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1. Introduction

Polypyrrole is an intrinsically conducting polymer; widely
studied in hybrid materials with other semiconductors,’?
metallic nanoparticles3
sensors,*® biosensors,*
supercapacitors,” electrochromic devices810, batteriest12

and for applications in chemical
electrochemical
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Synergistic interplay of ionic liquid and dodecyl sulphate driving
the oxidation state of Polypyrrole based electrodes

Lara F. Loguercio,® Carolina F. de Matos,® Matheus C. de Oliveira,® Graciani Marin,? Sherdil
Khan,® Naira M. Balzaretti, Jairton Dupont, ® Marcos J. Leite Santos,®” Jacqueline F. Leite Santos ®*

Herein, polypyrrole (PPy) films are prepared via electrochemical deposition in a mixture of 1-n-butyl-3-methylimidazolium
methanesulfonate (BMI.CHsS0s) ionic liquid (IL) and dodecyl sulfate (DS). The physico-chemical properties of the films
have been investigated by a wide range of characterization techniques. PPY films synthesized in DS or IL have shown larger
and irregular granules as compared to PPY films prepared in the mixture of DS and IL. This result is related to the
preferential dissolution of pyrrole monomers in micelle templates formed by the IL and a co-assembly of IL and dodecyl-
sulfate (DS); thereby, decreasing granule size and affecting the structural arrangement of the polymer chain. The template
behavior of IL in combination with DS promotes the selective formation of polaron and bipolaron states in the PPy films.
This effect has been investigated by UV-Vis spectrophotometry, Raman spectroscopy, electrochemical impedance
spectroscopy (EIS), cyclic voltammetry, scanning electron microscopy, transmission electron microscopy, and electrical
conductivity measurements. The synergy of IL-DS has helped to decrease the resistivity of PPy film from 2.17x10% Q cm for
PPy-IL to 2.44 Q for PPy-IL-DS. EIS has also shown, a decreased interfacial charge transfer resistance for PPy-IL-DS, when
compared to PPy-IL. The cyclic voltammetry curves have shown that PPy films are electroctalytically active for I-/Is redox
reaction and therefore, applied as a counter electrode (CE) in dye sensitised solar cells. The PPy based CEs resulted in
nearly the same photocurrent and energy conversion efficiencies as that obtained from conventional Pt CE.

and charge-transfer ability.1>

Physico-chemical properties of a conducting polymer can
be understood by its oxidation level.1817 |t is well established
that optical and electronic properties of PPy are dependent on
the presence of polaron and bipolaron states. Hence, doping
capacitors and and undoping effects influence these states; thereby, affecting
the conductivity, optical, and electronic properties of the film.

The literature reports on controlling polaron and bipolaron

and, more recently to replace platinum nanoparticles in dye
sensitised solar cells.1314 Conducting polymers are particularly
interesting to use as a counter electrode in DSSCs due to the
combination of low cost, high conductivity, good stability, high
specific capacitance, optical transparency in the visible-light
region, in addition to a catalytic activity for triiodide reduction
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states and monitoring the conducting polymer oxidation
states. 1820 Polaron and bipolaron states are associated with
intermediate energy levels that arise within the electronic
band gap region of a polymer due to oxidation followed by
doping. The polymeric chain has to accommodate charges
created by oxidation and accommodation of these extra
charges involves conformational and structural changes.?%22
Use of different doping agents has been found to result in
different optical and structural properties.21,23-28

lonic liquid (IL) assisted electrochemical synthesis of PPy
has gained a considerable attention.29-31 Addition of ILs such as
(1-butyl-3-methylimidazolium
bis(trifluoromethylsulfonyl)imide and 1-ethyl-3-methyl
imidazolium bis(perfluoroethanesulfonyl)imide has improved
morphological and mechanical properties of PPY. Most of the
literature reports the synthesis of PPy films adding only one IL
and comparing the films to PPy obtained in conventional
electrolytes. On the other hand, there is plenty of literature
showing the effects of Dodecyl sulphate (DS) on PPy films.32-34
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Therefore, it is important to investigate the electrochemical
polymerization of PPy in a mixture of ionic liquid and DS
aiming to improve structural and catalytic properties of PPy.

In this work, a synergistic effect resulting from the
electrochemical synthesis of PPy films in solution containing a
mixture of 1-butyl-3-methylimidazolium methanesulfonate
(BMI.CH3SO3) IL and sodium dodecyl sulfate (DS) is
demonstrated. The films were applied as an alternative
counter electrode to assemble DSSC, which are Pt-free,
retaining high electron transportation and catalytic activity.

2. Experimental

Pyrrole monomer (Py) was double distilled and stored in N, at
4 °C. Sodium dodecyl sulfate (SDS), gold (IlI) chloride solution
(HAuCly), 1-methylimidazole (C4HgN2), butyl methanesulfonate
(CsH1203S), acetone, sodium iodate (Nal), iodine (l2),
acetonitrile  (CHsCN), 1-butyl-3-methylimidazolium iodide
(BMII, CgHisIN3), guanidinium thiocyanate, 4-ter-butylpyridine
(CoH13N), and valeronitrile (CH3(CH2)sCN) were obtained from
Aldrich. Anhydrous lithium perchlorate (LiCIO4) was purchased
from Dinamica. All reagents were used as received. Fluorine-
doped tin oxide (FTO glass, 15 Q cm2) was obtained from
Solaronix. All aqueous solutions were prepared with ultrapure
water (Milli-Q).

2.1 Syntheses of

methanesulfonate (BMI.CH3SO3)
A mixture of 1-methylimidazole (77.18 g, 0.940 mol) and butyl
methanesulfonate (143.07 g, 0.940 mol) was kept at room
temperature using an external water bath for 72 h. The
1-butyl-3-methyl
imidazolium methanesulfonate was recrystallized twice using

1-Butyl-3-methylimidazolium

resulting crystalline mass of crude
acetone as a solvent (1 mL solvent / g 1-butyl-3-methyl
imidazolium methanesulfonate). reduced
pressure yielded very hygroscopic colourless crystals (222.30 g,
95 %) with mp 77.1°C. 1H NMR (400 MHz, D20): 6 ppm = 8.76
(s, 1H), 7.53 (t, ) = 4.0 Hz, 1H), 7.48 (t, J = 4.0 Hz, 1H), 4.24 (t, )
=8.0 Hz, 1H), 3.94 (s, 3H), 2,82 (s, 3H), 1.89 (qui, 2H), 1.35 (sex,
J = 8.0 Hz, 2H), 0.96 (t, J = 8.0 Hz, 3H). 13C NMR (101 MHz,
D,0): & ppm = 135.79, 123.46, 122.19, 49.33, 38.53, 35.61,
31.23, 18.72, 12.64. The ionic liquid 1-butyl-3-
methylimidazolium methanesulfonate (BMI.CH3SO3) used in
the syntheses of PPy films is labelled IL.

Drying under

2.2 Synthesis of PPy thin films

PPy-based films were electrochemically polymerised in a three
electrode cell at room temperature using an Autolab 302N
potentiostat. Fluorine doped tin oxide (FTO) glass substrates
were used as working electrodes, a platinum wire was used as
a counter electrode, and Ag/AgCl was used as the reference
electrode. The films were synthesised by performing one
voltammetric cycle from -0.3 to +1.3 V at a scan rate of 30 mV
s-1. The synthesis solutions were i) 0.1 mol L-1 pyrrole and 0.1
mol L-1 IL (PPy-IL) ii) 0.1 mol L-1 pyrrole and 0.1 mol L-1 DS
(PPy-DS) iii) 0.1 mol L-1 pyrrole, 0.1 mol L-1 IL, and 0.1 mol L-1

2| J. Name., 2012, 00, 1-3

DS (PPy IL-DS), and iv) 0.1 mol L pyrrole, 0.1 mol L2 JL,.0lome!

L1 DS, and 0.6 mmol L't HAuCl, (PPy-IL-DS2RUAPL)39/C8NJI02431F

2.3 DSSC Assembling

TiO, pastes were screen-printed on a transparent conductive
substrate (fluorine-doped tin oxide — FTO) previously soaked in
40 mmol L TiCl, agqueous solution at 80 °C for 30 min. The
substrate was heated on a hot plate at 125 °C for 20 min and
at 450 °C for 30 min in a tubular oven. The mesoporous TiO2
electrode was immersed in 0.5 mmol L cis bis(isothiocyanato)
bis(2,20 -bipyridyl-4,40 -dicarboxylato)-ruthenium(Il) N-719
solution of acetonitrile/tertbutyl alcohol (1 : 1 v/v) and kept at
room temperature for 24 h. Two kinds of counter electrodes
were obtained: i) standard platinum-based counter electrodes
were prepared by coating the FTO surface with 30 ulL of 1
mmol L1 hexachloroplatinic acid and heating at 400 °C, and ii)
PPy-based counter electrodes were obtained as described
previously. The mediator responsible for regeneration of the
dye was placed between the dye sensitised photoanode and
the counter electrode. The device was sealed using a low
melting temperature polymeric film (Meltonix). The electrolyte
was 0.6 mol LT BMII, 0.03 mol L-1 12, 0.10 mol L1 guanidinium
thiocyanate, and 0.5 mol L1 4- ter-butylpyridine in a mixture of
acetonitrile and valeronitrile.

2.4 Characterisation

Morphology was studied by scanning electron microscopy
(SEM) using an EVOS50 - Carl Zeiss microscope at 15 kV and
transmission electron microscopy (TEM) using a JEOL JEM 1200
ExIl. The mass content of Au NPs in the film was estimated
from TEM images. Firstly, the average number of NPs was
counted from a series of TEM images for PPy-IL-DS-AuNPs film
for an area of 1 cm?2. Considering the spherical shape, the
volume of the NPs was estimated from the average diameter
of Au NPs. This volume was divided by the Au unit cell volume
and multiplied by the number of atoms in the unit cell (four) to
obtain the total number of atoms in each NP. Finally, using the
Avogadro number, the mass content was estimated from the
total number of atoms present in 1 cm? of the film area.
Profile studies were performed using a Veeco Dektak 150. UV-
VIS-NIR spectrophotometry was carried out with a Carry 5000.
Infrared spectroscopy was carried out in attenuated total
reflectance mode (FTIR-ATR) using a Bruker model Alpha-P.
Raman spectra were obtained with an Olympus microscope, a
single-pass monochromator, and a charge-coupled device
(CCD) detector cooled with liquid nitrogen. Excitation was
provided by 632.8 nm radiation from a 10 mW polarised He-Ne
laser focused to a ~2um diameter spot. The laser beam was
directed to the sample through the microscope objective by a
holographic beam splitter. The scattered light was collected in
back-reflection geometry through the same objective and
filtered with a super-notch filter (HSNF-633-1.0, Kaiser Optical
Systems). Grazing angle XRD was recorded by Shimadzu,
Maxima XRD7000 diffractometer with an incident angle of 0.5°
with Cu Ka radiation (A = 1.54 A) at 26° angle ranging from 10°
to 80° with a step size of 0.05° and measuring time of 5 s per
step using Bragg—Brentano geometry. The electrical resistivity

This journal is © The Royal Society of Chemistry 20xx
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of the PPy films was measured by the four-point technique
using a JANDEL Universal probe. The distance between points
was fixed at 1.0 mm. Cyclic voltammetry curves were obtained
over a potential range from -1.0 to +1.0 V vs Ag/AgCl at a scan
rate of 30 mV s1. The electrolyte was 0.1 mol L' LiClIO4
solution. The electrocatalytic activity for the 1-/I13- redox couple
was evaluated by cyclic voltammetry over a potential range
from -0.6 to 1.3 V at a scan rate of 20 mV s 1 using 0.1 mol L-1
LiClO4, 10.0 mmol L™t Nal, and 1.0 mmol L™ |, in acetonitrile
solution. Electrochemical impedance spectroscopy (EIS) was
performed under AM 1.5 G filtered 100 mW cm2 illumination
from a 300 W Xenon arc lamp at -0.8 V over a frequency range
of 100 kHz to 100 mHz at a signal amplitude of 10 mV using
Autolab, PGSTAT100. The performance of the DSSCs was
evaluated by current versus potential measurements and
incident photon to current efficiency (IPCE). Measurements
were carried out using a 300 W Xenon arc lamp, using AM1.5
filter, with light intensity calibrated to 100 mW cm 2 and
recorded by a picoamperemeter Keithley, model 2400.

3. Results and discussion

3.1 Morphological characterisation
Figures 1 and S1 show SEM images of PPy films doped with
different anions (PPy-DS, PPy-IL, and PPy-IL-DS) and embedded
with gold nanoparticles (PPy IL-DS-AuNP).

DS and (g-h) PPy-IL-DS-AuNP films.

This journal is © The Royal Society of Chemistry 20xx
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The film synthesised in IL (PPy IL) consists of large,granules, up
to 5 um in size, resulting in a rough file Wilth %4R8Hvetageé
thickness of 341 + 28 nm. This morphology can be related to
the surfactant behaviour of the ionic liquid, which produces
well-defined aggregated structures in aqueous media32-34 that
act as micro- or nano-reactors, promoting the
electropolymerisation of PPy on the electrode surface. The
addition of DS as a counter-ion in the electrolyte yields closely
packed PPy granules of decreased size (Figures 1c-1f), resulting
in more homogeneous and smooth films with average
thicknesses of 48 + 2 nm and 250 + 118 nm for PPy-DS and for
PPy-IL-DS, respectively. Interestingly, the PPy granules in PPy-
DS-IL are smaller than in PPy-DS and PPy-IL, which is probably
related to the change in the critical micelle concentration of DS
in the presence of IL or due to the co-assembling of
surfactant/ionic liquid mixtures as a result of a mixed micelle
formation.343¢  Due to its hydrophobic nature, the PPy
monomer is preferentially dissolved in these micelle
assemblies.3® Hence, in addition to doping, the presence of IL
affects the size and structural arrangement of PPy during
electrochemical synthesis. Indeed, the pronounced self-
organisation of IL is widely used in the synthesis of self
assembled, highly organised hybrid nanostructures with
unparalleled quality.3” In Figure 1g and 1h, a significant
change in morphology can be observed resulting from the
presence of Au nanoparticles and the formation of larger PPy
granules forming rougher films (average thickness 352 + 47
nm). Once metallic nanoparticles present a large concentration
of electrons at the surface, the embedded nanoparticles can
act as adsorption centres for the oxidised pyrrole monomers
and oligomers, driving the polymer chains to grow on the
surroundings.3® This is an interesting morphological feature for
application in DSSC, as higher roughness indicates an
improvement in surface area which should enhance the tri-
iodide regeneration process. The presence of gold
nanoparticles with an average crystallite size of 21.8 nm was
confirmed by X-ray diffractometry (Figure S2a) and TEM
(Figures S2b and S2c). The TEM images show AuNPs
homogeneously distributed on the PPy film. Figure S2c shows
the embedded and surrounded AuNPs in the PPy matrix,
supporting the idea that the polymer grows around the AuNPs.
The estimated mass content of AuNPs was found as ca. 0.5 pg
of gold/cm?2.

3.2 Optical Characterisation

Figure 2 compares the UV-Vis-NIR spectra of the films. The
absorption modes and the relative intensities are affected by
the presence of IL and/or DS species. Two absorption bands,
one at low energy (ca. 1.1 eV) and another at high energy (2.6-
2.8 eV), are attributed to bipolaron states. The band at ca. 1.1
eV is assigned to the electron transition from the valence band
to the bonding bipolaron state, while the band at ca. 2.7 eV is
assigned to the transition from the valence band to the
antibonding bipolaron state of PPy.323% The band at ca. 1.4 eV
is related to the transition between bonding and antibonding

J. Name., 2013, 00, 1-3 | 3
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polaron states, which eventually recombine into more
thermodynamically stable bipolarons.23.28:32

14
—— PPy-IL

Z1.2{——PPy-DS

5 PPy-IL-DS

£ 1.0 —— PPy-IL-DS-AUNP

50-8' 12eV 2.8eV

C

©

2

o

[72]

Q

<

1.0 1.5 2.0 25 3.0 3.5
E (eV)

Figure 2. UV-Vis-NIR spectra of PPy-IL, PPy-DS, PPy-IL-DS, and
PPy-IL-DS-AuNP films.

By comparing the relative intensities of the two main
absorption modes, one can observe that PPy films have
different oxidation levels depending on the presence of IL
and/or DS. According to the literature an increase in band
intensity near 1.0 eV is accompanied by an increase in
electrical conductivity of the neutral polymer, reflecting partial
oxidation.32 From these results it is possible to observe that DS
doping promotes formation of bipolaron bands, while IL
promotes polarons, and the mixture of DS and IL, as dopants,
promotes an intermediate doping level of both polarons and
bipolarons. Comparing the UV-Vis spectra of PPy-DS and PPy-
DS-IL-AuNP no significant changes can be observed, suggesting
that DS molecules are the main doping species. On the other
hand, IL can act as template for the dispersion and stabilisation
of metallic nanoparticles.?? This behaviour is probably related
to the weaker Lewis base character of methanesulfonate
compared to sulfate. These results strongly suggest that
doping with DS is affected by IL and is minimised by the
presence of gold nanoparticles.

3.3 Structural characterisation

FTIR-ATR spectra of the films were acquired within the range
of 1800-750 cm (Figure S3). The characteristic vibrational
modes of PPy are observed at 1527 cm™ related to N-H
stretching, at 1052 cm, 1273 cm1, 1010 cm?, and 960 cm,
related to angular deformations in the plane of C-H, N-H, and
C-N-C bonds in the oxidised pyrrole ring. 4142 According to the
literature, the presence of certain vibrational modes can be
used to indicate the oxidation state of PPy (polaron or
bipolaron). The presence of IL molecules is confirmed by the
band at 1636 cm, which is assigned to the vibrational mode
of 1-methyl imidazolium cations, and the band at 1573 cm,
which is assigned to stretching of the C=C and C=N bonds of

4| J. Name., 2012, 00, 1-3

the imidazole ring.94% In addition, the vibratiopal ,mode at
1180 cm™ observed in PPy-IL is attribute8@b IfiAg3d&FBRAYatiTh
associated with the bipolaron state due to the presence of the
IL4 In the spectrum of PPy-IL some bands are shifted
compared to the spectrum of pure IL, suggesting an interaction
between the PPy chains and the IL molecules. Due to the small
amount of DS compared to PPy, the DS vibrational modes are
hidden in the PPy spectrum. The bands at 1219 and 1080 cm-?!
in the films containing DS are related to asymmetric and
symmetric stretching modes of SO%, respectively.**
Interestingly, the vibrational modes of the IL are not evident in
the spectra of PPy-IL-DS and PPy-IL-DS-AuNP, suggesting that
DS molecules are the main species in PPy doping. This data
corroborates the oxidation levels observed in Figure 2.

Raman spectra of the films (Figure 3) were acquired over a
range of 500-2000 cm. All of the films exhibit vibrational
bands characteristic of oxidised PPy.l” Two of the most
important bands are observed at ca. 934 and 984 cm-1. The
band at ca. 984 cm™! is related to the quinoid form of the
pyrrole ring (reduced form) while the band at 934 cm™ is
associated with the benzoid ring (oxidised state).17.23.45

PPy-IL-DS-AuNP

:‘é‘
5
= PPy-IL-DS
—
©
=
= PPy-DS
[
Q
=
PPy-IL

900 930 960 990 1020
Raman shift (cm™)

Figure 3. Raman spectra of PPy-IL, PPy-DS, PPy-IL-DS and PPy-IL
DS-AuNP-films.

In the spectrum of PPy-DS, the band at 934 cm~1 is much more
intense than at ca. 990 cm~1, demonstrating that oxidised state
is predominant in this film. The presence of vibrational modes
characteristic of the reduced state, in the oxidised polymer, is
related to a range of conjugation lengths in the polypyrrole.
Hence this spectrum strongly suggests the formation of
bipolaron state in the PPy-DS film.244% However, for PPy-IL the
vibrational mode at 984 cm™1 is slightly more intense than at
934 cm™1, which have been related to a spectroscopy signature
for the polaron state in PPy films.17” By mixing DS and IL one
can observe an interplay of the dopants, resulting in an
intermediary doping level, slightly more oxidised than for PPy-
IL. The presence of gold nanoparticles increases the ratio

This journal is © The Royal Society of Chemistry 20xx
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between the intensities of 934 cm™! and 984 cm,

corroborating the discussion related to the optical

characterisation (Figure 2).
3.4 Electrical characterization

The electrical resistivity of the films was compared with the
oxidation (doping) level of the films (Figure S4). The values
obtained in this work are consistent with previous works on
electrochemically synthesised PPy films.3147.48 The polaronic
characteristic of PPy-IL, presenting pyrrole rings in the benzoid
form (reduced form) observed by Raman spectroscopy,
resulted in a more resistive film (2.17x102 Q cm) when
compared to the other films. The highest conductivity was
obtained for PPy-DS (0.81 Q cm), which is in agreement with
the high degree of oxidation observed by Raman spectroscopy.
PPy-IL-DS and PPy IL-DS-AuNP are slightly more resistive than
PPy-DS, with 2.44 Q cm and 2.34 Q cm, respectively, however
still more conductive than PPy-IL, again indicating that DS is
the preferred dopant in films containing both agents. In
addition, these results corroborate with the increase in band
intensity at ca. 1.0 eV observed in Figure 2.

3.5 Electrochemical characterisation

Cyclic voltammetric (CV) curves of the films (in 0.1 mol L?
LiCIO4 at a scan rate of 30 mV s1) are found remarkably
dependent on the doping agent used during the syntheses
(Figure S5a). Table 1 shows the influence of doping agents on
the intensities of cathodic (lpc) and anodic (l,a) peak currents
and peak-to-peak separation (AEp). AE, values for all samples
indicate a quasi-reversible system. The presence of AuNPs
resulted in over 100% increase in charge density compared to
PPy-IL and PPy-DS, and 30% increase compared to PPy-IL-DS.
The interaction between PPy and Au NPs may affect the
mobility of the dopant inside the polymer film, leading to an
increase in the external voltage required for the redox process.

Table 1.
voltammograms of films (Figure S5).

Electrochemical parameters obtained from

Parameters PPy-IL PPy-DS PPy-IL-DS PPy-IL-DS-AuNP
Eqg(V) 0.55 0.48 0.36 0.33
Ipa(MA cm™?) 0.33 0.32 0.61 0.80
Epa (V) 0.52 0.76 0.90 0.76
Ipe (MA cm™) -0.36 -0.25 -0.45 -0.63
Epc (V) -0.07 -0.08 -0.16 -0.15
AE; (V) 0.60 0.84 1.06 0.91
(Ea+Ec) 12 (V) 0.23 0.34 0.37 0.30
[Ipal / [1pc| 0.92 1.28 1.35 1.27

Removal of electrons from the occupied orbital (HOMO), and
insertion of electrons in the lowest unoccupied molecular
orbital (LUMO), was studied using voltammetric data. Energy
levels were calculated assuming the normal hydrogen

This journal is © The Royal Society of Chemistry 20xx
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electrode (NHE) is 4.5 eV vs. vacuum level and g,potential, of
0.21 V for Ag/AgCl vs. NHE. Thereby, thel&nelgy0sP AR HOMO
was obtained by adding 4.71 V to the measured Eox (onset) and
the energy of the LUMO by adding 4.71 V to the measured Eeqg
(onset).*84%Figure S5b shows the HOMO and LUMO energies
calculated from onset red/ox potentials for all investigated
films. The electrochemical bandgap (Eg) of PPy-IL, PPy-DS, PPy-
IL-DS, and PPy IL-DS-AuNP films was calculated to be 0.64 eV,
0.61 eV, 0.51 eV, and 0.46 eV, respectively. The higher E; of
PPy-IL indicates a lower molecular ordering and conjugation
length, which may be related to steric hindrance of the IL
molecule. The combination of IL and DS in PPy-IL-DS resulted
in a reduction of the electrochemical band gap of PPy
compared to PPy-IL and PPy-DS films, probably due to changes
in the electronic band structure of PPy-IL-DS, while a larger
surface facilitates charge carrier diffusion. A subtle decrease in
band gap is observed for the film containing gold nanoparticles
compared to PPy-IL-DS. This may be due to an effect of AUNP
on the electronic structure of PPy. The presence of gold
nanoparticles may avoid the charge motion limitation due to
the chain length, facilitating electron transfer, improving
conduction by hopping due to good conductivity, increasing
the conduction path, and allowing charge accumulation on the
modified electrode surface.*>0

Electrochemical impedance spectroscopy (EIS) of PPy films

EIS measurements were performed in 0.1 mol L LiCIO4 under
illumination (Figure 4). The real part of impedance is highest
for PPy-IL and lowest for PPy-IL-DS-Au. EIS spectra were fit to
an equivalent circuit (inset of Figure 4; where R;, R, and R;
represent uncompensated resistance, pore resistance, and
charge transfer resistance, respectively.>® CPE; and CPE;
represent constant phase elements attributed to the
capacitance of the PPy film and the double layer, respectively.
Values obtained from circuit fitting are compared in Table 2.
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Figure 4. Nyquist plots of the PPy films acquired in 0.1 mol L1
LiClO4. The inset displays the equivalent circuit used to fit the
EIS data.
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Table 2. The values of the circuit elements obtained from the
equivalent circuit fitting.

sample R, CPE; R CPE; R:
@ Q. (WF) n Q) Qu(uF) n Q)
PPy-IL 834  27.8 0.85 7053.1 918 068 7168.2
PPy-DS 69.3  3.66 0.84 28.8 316 078 6020.2
PPy-IL-DS 663  7.20 0.63 5981.1 739 057 4568.2
PPy-IL-DS-Au 867  13.7 0.65 4426 702 079 4577.6

According to the literature, Ry describes the pore resistance.
PPy-IL presents the highest value of R;, followed by PPy-IL-DS
and PPy-IL-DS-Au, and PPy-DS being the lowest (Table 2). SEM
images of Figure 1la clearly demonstrate large granules
separated by larger distances for the PPy-IL film. On the other
hand, PPy-DS granules are closely packed and the film is
smooth. R; is significantly decreased due to the presence of Au
NPs in the PPy-IL-DS-Au film showing that the presence of Au is
adventitious to decreasing pore resistance. The decrease in
impedance for this film can be related to the high conductivity
of the Au nanoparticles. 5253 Furthermore, PPy-IL films show
the highest charge transfer resistance (R;). Compared to other
films the PPy-IL surface was the roughest (Figure 1a.), which
may hinder charge transportation due to trap sites and ion
transportation in the pores by diffusion.5253 Compared to PPy-
DS, R is decreased when IL is used in the synthesis of PPy-IL-
DS film. PPy IL-DS-Au had similar R, values to PPy-IL-DS. These
results suggest that interfacial charge transfer resistance is
decreased when PPy films are synthesised in IL and DS mixture
showing the synergistic effect of IL and DS. On the other hand,
the presence of Au decreases pore resistance but does not
affect charge transportation significantly.

Electrocatalytic Activity for I-/13

The relationships between ion diffusivity, reaction kinetics,
and electrochemical catalytic activity of the PPy films were
tested usingl/ls, a frequently used redox couple to assemble
DSSCs. In the cyclic voltammetries presented in Figure 5, the
redox peaks (identified with asterisks), are attributed to the I
/13~ redox reaction. Higher current densities, as well as peak
areas corresponding to the coulometric charge of the I/ls
were obtained for PPy-IL-DS and PPy-IL-DS-AuNP films (Figure
5). This result is related to the larger surface area of PPy-IL-DS
compared to PPy-DS and PPy-IL, and the higher roughness of
PPy-IL-DS-AuNP (Figure 1), which favours ion diffusion. In
addition, the presence of AuUNP can improve electron transfer
kinetics and/or electrocatalytic activity for the I/l3 in the
polypyrrole film.>* We suggest that the improved
electrochemical activity results from the combination of a
larger surface area and a high electrical conductivity, which
PPy-IL-DS and PPy-IL-DS-AuNP are
interesting counter-electrode materials for DSSC.
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Figure 5. Voltammograms of I-/I5- redox reaction at a scan rate
of 20 mV s~1 on PPy-IL, PPy DS, PPy-IL-DS, and PPy IL DS AuNP
films in acetonitrile solution containing 0.1 mol L1 LiClO,4, 10.0
mmol L't Nal, and 1.0 mmol L1 I,.

Performance of DSSCs based on Pt, PPy-IL, PPy-DS, PPy-IL-DS,
and PPy-IL-DS-AuNP CEs

Figure 6 displays the J-V curves of DSSCs based on PPy counter
electrodes (CEs). For comparison DSSC assembled with Pt as a
CE is also presented. The highest fill factor (FF), open circuit
potential (Voc) value, and efficiency (n %) were obtained for Pt
(Table 3). In terms of FF, the PPy films follow the order: PPy-IL-
DS-AuNP > PPy-IL-DS > PPy-DS > PPy-IL. These results show
that PPy-IL offers the highest resistance, in agreement with the
EIS data (Table 2), whereas R, was highest for PPy-IL and
lowest for PPy-IL-DS and PPy-IL-DS-Au. However, the
photocurrent for PPy-IL-DS was slightly higher than that
obtained from PPy-IL-DS-AuNP, which might be due to the
slightly higher thickness of PPy-IL-DS-AuNP. In addition, there
was a slight change in the Vo values of PPy based CE as
compared to Pt CE. The literature reports CE based Vo
difference for the same electrolyte.>>

=\
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Figure 6. Current versus potential for the DSSCs using the Pt,

PPy IL, PPy DS, PPy-IL-DS, and PPy-IL-DS-AuNP films as counter
electrodes.
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Hence, doping PPy in the presence of IL or in combination with
other surfactant salts is a potential method to obtain PPy
based CEs. Based on properties such as high electrochemical
and chemical stability, wide electrochemical potential window,
, hydrophobicity, and low cost, doped-PPy-based CEs are a
very promising alternative for DSSC. These results show that
PPy-IL-DS and PPy-IL-DS-AuNP films are promising DSSC CE
materials, with responses comparable to Pt and other PPy CEs.
5458 However; further efforts are required to optimise the
composition of nanocomposites and film thicknesses.

Table 3. Photovoltaic parameters of the DSSCs with Pt, PPy-IL,
PPy-DS, PPy-IL-DS, and PPy IL-DS-AuNP films as counter-
electrodes.

Jsc Voc FF n
Counter Electrodes (mAcm?) mv) %) %)
Pt 16.6 0.69 67 8.2
PPy-IL 15.0 0.63 58 5.4
PPy-DS 15.7 0.63 60 6.1
PPy-IL-DS 15.9 0.65 62 7.1
PPy-IL-DS-AuNP 13.8 0.63 62 4.6

Conclusion

In summary, we have synthesized PPy films, with interesting
electrochemical behaviour, in the mixture of IL and DS. The
ionic liquid BMI.CH3SO3 can drive the oxidation state of the
polypyrrole chains, resulting in a film presenting a high
concentration reduced pyrrole rings; on the other hand, the
presence of DS results in a PPy film with high concentration of
bipolaron states. By mixing the IL and DS a PPy film presenting
mainly polaronic states was obtained. The morphology,
conductivity, and electrocatalytic properties of the PPy films,
were ultimately controlled by the presence of the IL that
behaves as an entropic driver. The electrocatalytic activity of
the counter electrodes is mainly determined by the oxidation
state of the polypyrrole. The study of PPy-IL-DS and PPy-IL-DS-
AuUNP based counter electrodes for DSSC is proposed for the
first time and the results show great potential application in
flexible dye sensitised solar cells.
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