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ABSTRACT: Efficient fast electron transfer from counter electrode to an electrolyte is a key process during the operation of dye-
sensitized solar cells (DSSCs). We introduce a surfactants assisted electro-polymerized poly(o-anisidine) (POA) counter electrodes
(CE) for DSSCs. Commencing the electrochemical impedance spectroscopy, the POA/sodium dodecyl sulphate (SDS) CE exhibited
very low series and charge-transfer resistance. This is due to high electrocatalytic activity confirmed by cyclic voltammetry, surface
area and the conductivity of the stainless steel film. The photovoltaic performance of POA/SDS counter electrode shows an energy
conversion efficiency of 2.5% under 1 sun illumination. Short-term stability test for POA/SDS point out that CE have almost uphold

its initial performance. © 2015 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2015, 132, 42310.
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INTRODUCTION

A dye-sensitized solar cell (DSSC) was one of the promising can-
didates for inexpensive, eco-friendly and easy fabricates Photovol-
taic technology.! Generally counter electrode (CE) is a
conducting glass substrate coated with Pt, a catalytic material to
speed up the reduction reaction of triiodide (I5~) to iodide ions.
It is true that Pt is still the most efficient catalyst material for
DSSCs.? However, platinum is a noble metal and relatively expen-
sive. Consequently, the cost of the platinum CE was more than
40% of the whole DSSC cell cost apart from of its preparation
method. In addition, to that a slow dissolution of platinum in
I;7/T" redox electrolyte and its corrosive nature deteriorates the
long term stability of DSSCs.” To diminish the production cost
the first attempt to replace a more fragile, less abundant, highly
expensive, photo inert conducting glass with stainless steel (SS)
substrate. SS has added advantages in terms of low material cost,
non fragile and electrical transference capability.* In second it is a
prerequisite to develop a cheap catalytic material with good
chemical stability and high electrocatalytic activity.

By addressing this issue, Several carbonaceous materials (acti-
vated carbon, graphite, carbon nanotubes and carbon black)’
metal sulphides,’ conducting polymers’ have been employed as
catalysts for CE in DSSCs. Polyaniline (PANI) has been studied
as a promising candidate for DSSCs due to its unique properties
including high conductivity, good environmental stability, low
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cost, doping, and de-doping property and high catalytic activity
for I;- reduction.®

Several researches are conducted to improve the processability
and catalytic activity of PANI, and they include incorporation
of different dopants,” varying the polymerization techniques,'’
surfactant addition'' and composites with graphene.'” Incorpo-
ration of constituent in the polymer skeleton is a common tech-
nique to synthesize polymers having improved properties.'”

In the investigation of poly(ortho-methoxyaniline) (POA), a
derivative of PANI which was investigated due to (a) the mono-
mer o-anisidine is commercially available at low cost and has
quite good solubility in water due to the methoxy group substi-
tuted at ortho-position of aniline (b) methoxy (-OCHj;) group
diminishes the percentage of undesirable “ortho” coupling (c)
higher polymerization yields with more regular structure of poly-
mer.'* Basanayaka ef al., studied graphene substituted POA nano-
composite for supercapacitor applications.'> Savale ef al. adopted
the POA for glucose biosensor'® Kulkarni et al. studied camphour
sulphonic acid dopped POA in humidity sensor.'” Kilmartin
et al.'® report the better corrosion inhibition of SS using POA. To
the best of our knowledge, the structural and catalytic behavior of
poly(o-anisidine) as CE material in DSSC is yet to be explored.

Here, we electropolymerize the POA through the employment
of different nature of surfactants [non-ionic, polyoxyethylene
(10) 1isooctylphenyl ether (TX), anionic sodium dodecyl
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Figure 1. The operating principle of schematic representation of DSSCs.
[Color figure can be viewed in the online issue, which is available at
wileyonlinelibrary.com.]

sulphate (SDS) and cationic cetyl trimethyl ammonium bromide
(CTAB)] as CE material for DSSCs. The Polymeric stabilizers
(surfactant) have great influence on the structure, and to
improve the properties with respect to stability, solubility in
organic solvents, and processibility.® The morphology, doping
degree, electrochemical impedance and the electrocatalytic activ-
ity of the CEs for the triiodide reduction reaction are discussed.
Finally, DSSCs employed with these electrodes were fabricated
and the cell efficiency was investigated.

EXPERIMENTAL

Materials

o-Anisidine (S-d fine) monomer was distilled under vacuum
before use. SDS (LOBA Chemie), CTAB (S-d fine), TX (S-d
fine) was used as received. The Degussa (P25), TiO, (Acros
Organics), FTO glass, 4-tert-butylpyridine (TBP) (Aldrich),
Lithium iodide (Lil) (Alfa Aesar), Lithium per chlorate
(LiClOy), I, (S-d fine) and Rose Bengal (Hi-media) were pur-
chased from the scientific companies. Double distilled water
was used were used for all experiments. Acetonitrile (Aldrich)
was used without further purification.

POA films were grown by potentiodynamic polymerization by
scanning the voltage linearly between —0.2 and 1.0 V versus
Ag/AgCl at a scan rate at 100 mV s~ ' for 25 cycles in aqueous
solutions of POA. Before polymerization SS 304 plate was
rinsed with deionized water and then immersed in ethanol, ace-
tone and ultrasonically for 15 min. A one-compartment cell
with a three-electrode system containing SS plate served as the
working electrode, Ag/AgCl as the reference electrode, while Pt
served as the CE. The electro polymerization solution composed
of 0.1M o-anisidine, 0.1M H,SO,, for without surfactant POA
(POA/NEAT) and addition of SDS, TX, and CTAB surfactants
make POA/SDS, POA/TX, and POA/CTAB counter electrode.
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After deposition, the coated POA films were rinsed with 0.1M
H,SO, in order to remove soluble monomeric species.

Characterisation of the Electrode

The surface morphology was inspected by scanning electron
microscopy (SEM) using SCi-QuantaFEG 250. Polymerization
experiments and cyclic voltammogram measurements were per-
formed on Autolab PGSTAT 30 (EcoChemi, the Netherlands). The
electrochemical impedance spectroscopy (EIS) measurement were
performed with the symmetrical cell consisted of two identical elec-
trodes in an Autolab PGSTAT 30 (EcoChemi, The Netherlands) at
the frequency range of 0.1-10° Hz. The magnitude of the alterna-
tive signal was 5 mV. The inter-electrode space was filled with elec-
trolyte which was same as the one used in the assembly of DSSC.
X-ray diffraction pattern of the sample was recorded using X Pert—
PRO X-ray diffractometer with Cu-Ka radiation. The photocur-
rent—voltage (I-V) characteristics of the assembled DSSCs were
evaluated using the solar simulator (150 W Simulator, PEC-L11)
under air mass 1.5 with 100 mW cm ™ light intensity.

Fabrication of DSSCs

FTO glass substrate were cleaned with deionized water and
anhydrous ethanol and ultrasonic for 15 min. TiO, slurry was
prepared by the vigorous grinding of 2 mL aqueous polyethe-
lene glycol solution with 0.5 g of TiO, powder. The thin films
of TiO, (P25 Degussa) were produced by doctor blade tech-
nique from a colloidal paste of TiO,, followed by sintering step
at 450°C for 30 min. The thickness of the TiO, film was about
10 pm. The TiO, film was preheated at 120°C for 30 min and
then immersed into 0.3 mM Rose Bengal in ethanol for over-
night. Afterwards, the electrode was washed with ethanol and
then dried in air. The sandwich-type solar cells consisted of a
dye-sensitized TiO, film as working electrode, POA as CE, and
an electrolyte containing 0.5M Lil, 0.05M 1,, 0.5M t-butyl pyri-
dine in acetonitrile solution. Lastly, the sandwich type DSSC
was fabricated by clamping the CE on the top of the TiO, pho-
toelectrode and electrolyte was inserted and sealed.

RESULTS AND DISCUSSION

Figure 1 illustrates the operating principle of DSSCs follows
that the Rose Bengal (RB) (sensitizer) absorbs a photon of light
to generate the photoexcited (RB*) [eq. (1)]. The photoexcited
(RB*) injects an electron into the conduction band of TiO, [eq.
(2)]. These electrons percolate through the TiO, film and are
collected by the conducting substrate. The resultant oxidized
sensitizer is then reduced back to its original state by electron
injection from I” ions in redox mediator [eq. (3)]. The I ion is
regenerated by the reduction of triiodide ion I3~ at the CE
through the donation of electrons from the external circuit [eq.
(4)] and then the circuit is completed.19

RB+hv — RB * (absorption) (1)
RB+—RB* +e (TiO,) (electron injection) (2)
2RBT +3I"—2RB+I;" (regeneration) (3)

I +2e — 3 (4)

To achieve higher efficiency, one of the eligible requirement is
the redox reaction rate on CE should be fast [eq. (4)]. That
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means it should have higher catalytic activity in 137 /I redox
reaction.'®

Syntheses of Poly(o-anisidine) Film Counter Electrodes

The potentiodynamic deposition of different nature (anionic,
neutral and cationic) of surfactant assisted POA film was
scanned for 25 cycles as shown in Figure 2. The oxidation of
POA arises at about +0.25 V is corresponds to the conversion
of amine units into radical cation. The entire polymer deposit

| |
v_4.2x10° T~

3.9x10°4
D 3.6x10°-

3.3x10°-

3.0x10°{

POA/NEAT POA/SDS POA/TX POA/CTAB

Current Density mA cm

Different surfactants on POA
Figure 3. Current enhancement during cyclic voltammetric growth of
POA and different nature of surfactant assisted POA.
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Figure 2. Electrodeposition of 25 cycles of various surfactant assisted POA by CV on SS plate.

1.0

at the electrode surface is relative only to anodic current density
at 0.25 V.***' The redox peak currents gradually increase with
the number of cycles, indicating growth of conducting polymer
film in each case.

Current density during cyclic voltammetric growth of POA
at different nature of surfactant assisted POA are shown in
Figure 3. The highest current densities corresponding to the
anodic peaks are observed for the POA-SDS. The rate of film
growth as expressed by the peak current is several-fold higher in
SDS surfactant assisted POA compared to POA-TX, POA-CTAB,
and POA-NEAT. The enhanced growth of POA-SDS is due to
anionic part of SDS can act as a growth controller, as well as an
agglomeration inhibitor and dopant.

Surface Morphology of Poly(o-anisidine) Film

SEM images of POA counter electrodes are shown in Figure 4.
The SEM image of Figure 4a shows POA/NEAT which have
small cage like morphology on the surface of the SS plate. For
POA/CTAB there was repulsion between positive charge anisi-
dine and cationic part of CTAB and is in agreement with the
CTAB surfactant deposit on the surface as white particle in Fig-
ure 4(b). POA/TX shows an irregular sponge like morphology
in Figure 4c. For both cationic and neutral surfactant the neces-
sary local environment for the electrochemical micelle synthesis
of conducting polymer does not exist.>> The surfactant assisted
polymer synthesis resulted in controlled morphology of different
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Figure 4. SEM images of (a) POA/NEAT,

micro/ nanostructures the nature of the

surfactant.”>**

depending on

POA-SDS in Figure 4(d) demonstrates nanofibrillar morphology
with a number of nanoparticles attached on the surface of the
POA nanorods inset figure in Figure 4(d) leads to high surface
area. The high active site of POA-SDS nanofilm can facilitate
the diffusion of redox couple in the CE. Since SDS molecules
can act both as dopant and surfactant during electropolymeriza-
tion. Polymeric nanostructures are formed on surfaces due to
combination of interfacial, intra- and intermolecular forces.?

Impedance Analysis

Impedance analysis (EIS) measurement was performed in a
dummy cell contain two identical CEs and using the electrolyte
same for the DSSCs. Nyquist plots of different surfactant
assisted POA CE and their equivalent circuit are shown in Fig-
ure 5 which demonstrates a semicircle at high frequency region,
corresponds to the charge-transfer resistance (R.) and the cor-
responding chemical capacitance (CPE) of the electrode/electro-
lyte interface. Spike at low frequency region refers to the Nernst
diffusion impedance (W). The above two region correspond to
two different electrochemical reactions are possible in this
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(b) POA/CTAB, (c) POA/TX, (d) POA/SDS.

arrangement. The R of the dummy cell was estimated by tak-
ing half of the diameter of its corresponding semicircle.

From Table I, a slight decrease of R; value, from POA/NEAT-CE
to POA/SDS, which is responsible for the enhanced charge-
transfer ability of CEs. The shrink in R responsible for the dif-
fusion of the redox couples within the higher surface area and
well aligned structure accelerated by the active sites. Moreover
R varies inversely with the electrocatalytic activity for the
reduction of I /I3~ redox species.26 The R value of POA/SDS
CE is (49 Q cm?) two times smaller than that of pure POA/
NEAT and lower value to that of POA/TX (68 Q cm? and
POA/CTAB (71 Q c¢m?). The enormous decrease of POA/SDS
was due to higher surface area, electro catalytic activity and well
aligned nanofibre structure. As expected the bare SS plate shows
no charge-transfer resistance indicating that it show no electro-
catalytic activity.

X-ray Diffraction Analysis

The X-ray diffraction pattern of the synthesized CEs was repre-
sented in Figure 6. In the XRD pattern reflections at 45°, 52°,
and 75° corresponding to the SS plate.”” For POA a broad peak
occurred at 20~ 25.6 is amorphous in nature can be ascribed to

J. APPL. POLYM. SCI. 2015, DOI: 10.1002/APP.42310
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Figure 5. Impedance spectra of (a) POA/NEAT, (b) POA/TX, (c) POA/CTAB, (d) POA/SDS, (e) SS plate (f) equivalent circuit.

the periodicity parallel and perpendicular to the polymer chains
of POA.*® For POA/SDS, POA/TX and POA/CTAB a very small
peak occurred at 20 ~ 25 declares the crystalline nature of the
polymer. And this is due to interaction of SDS, TX-100 and
CTAB surfactants on structural properties of POA.

The Electrical Properties of CEs
Cyclic voltammetry (CV) was used to investigate the electroca-
talytic activities of CEs. The CE in DSSC serves as an electroca-
talyst for reducing I3~ to I . It is well known that two reactions
are possible for the CV of CE is anodic [eq. (5)] and cathodic
reaction [eq. (6)] is
30 2 — 1z (5)
L~ +2e — 30 (6)

The cathodic reduction peak current density in CV curves can
be used to evaluate the electrocatalytic activity of the CEs.
To achieve higher efficiency in DSSC, one of the eligible

Table I. Best-Fit Values for Rs, R, of the Equivalent Circuit in Figure 5f

Rs Ret w
CEs (@ cm?) (@ cm?d) (@ cm?d)
POA/NEAT 38 82 120
POA/CTAB 43 71 78
POA/TX 37 68 87
POA/SDS 27 49 45
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requirements is the higher reduction peak current density. If the
reduction peak current density is higher the reduction rate on
CE should be fast. From Figure 7(a,b), the cathodic reduction
peak current densities for the samples are in the order: POA/
SDS > POA/TX > POA/CTAB > POA/NEAT ~ POA/Pt. The
redox current density of the POA-SDS CE was significantly
higher than that of Pt and other POA CEs, indicating a much
faster rate for I /I3~ reaction can be demonstrated. The POA-
SDS CE with more electrochemically active may largely be due

POA/NEAT

. .. Ay A

ﬂ POA/CTAB
e " . —

S
8
é‘ POA/SDS
2 1 i
e
£
. POATTX |
10 20 30 40 50 60 70 80

2.0
Figure 6. The XRD pattern of POA CEs.
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Figure 7. Cyclic voltammogram of POA (a) and Pt (b) CEs. [Color figure
can be viewed in the online issue, which is available at wileyonlinelibrary.
com.]

to its high active surface, which is in agreement with the SEM
and EIS results.

Figure 8(a) illustrates the relationship between the redox peak
current density of POA-SDS and the square root of scan rates

7.0x10°]
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1.0x100'3;
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024 028 032 036 040
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Figure 8. (a) Cyclic voltammogram for the POA/SDS CE with scan rate
from (from inner to outer; 50, 75, 100,125,150 respectively), (b) Relation-

ship between redox peak current and scan rate. [Color figure can be
viewed in the online issue, which is available at wileyonlinelibrary.com.]
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Figure 9. Consecutive ten cyclic voltammogram of POA/SDS CE.

in acetonitrile solution. Both the cathodic and anodic peak cur-
rent density increase approximately linearly proportional to the
square root of the scan rate. A good linear relationship of POA-
SDS indicates that the redox reaction of I /I3~ on electrodes is
controlled by ionic diffusion of the electrolyte and indicating an
adsorption-controlled electrode process, which is related to the
transport of iodide species inside the POA/SDS film as well as
in the bulk solution.”” The linearity of the peak current den-
sities with the square root of scan rates in Figure 8(b) indicates
that charge transfer in the redox step is empirically controlled
by the diffusion of charges in the films as described by Randles-
Sevcik theory:*

ip=(2.69%10°) */>CtAD'/2y'/?

where n is the number of electrons, A is the surface area of the
electrode (cm?), D is the diffusion constant (cm?/s), C° is the
bulk concentration of electroactive species (mol/cm?®), and v is
the scan rate (V/s). Therefore, for a diffusion-controlled process,
the peak current is proportional to the square root of the scan
rate. In the consecutive 10 cycles test, the CVs did not change,
and exhibited stable anodic (,,) and cathodic (7,.) peak current
densities as shown in Figure 9 indicating that the POA-SDS

2
®

-2

o
i

o
>

1 —POA/SDS

Photocurrent density A cm

— POA/CTAB
0.2{ — POA/TX
— POA/NEAT
— Pt
00 01 02 03 04 05 0.6
Potential (V)

Figure 10. J-V curves of the DSSCs based on POA and Pt CEs. [Color
figure can be viewed in the online issue, which is available at wileyonline-
library.com.]
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Table II. Photovoltaic Parameters of DSSCs Based on Pt and POA CEs

Counter Jse Voc

electrode (Alcm?) (V) FF n%
Pt 0.6991 0.5602 0.53 2.0
POA/NEAT 0.6331 0.4982 0.53 1.67
POA/TX 0.6629 0.4998 0.55 1.82
POA/CTAB 0.6424 0.4812 0.55 1.70
POA/SDS 0.7322 0.6018 0.57 2.50

film was not only with excellent electrochemical stability in
addition to that it was also attached tightly and uniformly on
the SS substrate.

Photovoltaic Performances

The photovoltaic characteristics of DSSCs with different nature
of surfactant assisted POA and Pt counter electrode are shown
in Figure 10, and the detailed photovoltaic parameters of the
devices are summarized in Table II. POA/SDS nanofiber CE
achieves higher Ji. than that of other fabricated CE. This might
be attributed, which provides larger active surface area can
accelerate the tri-iodide recovery. The optimal POA/SDS signifi-
cantly improves the charge-transfer ability, which possibly will
be a main factor in enhancing the photocurrent density of a
DSSC cell. Due to poor catalytic activity, the DSSC with POA/
NEAT and other surfactant assisted electrodes exhibited lowest
FE Jsc, and 7. It can be concluded that the photovoltaic per-
formance is an agreement with CV and EIS results.

CONCLUSION

Surfactant assisted POA counter electrode (CE) was successfully
prepared on SS substrate by potentiodynamic method. SDS
introduced into the POA preparation causes controllable synthe-
sis of nanofiber like morphology. Here SDS can act as surfactant
as well as doping agent. The electrochemical growth peak cur-
rent, charge-transfer resistance and catalytic property of these
films is several-fold improved compared to the values obtained
on pure POA and other surfactant doped POA. DSSCs based on
POA/SDS CE achieved an overall light-to electric energy conver-
sion efficiency of 2.5%.
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