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Abstract The formation and characterisation of films of polyaniline (PANI) and
poly(ethylenedioxythiophene) (PEDOT) containing cellulose nanocrystals (CNXLs) from
cotton are described. PANI/CNXL films were electrodeposited from a solution containing
CNXLs, HCI and aniline, while PEDOT/CNXL films were electrodeposited from a solution
containing CNXLs, LiClO4 and ethylenedioxythiophene. In each case, incorporated of
CNXLs into the electrodepositing polymer film led to the formation of a porous
polymer/CNXL nanocomposite structure. The films were characterised using scanning
electron microscopy, cyclic voltammetry, electrochemical impedance spectroscopy (EIS) and
galvanostatic charge-discharge analysis. The specific capacitances of the nanocomposite
materials were higher than those of the CNXL-free counterparts (488 F g for PANI/CNXL;
358 F ¢! for PANL 69 F g for PEDOT/CNXL; 58 F g for PEDOT). The durability of the
PANI/CNXL film under potential cycling was slightly better than that of the CNXL-free
PANI, while the PEDOT film was slightly more durable than the PEDOT/CNX film. Using
electrodeposition, it was possible to form thick PANI/CNXL films, with total electrode
capacitances of 2.07 F cm™ (and corresponding specific capacitances of 440 F g™),
demonstrating that this particular nanocomposite may be promising for the construction of

high performance supercapacitors.
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Introduction

The development of novel supercapacitors, devices that fit the gap between high
energy/low power batteries and low energy/high power capacitors, is a very active area of
research [1-3]. Much of this work is aimed at the design of new electrode materials that can
store a lot of charge and withstand a large number of charge/discharge cycles. Candidate
materials include activated carbons [4], carbon nanotubes [5], graphene [6,7], metal oxides
[8], and electronically-conducting polymers (ECPs) such as polyaniline (PANI),
poly(ethylenedioxythiophene) (PEDOT), and polypyrrole (PPY) [9,10]. ECPs are
particularly promising as unlike, e.g., carbon nanostructures that only store charge at the
electrode/electrolyte interface, ECPs can store charge throughout their bulk structure due to
their faradaic charging mechanism (i.e., pseudocapacitance). However, a common weakness
of such materials is their propensity to degrade during repeated charge/discharge cycles, when
ion and solvent transfer across the ECP/electrolyte interface causes swelling and shrinkage of
the ECP. This weakness is often overcome by incorporating rigid support materials such as
carbon nanotubes (CNTs) into the ECPs, which can yield mechanically stable
nanocomposites [10-13].

As part of a wider move towards the use of renewable materials in science and
technology, a number of groups have begun to explore the use of such materials in
electrochemical energy conversion and storage [14-16]. As one of the most abundant
materials on Earth, cellulose (and its derivatives) has received attention as a potential fuel for
electricity generation in fuel cells [17,18] and as an additive in composite electrodes for fuel
cells, batteries and supercapacitors [19-22]. Cellulose has been particularly useful for the
development of flexible devices [23-36] and a number of wearable cellulose-based

supercapacitors have been developed [37-40].



Cellulose nanocrystals (CNXLs) are high aspect ratio, crystalline portions of cellulose
that can be readily extracted from renewable plant resources using simple acid hydrolysis.
CNXLs have attracted a lot of attention in recent years [41,42] and their incorporation into
PPY-based composites using electrochemical co-deposition has yielded promising electrode
materials for supercapacitors [43,44]. The mass-specific capacitances, Cs,, of nanocomposite
PPY/CNXL electrodes are comparable to those of PPY/CNT nanocomposites synthesised
using a similar procedure (336 F g and 319 F g, respectively, based on analysis by cyclic
voltammetry), as are the materials’ stabilities, demonstrating the opportunities offered by the
inexpensive, renewable CNXLs [44]. PPY/CNXL nanocomposites with a Cs, of 248 F g!
have also been prepared by chemical synthesis [45]. While the development of materials with
high Cs, values is undoubtedly important and such data are encouraging, the parameter of
interest in real devices is usually the total electrode capacitance, Cg, given in units of F cm™
(normalised to the electrode’s geometric area). The use of materials with high Cs, values
does not necessarily translate into high capacitance devices and both Cg, and Cg should be
considered when analysing novel supercapacitor electrode materials. For ECP-based
supercapacitors, typical Cg values are of the order of 1 F cm™ [46-48] and a PPY/CNXL
supercapacitor with electrode capacitances of 2 F cm™ and a mass specific capacitance of 240
F ¢! was recently reported [43].

Given the promising performances of PPY/CNXL nanocomposites, it is important to
determine whether CNXLs can be used in supercapacitor electrode nanocomposites based on
other ECPs. In this paper, we describe the electrochemical synthesis of PANI/CNXL and
PEDOT/CNXL nanocomposite films on Pt and glassy carbon surfaces, respectively, and
compare their performances against those of the corresponding CNXL-free ECPs. As we
discuss below, the capacitance of each nanocomposite materials exceeds that of the CNXL-

free ECP. In the case of the PANI/CNXL films, in particular, Cg, is 440 F g'1 and Cg exceeds



2 F cm™, demonstrating the opportunities afforded by the use of CNXLs in supercapacitor

development.

Materials and Methods

Materials and Apparatus

The cellulose source was cotton wool. Concentrated H,SO4 and HCI, aniline (ANI) and
TEMPO (2,2,6,6-tetra-methylpiperidine-1-oxyl) were obtained from Alfa Aesar and all other
reagents were obtained from Sigma-Aldrich. All reagents were used as received.
Electrochemical depositions and measurements were carried out using a model 760C
potentiostat (CH Instruments Inc., Austin, TX) using either a 2 mm diameter Pt disk or a 3
mm diameter glassy carbon (GC) disk as the working electrode, an Ag/AgCl reference
electrode and a Pt wire as the counter electrode. Samples for scanning electron microscopy
(SEM) were prepared by electrodeposition onto GC plates (exposed area = 0.283 cm?) and
SEM analysis was carried out using a Philips XL30 FEG Environmental Scanning Electron

Microscope operated at 20 kV.

Extraction and Modification of CNXLs from Cotton

CNXLs were extracted from cotton wool using a H,SO4 hydrolysis process described by
Revol [49], which yields CNXLs with average dimensions of approximately 6 X 6 X 150 nm.
The preparation method also introduces a negative surface charge onto the CNXLs as some of
the surface primary hydroxyl groups on the CNXLs’ exteriors are converted to sulfate half
esters [50,51]. During the deposition of PANI/CNXL films, the as-prepared CNXLs were

used. For the deposition of PEDOT/CNXL nanocomposite films, the CNXLs were first



subjected to TEMPO oxidation, which converts the primary hydroxyls to carboxylates (these
oxidised CNXLs are called O-CNXLs) [52]. Carboxylation was confirmed by potentiometric
titration, giving approximately 1 mmol g carboxylate groups on the O-CNXLs, as expected

from previous work [44,52].

Electrochemical Measurements

Prior to use, Pt and GC electrodes were cleaned by polishing with aqueous alumina (0.3 pm)
slurries on felt polishing pads and then rinsing with deionized water.  For the
electrodeposition of the PANI/CNXL films, deposition solutions contained 0.25 M ANI in a
0.5 wt.% CNXL suspension in 0.5 M HCIl. CNXL-free PANI films were electrodeposited
from 0.25 M ANI dissolved in 1.0 M HCl. PEDOT/O-CNXL films were deposited from 38
mM EDOT in a solution composed of 5 parts 50 mM LiClO4 in a 0.79 wt.% O-CNXL
dispersion and 2 parts CH3;CN. Pure PEDOT films were deposited from solutions composed
of 38 mM EDOT in 5 parts 100 mM LiClO4 and 2 parts CH3CN. PANI and PANI/CNXL
films were electrodeposited at +0.9 V vs. Ag/AgCl whereas PEDOT and PEDOT/O-CNXL
films were electrodeposited at +1.1 V vs. Ag/AgCl. The optimum deposition potential was
determined using cyclic voltammetry (full details are given in the Results and Discussion
section). After deposition, the electrodes were gently rinsed with de-ionised water. The
electrochemical properties of the PANI and PANI/CNXL films were studied in 1.0 M HCI
and the PEDOT and PEDOT/O-CNXL films were characterised in 2.0 M KCL
Electrodeposition and electrochemical characterisation of all materials were performed at

room temperature (~ 20°C).



Results and discussion

Electrochemical Deposition of PANI/CNXL and PEDOT/CNXL Nanocomposites

Figure 1 shows cyclic voltammograms (CVs) recorded at (A) a Pt electrode in ANI and
ANI/CNXL solutions and (B) a GC electrode in EDOT and EDOT/O-CNXL solutions. In
each case, monomer oxidation began near 0.8 V and a nucleation loop appeared, indicating
that nucleation and growth of the ECPs occurred during the forward sweep and that
deposition during the reverse sweep occurred preferentially on the pre-existing polymer [53-
55]. Based on the oxidation potentials shown in these CVs, subsequent PANI and
PANI/CNXL films were synthesised at a constant potential of 0.9 V, while PEDOT and
PEDOT/O-CNXL films were synthesised at +1.1 V, allowing us to avoid over-oxidation of
the films while also enabling good control of the deposition charge [44,46].

Figure 2 shows SEM images of PANI, PANI/CNXL, PEDOT and PEDOT/O-CNXL
films on electrode surfaces. The morphology of the PANI film (Figure 2A) is similar to that
previously reported for electrodeposited PANI [46,56]. By comparison, the PANI/CNXL
composite film had a more open structure and contained rectilinear structures consistent with
those expected for polymer-coated CNXLs [44]. From the SEM images, the average pore
size in the PANI film was estimated to be approximately 100 nm, while the average pore size
in the PANI/CNXL film was approximately 400 nm. It is generally believed that the
formation of more open ECP structures by incorporation of nanomaterials such as CNXLs
and CNTs improves solvent and ion transport throughout ECP films and improves their
electrochemical properties [43,44,46]. In the case of the PEDOT systems, the effects of the
O-CNXLs on the polymer morphology was more evident than that observed in the PANI

systems. The O-CNXL-free PEDOT film contained relatively thick aggregates, as expected



for electrodeposited PEDOT [46,48], but the PEDOT/O-CNXL film (Figure 2D) was porous,

which again is expected to improve the electrochemical performance of the nanocomposite.

Electrochemical Characterisation of PANI and PANI/CNXL Films

Figure 3A shows CVs recorded at a PANI/CNXL film and a PANI film in 1.0 M HCI after a
stable response was obtained for both the films. In general, both CVs had the rectangular
shapes expected for predominently capacitive responses and the sharp current decreases at the
potential limits were due to fast redox switching within the polymer films [57]. It is notable
that the PANI/CNXL film exhibited a higher average current and a more rapid current
decrease at the positive limit. As the CNXLs used during electrodeposition of PANI/CNXL
films were uncharged (the surface sulfate half esters will be protonated during
electrodeposition in 0.5 M HCI and during characterisation in 1 M HCI), these differences in
electrochemical behaviour are thought to be due only to the structural differences in the PANI
systems. This behaviour is unlike that observed in the PPY/O-CNXL system [44] and the
PEDOT/O-CNXL system (vide infra), which is affected by the surface charge of the O-
CNXLs. Considering only the structural differences in the PANI and PANI/CNXL structures,
and the fact that during potential cycling of the PANI film the accompanying ion
ingress/egress can cause distortion of the film [58], it is possible to elucidate the advantages
offered by the PANI/CNXL. As ECP films swell during ion ingress some of the
interconnected pores within the films can become blocked increasing the barrier to
subsequent ion ingress. In this scenario, the PANI/CNXL composite holds a significant
advantage as the more open porous structure of the PANI/CNXL can allow more swelling
and ion transport and maintenance of this open porous structure was possible due to the

structural reinforcement offered by the rigid CNXL scaffold.



The effect of the facilitated ions transport in the PANI/CNXL film can be further
examined through the use of electrochemical impedance spectroscopy (EIS). As a steady
state, dynamic frequency technique with a small potential variation, EIS can provide a more
accurate estimate of the capacitance [46]. More importantly, EIS also allows easy
comparison of the charge transfer dynamics of various films by determining the ‘knee’
frequency from Nyquist plots or by comparing real impedance values. Figure 3B shows
Nyquist plots obtained from EIS of PANI and PANI/CNXL films. Both films showed typical
diffusive-capacitive behaviour from high to low applied frequency. In the high frequency
region (above the knee frequency - towards the left of the x-axis), the pseudocapacitive
behaviour of the film was limited ion diffusion into/out of the film within the time frame of
the frequency period. In the low frequency region (below the knee frequency - the vertical
section of the Nyquist plot), the film becomes completely charged. Thus, the knee frequency
is the highest frequency where the film can be fully charged. The knee frequency of the
PANI/CNXL nanocomposite was 37 Hz (at 10 ohms real impedance), compared to 21 Hz (at
14 ohms real impedance) for the PANI film. The significantly higher knee frequency and
lower real impedance value as measured on the x-axis of the nanocomposite film indicates
that charging of the PANI/CNXL film can occur at much faster rate than in the PANI film
[44].

In the low frequency domain, where the film showed -capacitive behaviour
characterised by the near vertical Nyquist plot, the capacitance, C, of the films were
determined using the equation C = -1/(2nfZ"), where f = frequency (Hz) and Z" = imaginary
component of the complex impedance in ohms at frequency f. At 0.12 Hz, C for the
PANI/CNXL film was 1.45 mF and that of the PANI film was 1.06 mF. Converting these
values to Cg, values (considering the mass of PANI only) gives a value of 488 F g for the

PANI/CNXL composite (exceeding that of the PPY/CNXL composites described previously



[44,45]) and 358 F g for the PANI film. Based on this analysis, together with the CV data
and structural information from the SEM images, the higher capacitance and significant
improvement on the charge kinetics of the PANI/CNXL nanocomposite is attributed to the
porous and open-structured morphology of the nanocomposite. The high capacitances of
conducting polymer/carbon nanotube (CNT) and polypyrrole/CNXL composites have also

been attributed to similar morphological effects [44,46].

Electrochemical Characterisation of PEDOT and PEDOT/CNXL Films

Figure 4A shows the CVs recorded at PEDOT and PEDOT/O-CNXL films. In general, the
CVs showed the rectangular shapes expected for predominantly capacitive behaviour and the
CVs overlapped except in the negative potential region, where a lower current flowed at the
PEDOT film. The low current at negative potentials was due to the high resistance of the
reduced PEDOT [46] but, in the case of the PEDOT/O-CNXL film, the large and immobile
negatively charged CNXLs within the nanocomposite film led to a high current at negative
potentials [44]. This is due to electrostatic repulsion of electrons on the PEDOT chain by the
negatively-charged O-CNXLs, which makes electron removal easier and results in the
observed negative shift of the oxidation potential [44,46]. The Nyquist plots recorded at -0.6
V (when the films are reduced - Figure 4B) showed that the PEDOT/O-CNXL film was much
more capcitive than the PEDOT film (as characterised by the more vertical plot). At 0.6 V,
when the films are oxidised, the Nyquist plots almost overlap demonstrating that the films
behave similarly at high potentials (Figure 4C). The bending of the Nyquist plots at high
frequencies (particularly visible in Figure 4C) is unusual for ECP materials. It is thought that
this phenomenon is most likely due to experimental artefacts, both capacitive and inductive,

that are inherent to the use of the potentiostat [59]. The low frequency capacitance calculated

10



from EIS data recorded at 0 V (data not shown), where the average current was observed in
the CVs (Figure 4A) and 0.045 Hz, was 69 F g for the PEDOT/O-CNXL film and 58 F g”!

for the PEDOT film.

Effects of Potential Cycling on the Electrochemical Behaviour of ECP Films

Figure 5A shows galvanostatic charge/discharge curves recorded at a PANI film and a
PANI/CNXL film at 1.0 mA cm™  The near symmetrical shape of the complete
charge/discharge cycle for both films shows that both exhibited almost completely capacitive
behaviour within the potential limits. The longer time taken for the PANI/CNXL film to
complete the charge/discharge cycle was due to the higher capacitance of the film, as
capacitance C = [/(dE/d¢), where [ is the constant applied current and dE/d¢ is the potential
scan rate. Figure 5B shows the charge/discharge curves recorded, under the same conditions,
after 5000 potential cycles between 0.2 V and 0.8 V in HCI. After potential cycling, the time
required to complete the charge/discharge cycles reduced significantly for both films due to
film degradation, which results in loss of capacitance. In both cases, the capacitance loss was
gradual throughout the 5000 potential cycles (see supplementary information). It is clear
from Figure 5B that the capacitance of the PANI/CNXL film was higher than that of the
PANI film at the end of the stability test. The capacitance of the PANI/CNXL film had
decreased by 51 % compared to 55% for the PANI film, showing that the presence of CNXLs
slightly improved the electrochemical stability of PANI.

Figure 5C shows the charge/discharge curves at current density of 10 mA cm™ for the
PEDOT film and the PEDOT/O-CNXL film. The charge/discharge curves show that the
PEDOT/O-CNXL film was also more capacitive than the PEDOT film, in agreement with the

EIS discussed in the previous section. After cycling the potential 5000 times between 0.7 V
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and -0.7 V, the capacitance of both films had decreased (Figure 5D). However, in this case
the PEDOT/O-CNXL degraded slightly more than the PEDOT film, by 22% compared to
15%. This increased degradation may be due to the higher capacitance of the PEDOT/CNXL
film. During the stability test, more ion and solvent ingress would to be expected to have
occurred in the higher capacitance film (i.e.. the PEDOT/CNXL film) and the film would,
therefore, be subjected to more mechanical stress than the PEDOT film. Similar behaviour
has also been observed during potential cycling of a PEDOT/CNT nanocomposite, where the
capacitance loss over a 5000-cycle potential cycling test was higher than that of a pure

PEDOT film [46].

Behaviour of ECP Films Electrodeposited at High Charge Density

If one intends to use novel electrode materials in the development of real supercapacitors, the
mass specific capacitance reported when only a small amount of material is used is not a
reliable indicator of performance because it does not translate to device capacitance [46-48].
As Peng and co-workers pointed out previously, a good supercapacitor electrode material not
only requires a high mass specific capacitance, but very importantly, it has to demonstrate a
proportional increase of the electrode capacitance when a large amount of the material is used
[46]. The measurement of interest in this case is the total electrode capacitance, with units of

F cm™.

In previous work with PPY/CNXL, a total electrode capacitance of 2.0 F cm™ was
achieved [43] and the challenge for the present work is to achieve similar total electrode
capacitance values.

To obtain a high electrode specific capacitance, it is necessary to be able to form a

porous ECP or ECP composite in order to facilitate electrolyte access throughout the volume

of the material [46-48,57]. In the case of the ECP/CNXL nanocomposites, it is important to

12



verify that the porous structure can be retained in thick films. Figure 6A shows slow scan
rate CVs (at 0.02 V s') recorded at a PANI film and a PANI/CNXL film after
electrodeposition to a charge density of 10 C cm™ (i.e., 50 times the charge used to form the
PANI/CNXL films discussed in previous sections). The CV recorded using the PANI/CNXL
film showed vertical current increases at the potential limits due to the fast charging
capability of the PANI/CNXL film. This behaviour is in contrast to that observed for the
PANI film, when current switch was sluggish. Differences in the charging rate were even
more obvious when CVs were recorded at higher scan rates (Figure 6B shows CVs recorded
at 0.25 V s™). At the higher scan rate, the PANI/CNXL film still produced a near rectangular
response, suggesting that the film was highly capacitive. In contrast, the PANI film did not
respond to fast charging and the slope of the CV indicates that it was resistive. Using the
CVs recorded at 0.02 V s™', the capacitances of the films were calculated using the equation C
= Icy/(dE/dt), where Icy is the average current during cyclic voltammetry, and dE/d¢ is the
potential scan rate. Cg, and Cg of the thick PANI/CNXL film were 440 F g'1 and 2.07 F cm'z,
respectively, while those of the thick PANI film were 285 F g™ and 1.34 F cm™, respectively.
Csp for the thick PANI/CNXL film agrees with that obtained for the thin films (440 F g vs
488 F g'), showing a proportional increase of electrode capacitance at higher deposition
charge density. In addition, Cs, for the film is higher than that achieveable using PPY as the
ECP [44,45]. In contrast to the PPY/CNXL film, Cs, of PANI decreased from 358 F g'1 for
the thin film to 285 F g™ for the thick film. The proportional increase in the capacitance of
the PANI/CNXL composite is attributed to the strength of the CNXLs within the structure,
which may have facilitated the retention of the porous structure in the thicker film.

Figure 6C shows the EIS Nyquist plots for the thick PANI and PANI/CNXL films.
The knee frequency for the thick PANI/CNXL film was 5.5 Hz compared to 0.3 Hz for the

PANI film, demonstrating that the thick PANI/CNXL film can be charged much faster than
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the PANI film (as also indicated by the CV's shown in Figures 6A and 6B). It is also possible
to deduce the representative pore structure in the thick PANI/CNXL and PANI films by
comparing the Nyquist plots with those calculated for different typical pore structures [60].
The impedance of the thick PANI/CNXL film is characteristic of straight open pores, while
that of the thick PANI film is characteristic of narrow-necked quasi-spherical pores that allow
limited electrolyte access [60]. This is consistent with the SEM images that were obtained for
these films (Figure 2A and 2B) and the suggestion above that the rigid CNXLs may be able to
facilitate the growth of a thick porous structure in which the pores are open and
interconnected.

Numerous attempts to form the PEDOT/O-CNXL films at a high deposition charge
density were performed and all were unsuccessful. The PEDOT/O-CNXL films deposited to
a charge density of 10 C cm™ had a thick gel-like appearance when removed from the
deposition solution, and displayed a poor voltammetric response. We believe this may be due
to the water/acetonitrile mixture used as the deposition solution, in which the EDOT
monomers and the CNXL may be preferentially dissolved/dispersed in separate phases in the
mixture even though the solution appeared to consist of a single-phase [12,46]. Similar
effects have been reported during the attempted formation of thick PEDOT/CNT

nanocomposites (which were unsuccessful) [12,46].

Conclusions

Cellulose nanocrystals (CNXLs) from cotton were used for the electrochemical synthesis of

composites with polyaniline (PANI) and poly(ethylenedioxythiophene) (PEDOT). CNXLs

were incorporated into the nanocomposites during electrochemical deposition of the

conducting polymers. Both CNXL nanocomposites showed higher capacitances and higher

14



charge/discharge rates than their CNXL-free counterparts due to the change in the polymer
morphology upon forming polymer/CNXL composites, which facilitates ion and solvent
transport throughout the film structure. The PEDOT/O-CNXL nanocomposite was capacitive
at negative potentials where pure PEDOT was resistive, a phenomenon that we attribute to the
negative charge on the immobilised O-CNXLs. Thick PANI/CNXL nanocomposites formed
at high deposition charges also exhibited almost-ideal capacitive behaviour and were highly
responsive to fast charging, while the CNXL-free PANI film was much more resistive when
subjected to the same tests. Not only was the thick PANI/CNXL film significantly more
capacitive, the rate of charge transfer in the thick PANI/CNXL film was significantly higher
than in the thick PANI film. The ability to form an extended porous structure in the
PANI/CNXL films (with excellent electrochemical properties) at high deposition charge is
attributed to the strength of the CNXLs and the ability of the film to support facile ion and
solvent movement. While there has been a couple of previous reports on high performance
supercapacitor materials prepared using CNXLs as the composite filler (and polypyrrole as
the ECP) [43-45], to the best of our knowledge this is the first time that such materials have
been prepared using either PANI or PEDOT. This work further highlights the opportunities
offered by CNXLs for the fabrication of conducting polymer composites for supercapacitor
applications and extends the range of electrochemical materials that can exploit these unique

nanomaterials.
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Figure Legends

Fig. 1 (A) CVs recorded at a 2 mm-diameter Pt disk in 0.25 M ANI in 1 M HCI (black line)
and in 0.25 M ANI in a 0.5 wt % CNXL dispersion in 0.5 M HCI (red line). (B) CVs
recorded at a 3 mm-diameter GC disk in 38 mM EDOT in 5:2 aqueous 100 mM
LiClOg4/acetonitrile (black line) and in 38 mM EDOT in 5:2 aqueous 50 mM LiClO4 in 0.79
wt. % CNXL suspension/acetonitrile (red line). The potential scan rates and ranges were (A)

0.1 Vs'and0.2-1.0 V, and (B) 0.05 Vs and 0.2-12 V

Fig. 2 SEM images of (A) PANI, (B) PANI/CNXL, (C) PEDOT, and (D) PEDOT/O-CNXL
films. The films in A and B had been electrodeposited at 0.9 V to a charge density of 0.2 C
cm™ and those in C and D had been electrodeposited at 1.1 V to a charge density of 1.0 C

cm™

Fig. 3 (A) CVs recorded at an electrodeposited PANI film (black line) and a PANI/CNXL
film (red line) in 1.0 M HCI. In each case, the potential was scanned from 0.2 V (initial
potential) to 0.8 V at 0.25 V s™'. (B) Nyquist plots obtained from EIS of the PANI film (filled
circles) and the PANI/CNXL film (filled squares) at applied potential of 0.6 V in 1.0 M HCl
at a potential amplitude of 5 mV and in the frequency range 0.1-10000 Hz. The knee
frequency was 21 Hz for the PANI film and 37 Hz for the PANI/CNXL film. Each film had

been electrodeposited at 0.9 V to a charge density of 0.2 C cm™
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Fig. 4 (A) CVs recorded at an electrodeposited PEDOT film (black line) and a PEDOT/O-
CNXL film (red line) in 2.0 M KCI. In each case, the potential was scanned from -0.7 V
(initial potential) to 0.7 V and the scan rate was 0.25 V s'. B and C shows Nyquist plots
obtained from EIS of the PEDOT/O-CNXL film (filled squares) and the PEDOT film (filled
circles) at (B) -0.6 V and (C) 0.6 V in 2.0 M KClI at a potential amplitude of 5 mV and in the
frequency range 0.1-10000 Hz. Each film had been electrodeposited at 1.1 V to a charge

density of 1.0 C cm™

Fig. 5 Galvanostatic charge-discharge curves recorded at a PANI film (black line) and a
PANI/CNXL film (red line) at a current density of 1 mA cm™ (A) before and (B) after a
stability test, in which the potential was cycled 5000 times between 0.2 V and 0.8 V in 1.0 M
HCl at 0.05 V s™. The films were deposited at 0.9 V to a charge density of 0.2 C cm™. The
curves in C and D are galvanostatic charge-discharge curves recorded at a PEDOT film
(black line) and a PEDOT/O-CNXL film (red line) and films at a current density of 10 mA
cm™ (C) before and (D) after a stability test, in which the potential was cycled 5000 times
between 0.7 V and -0.7 V in 2.0 M KCl at 0.25 V' s™'. The films had been electrodeposited at

1.1 V to a charge density of 1.0 C cm™

Fig. 6 (A and B) CVs recorded at an electrodeposited PANI/CNXL film (red lines) and a
PANI film (black lines) in 1 M HCI. The potential limits were 0.2 V and 0.8 V and the scan
rate was (A) 0.02 V s and (B) 0.2 V s'. (C) Nyquist plots obtained from EIS of the
PANI/CNXL film (squares) and the PANI film (circles) at 0.6 V in 1 M HCI at a potential

amplitude of 5 mV and frequency range of 0.1-10000 Hz. The knee frequencies were 0.3 Hz

17



for the PANI film and 5.5 Hz for the PANI/CNXL film. Each film had been electrodeposited

at 0.9 V to a charge density of 10 C cm™
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Figure 2
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Figure 3
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Figure 4
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Figure 5
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Figure 6
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