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Electrochemical copolymerization of pyrrole (Py) and 3,4-ethylenedioxythiophene (EDOT) was per-
formed in an ionic liquid 1-butyl-3-methylimidazolium tetrafluoroborate, (BMIM BF4) employing a
‘micro-cell’ in order to use the materials efficiently. Characterization of the copolymers formed on an
ITO substrate was performed for different Py: EDOT ratios (1:2, 1:1, 2:1) in both aqueous and ionic liq-

uid electrolytes. The three copolymers displayed different absorbance spectra with Amax of the polaron
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species at 507, 540 and 580 nm for PPy-co-PEDOT ratios of 1:2, 1:1, 2:1, respectively. Electrochemical and
spectroelectrochemical analysis revealed that the properties of the copolymer depend upon the Py/EDOT
monomer ratio used. The copolymer PPy-co-PEDOT (2:1) displayed good stability, a switching time of 20
s and a colouration efficiency of 101.3 C-1cm2. The presence of Py in the copolymer stabilised the polaron
state of the copolymer and allowed greater ion mobility compared to the PEDOT alone.

© 2013 Elsevier Ltd. All rights reserved.

1. Introduction

Conducting polymers [1] have attracted attention because of
their potential applications in different fields such as super-
capacitors [2], sensors [3], photovoltaic cells [4], electrochromic
devices [5], organic light-emitting diodes [6], and actuators
[7]. Significant progress has been made in increasing the con-
ductivity, stability and processability of conducting polymers.
Polypyrrole (PPy) has been widely employed as a conducting
polymer and extensively characterized due to its high electrical
conductivity, long term environmental stability and ease of syn-
thesis by chemical or electrochemical means [8,9]. The polymer
poly(3,4-ethylenedioxythiophene) (PEDOT) has received signifi-
cant attention in applications as an organic electrochromic material
because of its rapid switching time and low monomer oxidation
potential [10]. Both of these conducting polymers can be formed
and used in a range of solvents, aqueous or organic, and have
received increased interest due to their potential in electrochromic
applications [11].
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PPy films, in particular, have generated significant interest due
to their outstanding electronic and optical properties. For example,
the reduced yellow form of polypyrrole film displays a maxi-
mum absorption wavelength at 400 nm, while the fully oxidized
blue/black form has a broad absorbance with a broad maximum
around 800 nm [12]. Polypyrrole is formed in the oxidized state,
PPy*2 (bipolaron state), and it can be reduced to the neutral, insu-
lating form, PPy0. The perchlorate anion is frequently utilised for
the electrochemical formation of polypyrrole films as it results in
films with a high degree of uniformity and reproducibility [13].

Ionic liquids are suitable solvents for the electrodeposition of
metals [14] [15] and semiconductors [16] as they possess wide
electrochemical potential windows, spanning up to 6V in some
cases. Room temperature ionic liquids (RTILs or ILs) are known to
be environmentally benign media. Their non-volatility and excel-
lent electrochemical stability [17] are of interest as they can be
used directly as hydrophobic electrolytes for the deposition of both
PPy and PEDOT. ILs possess a number of desirable properties that
include thermal and chemical stability, low melting point, high
ionic conductivity, negligible volatility, moderate viscosity and sol-
ubility (affinity) with many compounds. They represent a ‘green’
alternative to many traditional electrolytes [18]. ILs containing
anions such as NTF;, BF4 and PFg have large electrochemical win-
dows of stability which can go over+2V vs Ag/Ag* in the oxidation
region and below Li/Li* potential in the reductive region [18].
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Studies of pyrrole [8] in various ionic liquids indicate that
intercalation/loss of a cation occurs rather than anion inter-
calation/expulsion on oxidation and reduction of the polymer.
Because ionic liquids have wide electrochemical windows, dur-
ing growth of polypyrrole the potentials used were higher than
in conventional electrolytes [19]. In experiments conducted in
1-butyl-3methylimidazolium hexafluorophosphate (BMIM PFg),
1-ethyl-3-methylimidazolium bis(trifluoromethansulfonyl) amide
and (N,N-butylmethylpyrrolidinium bis(trifluoromethanesulfonyl)
amide, TFSA), polypyrrole films yielded increased faradaic response
in comparison to PPy films prepared in an acetonitrile/LiClO4
solution. The electrochemical activity of PPy was dependent
on the nature of the ionic liquid employed. Increased faradaic
current was more obvious when PPy films were prepared in N,N-
butylmethylpyrrolidinium TFSA, as the faradaic current appeared
four times greater than in acetonitrile/LiClO4 solution [8].

An improvement in the quality of polypyrrole film was achieved
[20] on using the water and air stable ionic liquid 1-ethyl-
3-methylimidazolium trifluoromethanesulfonate (EMIM CF3S03).
Imidazolium ionic liquids, having stable counter anions such as
BF4~, PFs~ and CF3SO3~, were considered as good candidates for
the polymerization process as they do not require special condi-
tions, such as use of an inert atmosphere. The room temperature
ionic liquid EMIM CF3S03, when used as a medium for the
electropolymerization process, resulted in faster polymerization
rates and improvements in the electrochemical capacitance and
electro-conductivity. This can be explained by the fact that charge
neutrality during film formation was maintained by anion and
cation exchange with the ionic liquid [20].

Another monomer available commercially since 1990 is 3,4-
ethylenedioxythiophene (EDOT) which displays many interesting
properties; namely high environmental stability, high conductiv-
ity and excellent transparency in its doped state. An interesting
feature of EDOT is its progressive emergence as a building
block for the synthesis of different classes of molecular -
conjugated systems. Poly(3,4-ethylenedioxythiophene) (PEDOT)
has been extensively used as a conducting polymer as it
exhibits outstanding electrochemical stability while cycling, supe-
rior air and thermal stability and good electrical properties as
a porous structure which ensures a large electrochemical activ-
ity and consistent reversible doping-dedoping process, when the
film was tested upon repetitive potential cycling in an elec-
trolyte. The deposition of PEDOT [21] in an ionic liquid medium
has been described in the literature, in this case 1-ethyl-3-
methylimidazolium bis(perfluoroethylsulfonyl)imide (EMIM PFSI).
During polymerization in the ionic liquid, both the cation (imidaz-
olium) and the anion (PFSI~) of the RTIL are included. PEDOT was
also successfully deposited using a Ag/AgCl as pseudo-reference
electrode (at constant potential of +0.8 V for 5 minutes) on SnO;/F
coated glass from an extremely hydrophobic ionic liquid with-
out any additional dopant [21]. This difference regarding polymer
doping illustrates that the ionic liquid can act as both the growth
medium and the dopant to produce the polymer film.

PPy colours can change from dark blue (oxidized form) to
yellow-green (reduced form), while PEDOT can be switched from
light blue (oxidized state) to dark blue (reduced state). PEDOT is
a very desirable material for electrochromic devices, especially
because of its low band-gap which allows the polymer to be almost
transparent (very light blue) in the oxidized state [22]. The simple
change from light blue to dark blue limits its application to some
degree [23] (e.g. it is not suitable for multicolour applications).

The choice of ionic liquid involves a series of other consid-
erations such as stability, size and nature of ionic liquid ions,
the monomer solubility and the viscosity, which can influence
the electropolymerization process. When electrochemical depo-
sition of conducting polymers is performed from ionic liquids,

the high viscosity at room temperature of some ionic liquids (e.g.
1-hexyl-3-methylimidazolium chloride) may inhibit formation of
electroactive polymers at the electrode surface. A very high viscos-
ity produces a significant decrease in the conductivity and slows
down the rate of ion diffusion within the ionic liquid. Due to the
increased ionic size (3-5 A) of ionic liquids when compared to aque-
ous electrolytes (1-2 A), conductivity at the electrode/ionic liquid
interface could be altered.

Copolymers of Py and EDOT have previously been formed in
aqueous micellar solution using a non-ionic surfactant, a mixture of
a dodecyl polyoxyethylene (8) ether and o tetradecyl polyoxyethy-
lene (8) ether [24].In this as in other publications, the concentration
of EDOT is greater than that of Py. Copolymers were formed in non-
aqueous solutions (acetonitrile and propylene carbonate) where
the optimum Py:EDOT ratio was 1:5 [25]. Finally PPy-co-PEDOT
copolymers were formed in propylene carbonate with a high mole
fraction of EDOT (0.925) [26].

To circumvent the relatively high cost of ionic liquids a ‘micro-
cell’ was used to deposit polymers. Copolymerization of the
monomers, Py and EDOT, was performed to obtain one layer, which
is expected to have different properties from those of the cor-
responding homopolymers. Electrochemical copolymerization of
PPy with PEDOT was performed in the ionic liquid BMIM BF4
using different monomer ratios. Electrochemical and spectroelec-
trochemical analysis showed that the properties of the copolymer
depend upon the Py/EDOT monomer ratio used.

2. Experimental
2.1. Materials and Equipment

Pyrrole (Sigma-Aldrich, 98%) (Py) was stored in dark at
4°C and distilled prior to homo-or/co-polymerization. 3,4-
ethylenedioxythiophene (EDOT) monomer was purchased from
Sigma-Aldrich and used without further purification. In order
to avoid monomer degradation it was stored in the dark in
a refrigerator. The ionic liquid 1-butyl-3-methylimidazolium
tetrafluoroborate (BMIM BF4) used for copolymerization was
received from Sigma-Aldrich and kept in a dessicator to protect
from moisture. Sodium tetrafluoroborate (NaBF,, Sigma-Aldrich)
was used without any further purification. All aqueous solutions
were prepared from deionised water which had a resistivity of
18.2 M2 cm (Elgastat Purification system). The electrochemical
results were recorded at room temperature with a CHI 600 electro-
chemical work station, and all potentials are reported with respect
to Ag/AgCl (3 M KCl) reference electrode in aqueous solution. For
experiments performed in ionic liquids as electrolytic media, a Ag
wire was used as a pseudo-reference electrode. The monomer solu-
tions (20 .l total volume) prepared for electrochemical deposition
of the three copolymers contained the following monomers con-
centrations: 1:2 ratio (0.1 M Py: 0.2 M EDOT), 1:1 ratio (0.1 M Py:
0.1M EDOT) and 2:1 ratio (0.2M Py: 0.1 M EDOT). For electrode-
position a potential range of -0.7V and +0.8V (vs Ag wire) and
50mV s~! was used. UV-Vis absorption spectra were recorded on a
Shzimadzu 1800 UV-Vis spectrophotometer. Spectroelectrochem-
ical studies of the copolymer films was carried out in aqueous
solution (0.2 M NaBF4) during successive switching between oxi-
dized to reduced forms. A series of UV spectra were obtained at
different potentials. Constant potentials were applied until the cur-
rent fell to zero and the steady state spectrum was collected. Film
morphology was analysed on a Hitachi SU-70 scanning electron
microscope (SEM). All experiments described in this article were
carried out at room temperature (approximately 18 °C). FTIR spec-
tra were collected on a Perkin Elmer Spectrum 100 FTIR with an ATR
accessory.
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Fig. 1. (a) Schematic diagram showing the cross-section for the microcell arrange-
ment.(b) A photograph of the resulting electrode. This electrode fits into a
conventional 1cm x 1 cm wide cuvette.

2.2. Microcell Set-up and Electrode Preparation

Cyclic voltammetry experiments were performed using a small
volume (20 pl) three electrode cell (Fig. 1). Indium tin oxide coated
glass (ITO, Solaronix, Switzerland) with a resistivity of 18 2/sq was
used as the conducting working electrode onto which the elec-
tropolymers were deposited. The ITO electrodes were cleaned by
successive ultrasonication in deionized water, followed by ethanol
and deionized water, prior to electrode connection. Copper wire
was placed at one edge of the ITO conductive surface and a small
amount (~6 pl) of silver paint (Electrolube, UK) was attached to
form an electrical connection. The paint was allowed to dry for
30 minutes before insulating the electrical connection with epoxy
(Araldite) The electrode was covered with insulating paint to define
the electrode area (Dielectric paste, The Gwent Group, UK) leaving
a disc shaped electrode. The electrodes were heated in an oven
(temperature of 70°C) for 15 minutes to allow the paint to dry. A
number of layers of insulating paint were deposited to build up
the electrode cell working electrode area. The exposed ITO elec-
trode had a diameter of 0.5 cm. A platinum (Pt) coil was placed on
top of the droplet (parallel to the ITO electrode surface) as counter
electrode, while a silver (Ag) wire was used as pseudo-reference
electrode (Fig. 1).

3. Results and Discussion

Copolymerization of PPy-co-PEDOT in 1-butyl-3-methylimi-
dazolium tetrafluoroborate

Electrochemical formation of conducting polymers in room
temperature ionic liquids has been the subject of interest both
from a fundamental and an application point of view. For
copolymerization of PPy with PEDOT, the air stable ionic liquid 1-
butyl-3-methylimidazolium tetrafluoroborate (BMIM BF,) acts as
both a supporting electrolyte as well as a dopant. Both polypyrrole
and poly(3,4-ethylenedioxythiophene) are well-known polymer
materials and have been intensively studied because of their
high conductivity, relatively low oxidation potential, chemical sta-
bility, and atmospheric stability at room temperature [27,28].
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Fig. 2. Cyclic voltammogram for copolymerization of A. PPy-PEDOT (1:2), B. PPy-
PEDOT (1:1) C. PPy-PEDOT (2:1) in BMIM BF;. Scan rate: 40 mV s~'.

Electrochemical deposition of the copolymers was performed
in a micro-droplet of ionic liquid (BMIM BF4) containing the
mixed monomers, pyrrole (Py) and 3,4-ethylenedioxythiophene
(EDOT).

The optimal potential range for the formation of copolymers
was -0.7V to 0.8V versus Ag wire, which ensured the forma-
tion of thin films on the ITO substrate. Potentials higher than
0.8V lead to formation of overoxidized films with poor adher-
ence at the electrode surface. The lower limit of -0.7 V provided a
favourable redox response. Copolymerization of pyrrole with 3,4-
ethylenedioxythiophene at a molar ratio of 1:2 (0.1M Py: 0.2M
EDOT), 1:1 (0.1 M Py: 0.1 M EDOT) and 2:1 (0.2 M Py: 0.1 M EDOT)
can be seen in Fig. 2 A, B and C, respectively. Film formation
started with nucleation on the first oxidation step with successive
increases in current density on continuous sweeping leading to the
formation of a thin polymeric film on the ITO substrate.
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3.1. Electrochemical Characterization of PPy-co-PEDOT

All three polymer modified ITO electrodes were first examined
in monomer-free ionic liquid BMIM BF,. After film formation, the
solution containing the two monomers was removed from the film
surface and a fresh drop of ionic liquid applied. The influence of
the electrolyte upon the redox behaviour is seen during potential
scanning of the copolymers prepared from different molar ratios in
bothionic liquid and aqueous solution. During successive cycling in
BMIM BF4, the oxidation and reduction peak potentials were shifted
toward more negative values upon decreasing the EDOT concen-
tration in the monomers solution. Also the currents continued to
decrease in neat BMIM BF4 with decreasing amounts of EDOT.

During potential cycling in pure BMIM BF,4, cyclic voltam-
mograms of the PPy-co-PEDOT (1:2) film (Fig. 3 A) showed
increases in the peak currents with increased scan rates. A linear
relationship between both the anodic and cathodic peaks versus
scan rate was observed, indicative of thin layer behaviour [29].
The oxidation peak potential, EPf situated at -0.04V became more
prominent as the scan rate was increased, while the reduction peak
was very broad and shifted towards more positive potentials. The
electrochemical study of the film was continued in aqueous solu-
tion that contained anions of the same size, in this case BF,~. During
continuous potential scanning in an aqueous solution of 0.2M
NaBF, (Fig. 3.D), both the oxidation and reduction peaks appeared
broader and smaller, which suggests that the rate of ion-exchange
decreased in this medium.

Due to modifications of electrolytic media, significant differ-
ences appear when PPy-co-PEDOT was cycled in aqueous solution
at the same potential range of -0.5V to 0.5V (vs. Ag/AgCl, 3 M KCl).
Both anodic and cathodic peak potentials were located in the poten-
tial range of -0.2V and 0V, while in aqueous solution at high scan
rates of 100 or 150 mV s~! the peak potentials shifted to more pos-
itive values of around 0.0V. When the PPy-co-PEDOT (1:2) was
transferred to aqueous solution, the peak currents disappeared and
the voltammetry appeared more capacitive at 100mV s~!. This
could be explained by the effects of double layer charging as seen
in Fig. 3 D.

The electrochemical behaviour of PPy-co-PEDOT (1:1) in neat
BMIM BF, is presented in Fig. 3.B where both the anodic and
cathodic peaks became more pronounced with increased scan rate.
This means that the reduction and oxidation of the copolymer
was characterized by faster kinetics (greater ion mobility) which
may arise from decreased amounts of EDOT. In addition the oxida-
tion peak current appeared at the same potential position (-0.1 V),
while the reduction peak was slightly moved in a negative direction
to -0.2V. The same film of PPy-co-PEDOT (1:1) was subsequently
scanned in 0.2 M NaBF4 aqueous solution (Fig. 3.E). In aqueous solu-
tion the copolymer presents a significant increase of the capacitive
current component and the occurrence of broad potential peaks as
was also the case with the PPy-co-PEDOT (1:2) film.

The maximum currents of 120 wAcm~2 at 150mV s~! in BMIM
BF, (Fig. 3.B) are higher compared to the ones when the films
were scanned in 0.2 M NaBF, (Fig. 3.E), indicating that the films
have lost from their electroactivity. A decrease of AE, value for
PPy-co-PEDOT (1:1) copolymer in aqueous solution (AEp =63 mV)
occurred, compared to AE, of 88 mV obtained for the voltam-
mograms in pure BMIM BFj,.

For the copolymer film PPy-co-PEDOT (2:1) (Fig. 3.C) electro-
chemical characterization was performed in a similar manner to
PPy-co-PEDOT (1:2) and PPy-co-PEDOT (1:1). The electrochem-
ical response of PPy-co-PEDOT (2:1) showed a clear increase
in peak currents with increased scan rate (Fig. 3.C). The film
exhibited fast kinetics which is evident from the sharp peak
potential at -0.15V sharp film voltammetry in the 1-butyl-3-
methylimidazolium tetrafluoroborate ionic liquid on successive

Table 1
Table of forward peak potential (E,) and peaks separation (AEp) of copolymer for
different PPy/PEDOT ratios.

PPy ratio PEDOT ratio Epf AE,

1 2 >-0.04V 93mV

1 1 -0.1V 88 mV

2 1 -0.15V 113 mVv

1 0 varies -

0 1 0.1V ~100mV

potential cycling. As expected, when the film was placed in aqueous
solution (Fig. 3.F), on continuous potential scanning the PPy-
co-PEDOT (2:1) copolymer displayed broad oxidation/reduction
potential peaks. The resulting copolymer PPy-co-PEDOT thickness,
L, had a value of 15nm (Q=6.3 x 10~4 Ccm~2), obtained from the
following relationship:

L = QW/(2.25FcA) (1)

where Q (Ccm~2) is the charge passed during growth, W (g mol~1)
is the molecular weight of the monomer, F (96485 Cmol~1) is Fara-
day’s constant, o (gcm~3) the density of monomer and 2.25 is the
number of electrons transferred. It was assumed that no swelling,
due to the presence of electrolyte, occurred [30].

The scan rate dependence of the anodic and cathodic peak
currents was linear for the voltammograms in Fig. 3. This demon-
strates that the electrochemical process is representative of thin
layer behaviour. However the AE,, for all copolymers was greater
than OmV as presented in Table 1. Actually all copolymers were
electrochemically active and their characteristics being dependent
upon the monomer concentration ratios involved.

FTIR spectra of each of the PPy-co-PEDOT films, 2:1,
1:1 and 2:1 had peaks at 1052cm~!(C-O-C stretching) and
820 cm~1(C-S stretching) indicative of PEDOT along with bands at
1557 cm~!(stretching mode of C=C) and 1170cm~! (C-N stretch-
ing) indicative of Py. That these FTIR peaks are present in the
films demonstrates copolymer formation as described elsewhere
[24,25].

3.2. In-situ Spectroelectrochemistry of PPy-co-PEDOT Copolymers

A spectroelectrochemical study of the copolymers was per-
formed in order to obtain evidence for electrochemical copo-
lymerization and to elucidate the electronic transitions upon
oxidation/reduction of the copolymers. To do this, the fresh copoly-
mers were transferred into cuvettes containing monomer free
aqueous electrolyte 0.2 M NaBF,.

In situ spectroelectrochemistry of PEDOT formed in BMIMBF,
and transferred to aqueous 0.2M NaBF, yielded only a slight
change in the spectrum as a function of applied potential. This
is an indication of the slow ion movement as has been described
when PEDOT was formed previously in an ionic liquid: 1-butyl -
methylpyrrolidinium bis(trifluoromethane sulphonyl) imide [31].
The formation of a Py and EDOT copolymer aims to improve the ion
mobility.

Fig. 4 A shows the absorbance change over the potential range
0.8V (oxidation potential) to -0.6V (reduction potential) for the
PPy-co-PEDOT (1:2) electrode. The film showed very little change
in absorbance over the visible range. Upon reduction of the film, a
broad absorbance peak was seen at 400 nm, which increased with
decreasing potential values and a polaron peak was observed at
507 nm.

The potential-dependent change in the peak intensities of the
absorbance upon p-doping for PPy-co-PEDOT (1:1) film in 0.2M
NaBF, aqueous solution is illustrated in Fig. 4.B. Similar to PPy-
co-PEDOT (1:2), the PPy-co-PEDOT (1:1) films showed very little
change in absorbance over the UV-Vis range and a clear isosbestic
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Fig. 3. Cyclic voltammograms of A. PPy-co-PEDOT (1:2), B. PPy-co-PEDOT (1:1), C. PPy-co-PEDOT (2:1) in monomer-free BMIM BF,4 and cyclic voltammograms of D. PPy-co-
PEDOT (1:2), E. PPy-co-PEDOT(1:1), F. PPy-co-PEDOT (2:1) in in monomer-free aqueous. solution 0.2 M NaBF;.

point was not observed. Upon successive reduction of PPy-co-
PEDOT (1:1) thin film in an aqueous solution of 0.2M NaBF,,
the m-m* transition intensity was reduced and the formation of
charge carrier bands was observed. The appearance of the broad
absorbance peak at 540 nm can be attributed to the presence of a
polaron band (Fig. 4.B).

In Fig. 4.C the reduction process of ‘polypyrrole dominated’
copolymer PPy-co-PEDOT (2:1) in aqueous solution 0.2 M NaBF,,
showed a sharp absorbance peak at 380 nm in the reduced form.
Amax occurred close to 400 nm and also significant changes in the
absorbance were noticed compared to PPy-co-PEDOT (1:2) and
PPy-co-PEDOT (1:1). At 580 nm a broad shoulder appeared due to
polaron formation [32].

Comparing the spectroelectrochemical results of PEDOT and
copolymers, the Apmax for neutral PEDOT was 520 nm. In Fig. 4.A, B, C
no isosbestic point is present and each of the spectra show the pres-
ence of neutral, polaron and bipolaron peaks. The absorbance peak

in the neutral form is at the same wavelength for all the copolymers
and is dominated by pyrrole. The bipolaron peak was broad in each
case and the maximum wavelength was difficult to determine.
The evolution of a polaron peak appears to be directly related to
the change of Py: EDOT monomer ratio (Table 2). In all three copoly-
mers the polaron state is stable, unlike the PEDOT polymer where
the equilibrium lies to the right hand side presented in equation

(2):

2polarons = neutral + bipolaron (2)
Table 2
Amax of polaron peak as a function of the ratios of PPy/PEDOT.

PPy PEDOT Nmax (Nm) Fig. 3

1 2 507 A

1 1 540 B

2 1 580 C
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Fig. 4. UV-Vis spectroelectrochemical spectra of A. PPy-co-PEDOT (1:2), B. PPy-co-
PEDOT (1:1) and C. PPy-co-PEDOT (2:1) films on ITO as function of applied potentials
from 0.8V down to -0.6 V in 0.2 M NaBF, aqueous solution.

Thus it is clear that the polaron band gap can be modulated by
changing the Py: EDOT monomer ratio. Even when a small amount
of pyrrole is present such as in Py-co-PEDOT of 1:2 (Fig. 4.A), the
polaron is stabilised. That there is a greater proportion of Py in the
copolymer can be seen from the position of the A max of the neutral
m—m* transition which in this work is at 392 nm for the 1:1 and
2:1 Py: EDOT films, while it occurs at 417 nm for the 1:2 Py: EDOT
copolymer. This is unlike the position of the neutral band at 508 nm
fora 1:5 Py:EDOT ratio[25] and 542 nm for a py: EDOT ratio of 1:10
formed from the micellar solution [24]

In Fig. 5 it can be seen that the absorbance increases well
beyond the peak current compared to the voltammetric response
at slow scan rate obtained in the same conditions. This indicates
that the region past the peak associated with double layer charging
also comprises a faradaic current component. Similar results were
reported by Hutton, Kalaji and Peter [33], who reported that the
current at higher potentials is not solely due to double layer charg-
ing. Their study was done using an 80 nm polyaniline film deposited
on ITO glass at 20mV s~ 1. The absorption of polyaniline at 620 nm

0.49

0.47

0.45

043

Absorbance /a.u.
2w yrif Jusang

0.41

-0.7 -0.5 -0.3 -0.1 0.1 0.3 05 0.7
Potential vs Ag/AgCl /V

Fig. 5. Absorbance evolution with time at 700 nm (bottom line) and oxidation cycle
(top line) at 10 mV/s scan rate of the PPy-co-PEDOT (2:1) copolymer in 0.2 M NaBF,4
aqueous solution. Potential range -0.7V to 0.7 V.

as a function of potential since polyaniline presents a maximum
absorbance at this wavelength upon oxidation. The results showed
a continuous increase in absorbance during oxidation, observed
beyond the peak in the voltammogram [33]. This was associated
with rapid charge transfer which meant that there was a faradaic
pseudo-capacitive component. The non-linearity seen in the plot of
absorbance versus potential (Fig. 5) indicated that more than one
absorbing species was formed (e.g. polaron and bipolaron species
[34]).

3.3. Electrochromic Switching Studies

The spectral variation corresponds to a change of colour from
oxidized form (grey-blue) to areduced form (olive-green). The abil-
ity of the polymer to change its colour in a reversible manner is
of central importance for display applications [22,35]. The PPy-
co-PEDOT copolymer exhibited systematic changes in the visible
absorbance spectrum and this was seen as a promising material for
electrochromic applications. The physical stability of the layer was
preserved since the potential was maintained between -0.7V and
+0.8 V to prevent overoxidation. It was found [36] that overoxida-
tion of a polypyrrole layer caused repulsion of the film. PEDOT has
been shown to be resistant against overoxidation in propylene car-
bonate, even with small levels of PPy (less than 0.15 mole fraction)
present in a copolymer [26]. A copolymer of Py:EDOT at a ratio
of 1:10 retained 80% of its electroactivity after 1000 cycles up to
+0.7V [24]. In addition a sandwich electrochromic device consist-
ing of chemically synthesised PEDOT and PPy layers separated by a
polyelectrolyte gel was found to lose only 8% of its phototropic AT
response at 560 nm after 10,000 cycles where +1.5V was applied
[37]. This supports the assertion that PPy and PEDOT possess elec-
trochemical stability, once the applied potentials are not too great.
The PPy-co-PEDOT (2:1)/BMIM BF,4 system was studied in detail
in order to explore its properties as an electrochromic material.
The copolymer formed from the ionic liquid was used in aqueous
solution when spectroelectrochemical experiments were carried
out.

The PPy-co-PEDOT (2:1) electrochromic response was per-
formed at wavelengths of 400 nm, applying a potential between
-0.7V and 0V (Fig. 6). The film exhibited reversible behaviour and
a relatively fast switching time of 20seconds [38]. An important
characteristic of electrochromic films is the coloration efficiency
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Fig. 6. Electrochromic switching response for PPy-co-PEDOT (2:1) monitored at
400 nm. Potentials applied at 20 s intervals. Potential limits: -0.7V to O V.

(CE), which is calculated using the following equation derived from
Beer-Lambert law [39]:

log Lex

where Qg is the charge in C cm~2, CE (7)) is in C-!cm?, and Tox and
Theut are the transmittance value of oxidized and reduced state. For
the present study the value for AA was used, as shown in Fig. 6.
Colouration efficiency CE () is related to the performance of
the electrochromic device and is defined as the ratio between the
changein optical density (AOD)and the injected/ejected charge per
unit area of the electrode at a specific wavelength (Amax) [40]. For
Amax =400 nm, the PPy-co-PEDOT (2:1) copolymer had a coloura-
tion efficiency of 101.3 C-'cm?, which is a reasonable value for an
electrochromic material [35,41]. CE values between 74 and 147

cm? C-1 have previously been obtained for a Py:EDOT copolymer
formed from micellar solutions [24].

A change of colours in the copolymeric films could be
observed upon their electrochemical oxidation/reduction. The PPy-
co-PEDOT (2:1) colours were different from those of PPy and
PEDOT, as they exhibited olive-green in the oxidized state and blue-
grey in the reduced form. The colours seen for the PPy-co-PEDOT
(1:2) had a green-yellow appearance in the reduced form and a
blue-green colour in the oxidized state. The copolymer having equal
monomer ratios (PPy-co-PEDOT, 1:1) exhibited a yellow-green
colour in the reduced form and a (darker) grey-blue colour in the
oxidized state.

3.4. Morphological Features

Polymer films of PPy, PEDOT, PPy-co-PEDOT (1:2), PPy-co-
PEDOT (1:1), PPy-co-PEDOT (2:1) characterized by scanning
electron microscopy (SEM). The films were rinsed with acetonitrile
in order to remove traces of ionic liquid and dried in air before
the analysis. All three copolymer films prepared from different
monomer ratios and observed on the SEM exhibited distinctly dif-
ferent morphologies.

The morphologies of new copolymers displayed different fea-
tures compared to PPy/BMIM BF, and PEDOT/BMIM BF4. PEDOT
homopolymers are known to be porous films [42], while PPy films
are characterized by a cauliflower-like appearance [43]. The PPy-
co-PEDOT (1:2) (Fig. 7.A) film had a distribution of globules, pores
and holes which indicated the incorporation of both PPy and PEDOT
to produce the new copolymer. It is interesting to observe that the
PPy-co-PEDOT (1:1) (Fig. 7.B) film displayed a featureless structure.

In contrast the appearance of the PPy-co-PEDOT (1:1) was very
different, since this copolymer shows an array of very small gran-
ules. The PPy-co-PEDOT (1:1) morphology is strikingly different

Fig. 7. SEM images of A. PPy-PEDOT (1:2), B. PPy-PEDOT (1:1) and C. PPy-PEDOT (2:1) films.
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from the ‘polypyrrole dominated’ copolymer PPy-co-PEDOT (2:1)
(Fig. 7.C), which presents bigger clusters of globules and holes
with increased diameter. The SEM analysis of PPy-co-PEDOT (2:1)
was interesting to observe since this polymer displayed the best
electrochomic properties. The appearance of pores with increased
diameter could account for the good electrochemical behaviour,
from the perspective of ions which can be injected/ejected easily
into/out of the polymer matrix. The rougher surface of the PPy-co-
PEDOT (2:1) film may explain the improved response, when cycled
in the BMIM BF, ionic liquid, compared to the less porous films
PPy-co-PEDOT (1:2) and PPy-co-PEDOT (1:1) respectively.

The electron micrographs of each copolymer revealed different
surface morphology depending on the monomers concentration
ratios. The difference in the film morphologies is consistent with
the significant differences in the electrochemical properties of the
three copolymers.

4. Conclusions

For the present study, new PPy-co-PEDOT copolymers were suc-
cessfully synthesised by electrochemical oxidation of monomer
mixtures in BMIM BF, ionic liquid using a novel microcell set-
up. The copolymers prepared in three different ratios were further
characterized by several means such as cyclic voltammetry, in-
situ UV-Vis spectroelectrochemistry, scanning electron microscopy
and spectrochronoamperometry. According to the cyclic voltam-
mograms (CVs) of the copolymer film obtained in both BMIM
BF, and aqueous electrolyte, different electrochemical responses
were observed when the copolymers were removed from their
growth medium. The CVs of the copolymers curves showed well-
defined redox processes comparable to earlier studies done by
Tao et al. [24,25]. The current density was directly proportional
to the scan rate indicating the presence of an electroactive thin
film.

The in-situ spectroscopic measurement performed as a func-
tion of potential confirmed PPy-co-PEDOT (2:1) as the best behaved
copolymer, as only for this copolymer were transitions from neu-
tral to polaron and bipolaron seen. These results are comparable
to the UV-Vis spectra upon oxidation of PPy-co-PEDOT copoly-
mers in acetonitrile [40]. The copolymers study was completed
by SEM analysis, which highlighted the differences in morphol-
ogy of the copolymers to that of the homopolymers. In comparison
for PPy-co-PEDOT films formed in acetonitrile [24,25], the SEM
images revealed various accumulations of globules and a porous
appearance, according to the amount of pyrrole present in the
sample. Previously copolymers with a high proportion of EDOT
have been described, whose spectroelectrochemical behaviour was
dominated by EDOT (where equation 2 lay to the right hand side).
In this work the polaron stabilising effect of including Py in the
copolymer is shown. In addition there is a greater ion mobility for
the copolymer compared to PEDOT.

Different colours were observed for the oxidized and reduced
forms of the copolymers formed in the three monomer ratios.
The PPy-co-PEDOT (2:1) colours were different from those of PPy
and PEDOT, as they changed from olive-green to blue-grey when
switching between oxidized and reduced form. The colours seen
for the PPy-co-PEDOT (1:2) had a yellow-green appearance in the
reduced state and a blue-green colour in the oxidized state. The
copolymer prepared in equal monomer ratios (PPy-co-PEDOT, 1:1)
exhibited a yellow-green colour in the reduced form and a (darker)
grey-blue colour in the oxidized state.
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