with no time delay depicts a fast start-up behavior. After twelve
start-stop cycles, the photocurrent density is still unaffected in
comparison to its initial state. This confirms a rapid light response
and hence high electrocatalytic activity towards redox electrolyte.
About 96% of the initial photocurrent density was measured after
eleven cycles as compared to Pt based DSSC having 93%, implying a
superior capability of the P-Mix CE to start multiple times, which is
a necessity for a durable solar panel [65].
Conclusions

In summary, we have established the simple preparation of
PeN, PeH2SO4, P-ALS and P-Mix CEs on the FTO substrate for en-
ergy harvesting in DSSC. The electrochemical characterization
demonstrates that, compared to H2SO4, ALS is more effective to
enhance the electrochemical and electrocatalytic activities of Pani.
By integrating H2SO4 and ALS simultaneously with Pani, the P-Mix
exhibits further improved electrocatalytic activity and charge
transfer ability for the reduction of I3_ due to its high cathodic
current density and the low RCT. The DSSC assembled by P-Mix CE
with a thickness of 8 mm provides superior power conversion effi-
ciency compared to that of Pt CE. Moreover, the virtues on fast
start�up and multiple start/stop capability motivate the potential
applications of such flexible DSSCs in movable power sources and
photovoltaic curtain walls. In view of this facile approach, low-cost,
and highly electrochemical catalysts, the P-Mix CE demonstrates a
promising potential in production of DSSCs.
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