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Abstract

Electrochemical synthesis of inherently conducting polymers such as polypyrrole is traditionally performed in a molecular
solvent/electrolyte system such acetonitrile/lithium perchlorate. We report the use of ionic liquids 1-butyl-3-methylimidazolium
hexafluorophosphate, 1-ethyl-3-methylimidazolium bis(trifluoromethanesulfonyl) amide and N,N-butylmethylpyrrolidinium bis(trifluoro-
methanesulfonyl) amide, both as the growth medium and as an electrolyte for the electrochemical cycling of polypyrrole films. Use of the
ionic liquid as the growth medium results in significantly altered film morphologies and improved electrochemical activities.

© 2004 Elsevier Ltd. All rights reserved.
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1. Introduction

Inherently conducting polymers (ICPs) are organic
materials that not only display electrical, electronic,
magnetic and optical properties similar to metals, but also
have the mechanical properties and low density of a
polymer. These materials, such as polyaniline, polypyrrole
or polythiophene, have a conjugated structure; hence
delocalisation of electrons occurs along the polymer
backbone.

Polypyrrole is an especially promising ICP, as it is highly
conducting, environmentally stable and relatively easy to
synthesise. It has recently found use in a wide range of
applications, including chemical and biological sensors, [1,
2] light emitting diodes, [3] electromagnetic interference
shielding [4] and advanced battery systems, [5,6] and the
widespread interest in this and other ICPs is reflected in the
extensive publications in this area [7—9]. One of the most
exciting recent developments in the field of electroactive
polymers, and polypyrrole in particular, is the fabrication of
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electromechanical actuators, where the polymer can be
made to bend and straighten on application of a small
potential [10]. This has particular significance in the
medical field, where electroactive polymers are being
investigated as artificial muscles for a range of prosthetic
and therapeutic uses.

Electrochemical polymerisation of pyrrole is tradition-
ally performed in an electrolyte/molecular solvent system.
The processing parameters, particularly the size and nature
of the dopant counter-ions from the solvent/electrolyte
system, and the nature of the solvent itself, can have a
marked influence on the properties of the resultant polymer
film [11]. When the electroactive polymer films are oxidised
in an appropriate electrolytic medium, positive charges are
generated along the backbone and, typically, solvated
anions enter the polymer from the solution, to effect charge
balance. It has been shown that the size and nature of the
dopant counter-ion incorporated during synthesis can have a
dramatic effect on the ion movement occurring during redox
processes [12—14]. Recent work has suggested that in some
cases, when the film is oxidised and reduced in an ionic
liquid, the intercalation/de-intercalation of a cation rather
than the anion occurs [15]. Ionic liquids have a number of
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advantages over conventional solvents such as the negli-
gible vapour pressure, which overcomes the problem of
solvent evaporation that exists with the long-term use of
volatile solvents in electrochemical applications. Addition-
ally, they have a wide liquid range, good thermal stability
and, of particular importance, good electrical stability, with
electrochemical windows typically over 4 V wide [16—18].
They are also recyclable and more environmentally benign
than most conventional organic solvents. Films prepared in
conventional solvents but cycled in an ionic liquid show
improved actuator performance and significantly increased
lifetimes, to up to a million cycles [15].

The ionic liquids used in this investigation are 1-butyl-3-
methylimidazolium hexafluorophosphate, 1-ethyl-3-
methylimidazolium bis(trifluoromethanesulfonyl) amide
and N,N-butylmethylpyrrolidinium bis(trifluoromethanesul-
fonyl) amide. The PF anion has previously been studied in
some detail as a dopant for polypyrrole films, traditionally
from solutions of a tetraalkylammonium PFg salt in a
molecular solvent such as acetonitrile or propylene
carbonate (PC) [22]. More recently, utilisation of the bis
(trifluoromethanesulfonyl) amide (TFSA) anion, from
LiTFSA solutions, has also been reported to produce
doped polypyrrole films with high electrical conductivity
[23].

The use of ionic liquids for the growth of electroactive
polymers was initially investigated in 1985 by Pickup et al.
[23,24] but was hindered by the moisture sensitivity of the
chloroaluminate ionic liquids being used. The use of ionic
liquids in electrochemical devices that utilise electroactive
polymers is also starting to be recognised, [25,26] driven by
the wide electrochemical window and low volatility of the
solvents.

Sekiguchi et al. [27] recently reported the electropoly-
merisation of pyrrole in 1-ethyl-3-methylimidazolium
triflate, both neat and as a 0.1 M solution in either
acetonitrile or water, and observed an improvement in the
morphology and electrochemical capacity of the films. In
this communication, we report the use of ionic liquids as
both a growth medium for the electrochemical polymeris-
ation of pyrrole, and as an electrolyte for the electro-
chemical cycling of the films, and compare this to the use of
conventional solvent/electrolyte systems. Use of the ionic
liquid as the growth medium results in significantly altered
film morphologies and improved electrochemical activity.

2. Experimental

Films of polypyrrole were prepared from 0.1 M solutions
of freshly distilled pyrrole either in an ionic liquid, a
solution of 0.1 M tetrabutylammonium hexafluoro-
phosphate (TBAPFg) in propylene carbonate, or a solution
of 0.1 M lithium perchlorate in acetonitrile. The films were
grown over 30 potentiodynamic cycles at room temperature
unless stated otherwise. The ionic liquids were prepared

using published procedures and were thoroughly dried and
degassed before use [19-21]. All cyclic voltammograms
(CVs) were recorded using a platinum working electrode,
platinum coil counter electrode and silver pseudo-reference
electrode. The scan rate used was 100 mV s~ ' with a
starting potential of O V, scanning first to positive potentials
and then to negative potentials on the return scan as
indicated by the arrow on the x-axis. Larger films for
analysis by SEM and XPS were grown potentiostatically for
2h, at 1V from the ionic liquids or at 0.85V from the
molecular solvents. The slightly higher potentials used in
the ionic liquid reflect the increased IR drop in these
solvents due to the higher viscosity. The risk of over-
oxidation of the films was minimised by growing the films at
the lowest possible potentials and by thoroughly drying and
degassing the ionic liquids before use to remove any traces
of water. Prior to XPS analysis, the films were washed well
with acetonitrile and dried under vacuum at 30 °C for 48 h.

3. Results and discussion

Comparison of the growth cycles recorded during the
electropolymerisation of pyrrole in ionic liquids compared
to those recorded during film growth in a conventional
solvent/electrolyte system is shown in Fig. 1.

The current onset at about 0.75 V indicates the oxidation
of the pyrrole monomer, i.e. the onset of film growth. CVs
recorded during film growth are sensitive to the nature of the
electrolyte, concentration, solvent viscosity etc. hence
comparison of different systems is normally more effective
by comparison of post-polymerisation CVs. However, it is
interesting to note that while film growth in a conventional
solvent results in a steady and significant increase in current
and capacitance with increasing cycles (Fig. 1(c)), this is not
so apparent during film growth in the 1-butyl-3-methylimi-
dazolium hexafluorophosphate ionic liquid and even less so
in the N,N-butylmethylpyrrolidinium TFSA. This may
initially suggest that the films produced are either thinner
or less electrochemically active, but this is contradicted by
the post-polymerisation analysis, discussed below. Growth
in the less viscous, more conductive 1-ethyl-3-methylimi-
dazolium TFSA is more comparable to that of molecular
solvents, suggesting faster growth of rougher, less dense
films and this is reflected in the morphology of the films
produced, as discussed below. The slight increase in the
oxidation potentials observed in an ionic liquid compared to
molecular solvents is probably a result of the higher
viscosity and, therefore, increased IR drop across the ionic
liquids, although it may also reflect a change in the stability
of the pyrrole radical cation, which is the reactive species
during electropolymerisation.

The wider electrochemical window of the ionic liquid
allows access to higher potentials, and it is interesting
to note that polypyrrole films can be grown at higher
potentials than those used conventionally without any
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Fig. 1. Potentiodynamic growth of polypyrrole films in 0.1 M solutions of pyrrole in (a) 1-butyl-3-methylimidazolium hexafluorophosphate (b) N,N-
butylmethylpyrrolidinium TESA (c) PC/TBAPF, and (d) 1-ethyl-3-methylimidazolium TFSA. Scan rate 100 mV s~ .

impairment of the film properties. After electropolymer-
isation, the working electrode with the films attached
was removed from the growth solution, rinsed with a
little propylene carbonate or acetonitrile, and the electro-
chemical properties of the films assessed. Surprisingly, the
different polypyrrole films showed little electrochemical
response when cycled in either 1-butyl-3-methylimidazolium
hexafluorophosphate or N,N-butylmethylpyrrolidinium
TFSA. However, the electrochemical response of the films
when cycled in a conventional solvent system is dramatically
different (Fig. 2).

It is clear from the post-polymerisation cyclic voltam-
mograms in TBAPF/PC that the use of ionic liquids as the
growth solvent for the electropolymerisation of pyrrole
results in films that are significantly more electrochemically
active than those prepared in the conventional PC/TBAPFq
solvent system under comparable conditions. The peak
currents of the anodic wave of the polypyrrole film grown in
N,N-butylmethylpyrrolidinium TFSA are more than three
times that of the film from PC/TBAPFg. The considerable
increase in capacitance of the polypyrrole films is of
particular interest as polypyrrole, and other ICP materials,

have recently found application in solid-state redox super-
capacitors [28].

The improved electrochemical performance of polymer
films grown in ionic liquids was further confirmed by
comparison with polypyrrole films grown from a lithium
perchlorate/acetonitrile solvent system. Post-polymerisation
CVs of the films recorded in a lithium perchlorate/acetoni-
trile solution are shown in Fig. 3. In this solvent system, the
advantages of using the ionic liquid as the growth solvent
are even more striking.

The exceptional electrochemical response of the poly-
pyrrole films produced from the ionic liquid solutions
prompted us to return to the issue of the electrochemical
cycling of these films in an ionic liquid. It is proposed that
when the N,N-butylmethylpyrrolidinium TFSA or 1-butyl-
3-methylimidazolium hexafluorophosphate ionic liquids are
used as the growth solvent, the films produced are so dense
that, when they are cycled in ionic liquids, only the redox
behaviour of the outer polypyrrole layers are measured.
However, when these films are placed in a molecular
solvent, such as PC or acetonitrile, swelling of the
polypyrrole film occurs, allowing movement of dopant
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Fig. 2. Comparison of the electochemical activity of the polypyrrole films in PC/TBAPF solution. Scan rate 100 mV s~ ',

ions and the oxidation and reduction of all of the polymer
layers. This seems to be consistent with the growth CVs of
the polymer films in the ionic liquid, where the first few
cycles show a steady increase in the anodic current, after
which it remains constant, suggesting that only the
electrochemical response of the outer layers is being
recorded.

To test this hypothesis, a thinner polypyrrole film was
grown from N,N-butylmethylpyrrolidinium TEFSA, over
only five potentiodynamic cycles, and this thin film did
indeed show a significantly improved electrochemical
response when cycled in N,N-butylmethylpyrrolidinium
TFSA (Fig. 4(a)). In contrast, the films grown in 1-ethyl-
3-methylimidazolium TFSA, which show a more significant
increase in the oxidation/reduction current during film

growth (Fig. 1(d)), shows a notable electrochemical
response when cycled in the ionic liquid, even when thicker
films are grown (Fig. 4(b)). This seems to indicate that a
limit is reached during film growth beyond which further
addition of polymer does not add to the electrochemical
response of the film in the ionic liquid, and that this limit is
strongly dependant on the nature of the ionic liquid.

The electronic properties of polypyrrole films are
intricately linked to the morphology; a smoother, more
dense film will generally be more conductive as it is likely to
be less porous and more ordered, which can facilitate charge
transport through the film [11]. In trying to understand the
role that the ionic liquid plays in producing such electro-
chemically active polymer films, electron microscopy was
used to investigate the surface morphology. Conducting
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Fig. 3. Comparison of the cycling of films in an acetonitrile/Li perchlorate solution. Scan rate 100 mV s~ .
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Fig. 4. (a) Post-polymerisation CV of polypyrrole film in N,N-butylmethylpyrrolidinium TFSA, grown over only five cycles in N,N-butylmethylpyrrolidinium
TFSA. (b) Post-polymerisation CV of polypyrrole in 1-ethyl-3-methylimidazolium TFSA, grown over 30 cycles in 1-ethyl-3-methylimidazolium TFSA.

polymers typically show a nodular surface morphology, the
origin of which is not well understood [11]. However, the
films grown in the N,N-butylmethylpyrrolidinium TFSA
ionic liquid are strikingly different to those grown in
conventional solvent systems. Scanning electron
microscopy shows that the films grown in N,N-butylmethyl-
pyrrolidinium TFSA are considerably smoother than those
grown in the PC/TBAPFg solution (Fig. 5).

At 100 pm resolution it can be seen that the films grown
in the N,N-butylmethylpyrrolidinium TFSA ionic liquid are
relatively uniform in morphology, whereas the polypyrrole
film from the PC/TBAPF¢ shows the typical nodular,
‘cauliflower’ appearance, with large variations in surface
structure across the film and nodules up to ca. 100 pm in
diameter. Even at 2 pm resolution the polypyrrole film from
the ionic liquid appears reasonably homogeneous, with only
small nodules, whereas the film from the PC/TBAPFq
appears very rough and pitted. The difference in mor-
phology of the two films is consistent with the significant
differences in the electrochemical properties of these two
films. Further, the film grown in 1-ethyl-3-methylimidazo-
lium TFSA is more similar in appearance to that grown in
the molecular solvent system. The rougher surface of this
film may explain the improved response, when cycled in an
ionic liquid, compared to the smoother film produced from
the N,N-butylmethylpyrrolidinium TFSA ionic liquid.
Indeed, the striking differences in the morphology and
electrochemical behaviour of the films indicate that the
chemical structure of the materials made in ionic liquids
may also be significantly altered. A change in the
distribution of aa, aff and BB type linkages within the
polypyrrole, [11] which would arise if the stability of
the respective radical cations in the ionic liquid were

different from the stability in molecular solvents, could be
expected to change the film morphology, although the link
between the extent of branching and macroscopic structure
is not well understood.

During film growth in an ionic liquid, the polypyrrole is
exposed to a considerably greater concentration of potential
dopant ions, in this case both the cation and the anion of the
ionic liquid, compared to film growth in the 0.1 M solution
of TBAPFg in PC. This may be expected to allow a greater
degree of doping of the polymer film, which would result in
a significant increase in the electrochemical response of the
material. The concentration and nature of dopants within the
polypyrrole films is presently being investigated in detail
using NMR and XPS spectroscopy. Solid-state '*C NMR
spectroscopy allows the detection of both intercalated TESA
anions and pyrrolidinium or imidazolium cations within the
polymer films. Preliminary XPS analysis of films grown at
constant potential from both N,N-butylmethylpyrrolidinium
TFSA and I-ethyl-3-methylimidazolium TFSA revealed
one TFSA anion for every N' species, consistent with
doping by the TFSA anion. When the films are grown in a
quaternary ammonium ionic liquid, it is possible that some
of the N species detected by XPS is not oxidised pyrrole
but rather dopant cations from the ionic liquid. However,
this is unlikely for the films grown at a constant potential
that were never cycled in the ionic liquid. XPS and NMR
analysis is being continued to further investigate the nature
and concentration of dopants in polypyrrole films grown
under a range of conditions.

It is also interesting to note that although polypyrrole
films grown in ionic liquids are predicted to contain more
dopant ions than those grown in molecular solvents,
movement of these ions within the polymer appears to
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Fig. 5. Scanning Electron Micrographs of the polypyrrole films grown in N,N-butylmethylpyrrolidinium TFSA (100 wm (A) and 2 pm (B)) compared to those
grown in TBAPFg (100 pwm (C) and 2 pm (D)) and 1-ethyl-3-methylimidazolium TFSA (100 pwm (E) and 2 pm (F)) (all solution side).

require some solvent swelling—the improved electro-
chemical response of the films grown from the
N,N-butylmethylpyrrolidinium TFSA or 1-butyl-3-methyl-
imidazolium hexafluorophosphate ionic liquids is only
observed during cycling in molecular solvents and not to
such a large extent during cycling in the ionic liquids
themselves. This need for significant solvent swelling is
probably exacerbated by the fact that films grown in these
ionic liquids are particularly smooth and dense. Consistent

with this, the films grown in the more conductive, less
viscous 1-ethyl-3-methylimidazolium TFSA have a much
rougher surface structure, and these show a more significant
response when cycled in the ionic liquid.

4. Conclusions

Three different ionic liquids have been used as the
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growth medium for the electrosynthesis of polypyrrole and a
dependence on the nature of the ionic liquid was observed.
All ionic liquids produced films with considerably smoother
surface morphology and significantly enhanced electro-
chemical activity than films grown in conventional molecular
solvent/electrolyte systems, with the more viscous, less
conductive ionic liquid producing the smoothest films. The
chemical nature of the new polypyrrole films and the nature
and concentration of dopants is being investigated in more
detail, and the significantly improved morphology of these
materials suggest that they will also display significantly
higher conductivity and better mechanical behaviour than
those prepared in conventional solvents.
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