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Introduction

Fabrication of PANI/MWCNT supercapacitors
based on a chitosan binder and aqueous
electrolyte for enhanced energy storaget

@ Frank Simon *ab

Ezgi Inci Yesilyurt, 2 2® Jurgen Pionteck, @ and Brigitte Voit
In the mainstream renewable and sustainable nanotechnology, supercapacitors have emerged as critical
energy conversion and storage systems. Carbon nanotubes (CNTs) are promising electrode materials in
supercapacitors due to their excellent ability to conduct electricity and their high specific surface area.
Due to its wide range of pseudocapacitive performance along with various oxidation states, polyaniline
(PANI) has been widely used in energy storage applications as an electroactive material. In this study, the
development of hybrid composite electrode materials containing multi-walled carbon nanotubes
(MWCNTSs) and conductive polyaniline (PANI) with different aniline/carbon ratios by in situ chemical oxi-
dation polymerization is discussed. In the resulting PANI/MWCNT composites the CNTs are completely
coated with PANI as concluded from scanning and transmission electron microscopy (SEM and TEM),
Raman spectroscopy, X-ray photoelectron spectroscopy (XPS) and conductivity studies. The electro-
chemical performances of the electrodes produced with an eco-friendly chitosan binder were investi-
gated with 0.5 M Na,SO,4 aqueous electrolyte. Cyclic voltammograms (CV) and galvanostatic charge—dis-
charge (GCD) curves of PANI/MWCNT composites show that the pseudo-capacitance of PANI improves
the final electrochemical performance of the composites compared to that of pristine MWCNTs. While
pure MWCNTSs have a specific capacitance of 21.8 F g~ and energy density of 0.7 W h kg™, the PANI/
MWCNT (30 : 1) composite exhibits a high specific capacitance of 300 F g~ and energy density of 9.8 W h
kg‘l. However, the presence of CNTs stabilizes the cycling performance of the composite electrode
materials.

(EDLGCs), pseudo capacitors (faradaic charge transfer), and a
combination of the two (hybrid SCs).>” Charge storage mecha-

Supercapacitors (SCs) have attracted a great deal of attention
due to their unique characteristics of high power, long cycle
life and environmental friendliness. SCs are part of alternative
energy devices alongside conventional capacitors, fuel cells
and batteries.”” SCs have a wide range of applications as
electrochemical energy storage and supply devices, such as in
consumer electronics, electrical utilities, transportation, power
supplies, electric vehicles, digital cameras, storage of the
energy generated by solar cells etc.”®

SCs are classified into three types based on the specific
mechanism of charge storage: electric double layer capacitors
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nisms of EDLCs have been observed in carbon aerogels, acti-
vated carbons (ACs), carbon nanotubes (CNTs), graphene, and
carbide-derived carbon (CDC). Pseudo capacitors are based on
conducting polymers or metal oxides, and the underlying prin-
ciple is a rapid and reversible redox reaction.>*”°

Because of its ease of fabrication, low cost, unique multiple
redox states, and high specific capacitance, polyaniline (PANI)
is a promising conducting polymer for use as a pseudo capaci-
tor electrode.® But, PANI as an electrode material has low
mechanical resistance and poor film forming properties. In
addition, due to ion insertion and removal, electrodes are not
stable at high scan rates or during long-term cycling.”™" To
overcome these problems, carbon materials can be incorpor-
ated as a supportive additive. They can act as an electrode con-
ductive additive for active materials and they can provide
additional porosity and surface area resulting in higher capaci-
tance values."””™ Among various carbon structures, carbon
nanotubes (CNTs) with a high surface area, mechanical
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strength, electrical conductivity, and chemical stability are
widely incorporated into electrode materials to enhance their
performance.'*"’

The selection of binder is crucial for electro-active materials
due to stiffness and binding capability. Recently, polyvinyli-
dene fluoride (PVDF),'® polyvinyl alcohol,"” polyvinylpyrroli-
done,'® Nafion,'”™" and carboxymethyl cellulose (CMC)****
have become popular binders. Among these binders, PVDF is
the most commonly used binder; however, its applicability is
limited since it is insoluble in water. For preparation of water-
based inks, chitosan can be a good alternative. Chitosan is an
attractive binder material due to its ease of fabrication, low
cost, low toxicity, and flexibility. It also has sufficient thermal
stability up to 200 °C.***® Compared to other cross-linked
polymers, chitosan has a more rigid network and, as a result,
better mechanical stability.>” According to previous studies,
chitosan aqueous solution can provide enough mechanical
strength to bind graphene. Water-based graphene inks can be
prepared by using chitosan solution with acetic acid.*®**° Chai
et al. used chitosan as a binder for a spherical commercial
graphite electrode considering that its viscosity can be opti-
mized in aqueous slurries..”® But, as far as we know, this
polymer has never been used as a binding material for PANI/
MWOCNT electrodes until now.

Electrolytes based on aqueous solutions are notable for
their low cost and environmental friendliness. Furthermore,
water is the best candidate for an electrolyte solvent due to its
abundant availability and eco-friendly nature. Aqueous electro-
lytes provide several advantages over non-aqueous ones,
including good ionic conductivity (>100 mS cm™) enabling
high power density. In previous studies, KOH, NaOH, LiOH,
and Na,SO, solutions were used as aqueous electrolytes with
various electrodes.>® Among the several sulfate salts, Na,SO, is
a promising candidate mainly as an ion conductor due to its
high cation mobility, relatively high solubility in water, and
low cost resulting from its abundance in soil.*!

In this study, PANI/MWCNT composites were synthesized
by in situ chemical oxidation polymerization of aniline in the
presence of MWCNTSs. It is possible to manufacture materials
that are cheap, electrically conductive, mechanically robust,
and available in large quantities using this method. The fabri-
cated composites are used as supercapacitor electrode
materials. The special aspect of this work is the preparation of
an electrode material using an eco-friendly chitosan binder
and PANI/MWCNTs in the water medium. In addition, the
morphology, specific surface area, and electrochemical per-
formance of these electrodes are discussed in detail. As far as
we know, such a water-based binder has never been used
before for the preparation of such an electrode material.

Experimental
Materials

Aniline (99.8%, Acros Organics, Belgium), hydrochloric acid
(HCl, 37%, Merck, Germany), and ammonium persulfate (APS,
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98%, Sigma Aldrich, Darmstadt, Germany) were selected for
the synthesis of polyaniline. Multiwalled carbon nanotubes
(MWCNTs, NC7000, Nanocyl, Belgium) were selected for the
preparation of high surface area carbon structures and syn-
thesis of PAN/MWCNT composites.

Na,S0, (Sigma Aldrich, USA, 99.0 wt%) and a thin graphite
sheet current collector T68A (T-Global Technology Co., Ltd,
UK; the thickness of the layers is 35 pm with adhesive) were
used for the preparation of electrodes and electrolytes.
Chitosan (from shrimp shells, low-viscous, Sigma-Aldrich,
Germany) was used for the preparation of the binder solution.
A DuPont™ Kapton® 200HN film (50 pm thickness, KREMPEL
GmbH, Germany) was used as a template for the doctor blade
process.

Synthesis of PANI

PANI was synthesized by chemical oxidation polymerization.*?
Ammonium persulfate (APS) was chosen as an oxidant.
150 mL of 1 M HCI solution is added to a round-bottom flask.
Aniline (1 g, 10.7 mmol) is added under vigorous stirring (ice
bath (0-4 °C), 4 h, 250 rpm). APS (2.45 g, 10.7 mmol) dissolved
in 50 mL of 1 M HCI solution is then added dropwise to the
reaction medium. The polymerization of aniline is performed
at 0-4 °C for approximately 4 hours and then continued for
24 hours at 20 °C. The product is filtered and washed with 1 L
of Millipore water, 0.5 L of ethanol and 0.5 L of acetone.
Finally, the obtained powder is dried in a vacuum oven at
100 °C for 24 hours. The yield is about 1 g.

Synthesis of PANI/MWCNT composites

PANI/MWCNT composites were synthesized by in situ chemical
oxidation polymerization of aniline in the presence of dis-
persed MWCNTs. Different weight ratios of aniline and
MWCNTs (see Table 1) were mixed in 600 mL of 1 M HCI solu-
tion and sonicated (Hielscher Ultrasonics, UP400St, amplitude
of 50% and power of 100 W) in a water bath at 0-4 °C for
120 min to produce a homogeneous dispersion before starting
the polymerization by dropwise adding a certain amount of
ammonium persulfate (APS) as an oxidant dissolved in 200 mL
of 1 mol L™" HCI solution to the reaction medium. The
polymerization of aniline was performed at 0-4 °C for 4 h and
then at room temperature for 20 h under stirring. The result-
ing green precipitate was filtered, washed with excess amounts
of distilled water, ethanol and acetone, and then dried in a
vacuum oven at 100 °C overnight. According to the compo-
sition, the composites are labelled PANI/MWCNT (mass ratio

Table 1 Synthesis compositions and yields of PANI/MWCNT
composites

Aniline: APS  Mass Mass
Sample (molar ratio)  (aniline) (g) (MWCNTSs) (g)
PANI/MWCNT (5:1)  1:1 20 4
PANI/MWCNT (10: 1) 1:1 20 2
PANI/MWCNT (30:1) 1:1 20 0.66

© 2023 The Author(s). Published by the Royal Society of Chemistry
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| Aniline +MCWNTs added to 600 mL HCI solution

2 hours sonication (50% amplitude)

| APS dissolved in 200 mL 1 M HCI |

added into the reaction medium

The reaction is performed at 0-4 °C for 4h and
ambient temperature for 20h under stirring

filtration process

Product washed with Millipore water, ethanol,
acetone and dried at 100 °C for 24 h in a vacuum oven

Fig. 1 Diagram of the synthesis process of PANI/MWCNT composites.

of aniline:MWCNTSs). These are, respectively, PANI/MWCNT
(5:1), PANI/MWCNT (10 : 1) and PANI/MWCNT (30: 1). For all
composites, the yield of the final powder product is roughly 22
+ 2 g. The scheme of the synthesis process is shown in Fig. 1.

Preparation of electrode inks with the chitosan binder

Chitosan was used as a binder. For ink preparation, chitosan
was mixed overnight with water and acetic acid in the chito-
san/water/acetic acid ratio of 1.7 g/67.6 g/0.7 g (this solution is
called “chitosan binder” in the text). Different inks were pre-
pared by mixing 7 g of binder solution and 3 g of the active
material, i.e., the PANI/MWCNT composite or, for comparison,
pure PANI and pure MWCNTs. In the dry state, the compo-
sition of ink was approximately 5.4 binder/94.6 active material
(wt%). Probe sonication (30 min, amplitude of 30%, 100 W)
was applied to produce a homogeneous dispersion of the
active material in water to prevent agglomeration in the com-
posite ink during coating.

Physical characterization

The specific surface areas of PANI/MWCNT composites were
measured using an Autosorb iQ MP (Quantachrome, USA)
using nitrogen (N,) at 77 K and argon (Ar) at 87 K as adsor-
bates. The filled sample cells were all heated for degassing at
80 °C in a Quadrasorb under 5 x 107'° mbar ultra-high
vacuum. The surface areas were calculated using the multi-
point Brunauer-Emmett-Teller (BET) method.

The morphologies of the PANI and PANI/MWCNT compo-
sites were characterized with a scanning electron microscope
(SEM, Carl Zeiss Microscopy Deutschland GmbH, Oberkochen,
Germany) equipped with an XFlash 5060F energy-dispersive
X-ray spectrometer (EDX) (Bruker Nano GmbH, Berlin,
Germany). Before analysis, the samples were coated with 3 nm
Pt by sputter coating. A cross-section of PANI/MWNCT was pre-
pared by embedding the composite in a polystyrene film for
EDX measurements. The cross-section block face was prepared
with a diamond knife in an ultramicrotome, cutting the

© 2023 The Author(s). Published by the Royal Society of Chemistry
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embedded particles. The SEM was operated at acceleration vol-
tages of 3 kV and 6 kV for spectroscopy and 6 kV for element
mapping. Further morphological examinations of the compo-
sites were performed by transmission electron microscopy
(Libra120 and Libra200 TEMs, Carl Zeiss Microscopy
Deutschland GmbH, Oberkochen, Germany) operated at 120
kv and 200 kV, respectively.

Raman spectra, X-ray diffractograms (XRDs), X-ray photo-
electron spectra (XPS), and Fourier transform infrared (FTIR)
spectra were used to characterize the structure of PANI/
MWCNT composites. The Raman spectra were obtained with a
Raman Confocal Imaging System WITEC alpha300R with a
532 nm excitation laser. XRDs were recorded using a two-circle
diffractometer XRD 3003 TT (GE Inspection Technology
GmbH, Germany) with Cu-K radiation (k = 0.1542 nm). X-ray
photoelectron spectroscopy (XPS) was carried out by means of
an Axis Ultra photoelectron spectrometer (Kratos Analytical,
Manchester, UK) equipped with a monochromatic Al Ka (hv =
1486.6 eV) X-ray source of 300 W at 15 kV. The high-resolution
spectra were deconvoluted by means of Kratos spectra decon-
volution software.

The thermal properties of the composite samples were
examined using a thermogravimetric analyser [TGA Q5000 TA
Instruments]. Thermal gravimetric analyses were carried out at
a heating rate of 10 °C min™" up to 800 °C after 10 min isother-
mal treatment at room temperature under a nitrogen
atmosphere.

Electrical properties

The powder electrical conductivity of PANI, MWCNTs, and
PANI/MWCNT composites was tested using an in-house built
device. Powder-like samples (50 mg) were tested after filling a
poly(methyl methacrylate) (PMMA) cylinder with a cavity dia-
meter of 5 mm with the samples. A gold-plated plunger (simul-
taneously acting as the upper electrode) compressed the
sample at defined pressures (5 MPa, 10 MPa, 20 MPa, 25 MPa,
and 30 MPa, respectively) against the lower gold-plated elec-
trode simultaneously measuring pressure and electrode dis-
tance. The powder electrical conductivity was calculated
according to the resistance detected using a DMM 2001 multi-
meter (Keithley Instruments, USA).

Electrochemical characterization

The electrochemical properties of pristine MWCNTSs and PANI/
MWCNT composites were evaluated by standard cyclic voltam-
metry (CV) and galvanostatic charge-discharge (GCD)
measurements within defined voltage ranges and at different
scan rates and different current densities. All the electro-
chemical measurements were performed on an Ivium-n-Stat
potentiostat/galvanostat (Eindhoven, The Netherlands) with
both conventional two-electrode and three-electrode systems.
0.5 M Na,SO, was used as an aqueous electrolyte. An Ag/AgCl
electrode and a Pt coil were used as the reference and counter
electrodes, respectively. The working electrode in the 3-elec-
trode system was prepared by the doctor blade method. First,
graphite current collectors were cut into 1 cm x 2 cm pieces.

RSC Appl. Polym., 2023,1,97-110 | 99
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Polyimide (Kapton) film with a thickness of 50 pm was used as
a mask for coating the active material ink (coating size of 1 cm
x 1 cm) on the collector using a doctor blade (ERICHSEN
MODEL 360, ERICHSEN GmbH & Co. KG, Germany). The
active mass of the dried electrode was 0.5 to 1 mg.

Fabrication of symmetric supercapacitors

Fabricated symmetric supercapacitors were used in two-elec-
trode measurements. The supercapacitors were fabricated on
polyethylene terephthalate (PET film, Melinex ST506 from
DuPont Teijin Films, thickness 125 pm). First, a commercial
graphite sheet current collector (size of 1 cm x 2 cm) was
adhered to the PET film. The inks prepared from pristine
MWNCTs and PANI/MWCNT composites were then coated
onto the current collectors by using the doctor blade method.
The coated electrodes were dried at 60 °C for 1 h. Then, 0.5 M
Na,S0, electrolyte was dropped on the coated electrode until it
was completely wet. Finally, two identical electrodes and cell-
ulose separator paper (Dreamweaver Titanium AR40 cellulose
paper) were layered together to assemble the supercapacitors,
and adhesive tape (468 MP from 3 M) was used for sealing the
supercapacitors.

Table 2 Powder electrical conductivity values of pure PANI, MWCNTs
and PANI/MWCNT composites at 30 MPa

Sample Conductivity (S cm™)
PANI 0.09

MWCNTs 20

PANI/MWCNT (5: 1) 0.9

PANI/MWCNT (10: 1) 0.33

PANI/MWCNT (30: 1) 0.28

View Article Online
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Results and discussion

Table 2 shows the powder electrical conductivity values of pris-
tine PANI, MWCNTs, and PANI/MWCNT composites deter-
mined at a pressure of 30 MPa. This high pressure is necessary
to ensure good interparticle contact of the powder materials. It
has been demonstrated that the electrical conductivity of
single-walled carbon nanotubes (SWCNTs) ranges from the
order of 10° to 10° S cm™" and that of multi-walled carbon
nanotubes (MWCNTs) from 10° to 10° S em ™", while the con-
ductivity of CNT fibres can range from 10 to 67,000 S
em ™ ".**?* The measured MWCNT powder has the highest con-
ductivity of 20 S cm™" which is in the typical range for powder
materials. Pure PANI has a conductivity of 0.09 S cm™", which
increases with rising MWCNT content in the PANI-MWCNT
composites. This increase in conductivity in the composites
tends to improve the capacitance performance of electrodes.
However, the conductivity of all PANI/MWCNT composites is
dominated by PANI conductivity, a first hint that direct contact
between the MWCNTs is hindered due to the nearly complete
coating with PANI.

Fig. 2 shows the SEM images of the MWCNTSs, PANI, and
PANI/MWCNT composites. Fig. 2a demonstrates that the
MWCNTSs have a smooth surface with entangled tube bundles.
The outer nanotube diameter of MWCNTs is 10 + 3 nm.*?
Fig. 2b shows that pristine PANI exhibits a morphology com-
posed of both agglomerated granular and nanofibrillar par-
ticles. Fig. 2c-e show that plenty of PANI particles cover the
CNT surface and no smooth MWCNT structures are visible.
The high surface area of the nanotubes and their effect on the
morphology of the PANI particles coated onto the CNTs
increase the effective surface area and thus the number of
active sites of the electrode material simultaneously. The dia-
meters of the PANI coated MWCNTSs are approximately 90 +
10 nm in the composite PANI/MWCNT (5:1). In addition to

Fig. 2 SEM images of (a) MWCNTSs; (b) pristine PANI; (c) PANI/MWCNT (5 : 1); (d) PANI/MWCNT (10 : 1); and (e) PANI/MWCNT (30 : 1).
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(a) SEM image and (b—d) elemental (C, S, Cl, Al, O) mapping of cross sections of PANI/MWCNT (10 : 1) particles embedded in polystyrene. (e)

EDX spectra of PANI, MWCNT and PANI/MWCNT (5 : 1) particles on silicon wafer.

the typically granular agglomerated PANI particles, nanofiber-
like PANI particles are formed, and they all cover the surface
of the MWCNTs (Fig. 2c). Moreover, the weight ratio of
aniline to carbon significantly affects the morphology of the
composites. The PANI/MWCNT (30:1) composite has higher
agglomeration and more granular particles than the others
(Fig. 2e).

To provide further evidence for the structure of the PANI/
MWCNT composites EDX analysis was carried out. Fig. 3 exhi-
bits the SEM image, elemental mapping, and EDX spectra of
cross-sections of the particles of the composite material
embedded in polystyrene. C, N and O elements exist in the
composite main components MWCNTs and PANI. Cl and S
ions arise from the oxidant APS and reaction medium HCI
used for aniline polymerization. There is also a small amount
of Al, which comes from metal impurities of MWCNTs. Si
comes from the silicon substrate. In the composite structure,
the expected elements of both PANI and MWCNT have been
identified.

Fig. 4 shows TEM images of PANI/MWCNT composites
(5:1). Fig. 4a shows a TEM image of a thin section of the com-
posite particles embedded in epoxy resin. The uniform distri-
bution of PANI agglomerates (darker grey) coated on CNTs
(black) can be noticed throughout. This indicates that PANI par-
ticles are successfully coated on the CNT particles. No uncoated
CNTs were found. CNTs coated with PANI can be clearly seen in
Fig. 4b and c. The dashed red lines indicate the diameters of
individual PANI/MWCNT (5:1) fibers. In agreement with the
SEM studies, these are between 80 nm and 100 nm, respectively,
corresponding to a coating thickness of between 35 and 45 nm.
In Fig. 4c an individual tube with a diameter of 10 + 2 nm,
coated with a PANI layer of 45 + 10 nm, is shown.

© 2023 The Author(s). Published by the Royal Society of Chemistry

The XRD patterns of the samples are shown in Fig. 5. The
diffraction pattern of pristine PANI shows broad peaks at 260 =
9.5, 15.8°, 20.8°, 25.9°, and 27.2 which are the characteristic
peaks of doped PANL>***” The diffraction peaks at 20 = 26.25°
and 20 = 43.61° observed in the MWCNTSs correspond to the
(002) and (100) surfaces, respectively.’® All composite struc-
tures exhibit a crystalline structure similar to that of pristine
PANI. In addition, the presence of MWCNTSs did not create an
additional detectable crystalline order in the composite struc-
ture, except a more dominant diffraction at 20 = 27.2° in the
composite.

Fig. 6 shows an overview of the Raman spectrum for
structural features of MWCNTSs, PANI, and PANI/MWCNT
composites. First-order Raman spectra of CNTs demonstrate
two predominant sharp peaks which are at around
1587 em™*, G band, and 1348 cm ™', D band. These are con-
sistent with the typical characteristics of graphitic CNTs.***!
The Raman spectrum of the polyaniline salt shows the
typical spectrum of the protonated emeraldine form. The
band at 1589 cm™" represents the C=C stretching of quinoid
rings.*”™** Also, the potential contribution of C=N stretching
vibrations in the quinonoid units at 1490 cm™" is feasible.**
The band seen at 1336 cm™" shows the C~N"* stretching of
the radical cation, a characteristic of doped materials.*” The
1219 cm™" band represents the benzenoid C-N stretching of
PANL*® The band at 1162 cm™' displays the C-H in-plane
bending vibrations of the semi-quinonoid or benzenoid
rings.***® The band located at 810 cm™ is associated with
benzene ring deformations.*> The out-of-plane deformations
of the ring can be characterized by the bands at 521 and
416 cm™.*” In different PANI/MWCNT composite materials,
all the characteristic peaks of PANI and MWCNTs are

RSC Appl. Polym., 2023,1,97-110 | 101
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Fig. 4 TEM images of PANI/MWCNT (5:1) (a) in epoxy resin and (b and c) in the powder form.
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Fig. 5 XRD patterns of pristine MWCNTSs, pristine PANI and PANI/
MWCNT composites.

observed. However, the signals from MWCNTs strongly
overlap with the PANI absorptions and PANI dominates the
spectra of all the composites, caused by the low MWCNT

102 | RSC Appl. Polym., 2023, 1, 97-110
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Fig. 6 Raman spectra of pristine MWCNTSs, pristine PANI and PANI/
MWCNT composites.

content and limited penetration depth of the laser beam,
which is a few 100 nm in transparent materials but less in
such dark composites.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 Wide-scan (left column), C 1s (middle column), and N 1s (right column) high-resolution XPS spectra recorded from the pristine PANI polymer
(a), pristine MWCNTSs (b), and an example of the PANI/MWCNT (5 : 1) composites (c).

Studies with XPS, a very surface-sensitive analytical method
with a maximum information depth of not more than 8 nm,
also showed the dominance of PANI on the surface of the
PANI/MWCNT composite materials. This is immediately
evident when comparing the shapes of the C 1s spectra of the
pure PANI polymer (Fig. 7a, middle column) and those of the
PANI/MWCNT (5 : 1) composites (Fig. 7c¢, middle column).

The complex shape of the C 1s spectrum recorded from the
pure PANI polymer resulted from the high number of different
binding states of the carbon atoms and the involvement of
their sp>hybridized electrons in conjugated m-electron
systems. Photoelectrons that escaped from the electronic
ground state of the PANI molecules contributed to the com-
ponent peaks Ph, A, B1, and B2, while the shake-up peaks
resulted from photoelectrons that escaped from the excited
molecular states of PANI (Fig. 7a). Photoelectrons from carbon
atoms, forming the phenyl rings of the PANI units and not
having nitrogen atoms as a binding partner, were observed as
component peak Ph at 284.12 eV. Traces of saturated hydro-
carbons (carbon atoms in the sp® hybrid state) were observed
as component peak A at 285.00 eV. Such carbon atoms must
not be constituents of the PANI polymer; they are more indica-
tive of surface contaminations lowering the surface free energy
of the PANI particles. The component peak B1 (at 285.24 eV)
shows carbon atoms bonded to electrically neutral nitrogen
atoms, such as those in the amino groups (*'C-NH-"'C) and
imino groups (*'C=N-?'C < P'C-N="'C). The stronger
shifted component peak B2 (at 285.91 eV) resulted from the
photoelectrons removed from carbon atoms bonded to the
nitrogen atoms carrying a more or less localized positive

© 2023 The Author(s). Published by the Royal Society of Chemistry

charge (**C-N®H="’C < ®C=N®H-*’C and **C-N®H,-"*C).
The deconvolution of the N 1s spectrum is consistent with that
of the C 1s spectrum. The PANI molecules show only nitrogen—
carbon bonds. However, the electron density on the nitrogen
atoms varies due to doping and their protonation, so different
component peaks (K, L, M, and N) are separated in the N 1s
spectrum. The most intense component peak L (at 399.26 eV)
resulted from ®'C-"NH-"'C bridges (secondary amino groups)
that connect two phenyl rings. On the lower energy side of
component peak L, a weak component peak K was observed at
397.85 eV. The value is extraordinarily low for organically
bonded nitrogen atoms. The high local electron density at the
nitrogen atoms of imine links (*'C="N-"'C « "'C-*N="'()
explains the binding energy value found. The Bronsted basicity
of the electrically neutral nitrogen atoms in the secondary
amino groups and in the imino groups is subject to protona-
tion/deprotonation equilibria. The protonation of the second-
ary amino groups resulted in positively charged nitrogen
atoms (**C-"'N®H,-"*C), which we observed as the component
peak M (at 400.64 eV). The binding energy value found for the
component peak M is in the lower expected range for proto-
nated amino groups. One reason for these findings is the
strong interaction of the protonated nitrogen atoms with coun-
terions, such as CI®, which are located immediately along the
polymer chains (PANI® « CI®). Furthermore, the positive
charge, which should actually be localized on the nitrogen
atom, can itself move away from its site due to the polarization
field caused by the freely mobile zn-electrons. The structure
that is formed in the PANI molecules in this way is called a
polaron lattice. Photoelectrons from protonated imino groups
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(**C-"'N®H=">C & P>*C="N®H-"() also contributed to com-
ponent peak M if they are part of a polaronic lattice.
Protonated amino and imino groups with a positive charge
strongly localized at the nitrogen atom were observed as com-
ponent peak N at 401.95 eV. The involvement of the nitrogen
atoms in the conjugated w-electron systems was recognized
from the shake-up peaks occurring on the higher energy side
of the N 1s spectrum. The presence of partially protonated
amine and imine structures accounts for the emeraldine base
and salt forms of PANL.’

The C 1s spectrum of the MWCNT sample shows only the
component peak Gr (at 284.08 eV) representing the sp*-hybri-
dized carbon atoms forming the graphite-like lattices of the
MWCNTs (Fig. 7b, middle column). Electronically excited
states resulted in tailing of the component peak Gr and the
presence of extended shake-up peaks on the high-energy side
of the C 1s spectrum. Traces of oxygen ([O]:[C] = 0.006)
detected in the wide-scan spectrum (Fig. 7, left column) are
presumably present as phenolic OH groups (component peak
C at 286.36 eV).

Since the MWCNTs do not contain nitrogen, the fractions
of PANI at the surface of the PANI/MWCNT composite
materials can be estimated from the relative nitrogen contents
(IN]:[C]). Table 3 summarizes the nitrogen and aromatic
carbon contents in PANI and the various PANI/MWCNT
composites.

It appears that photoelectrons from the carbon atoms of
the MWCNTs do not contribute to the spectral information of

Table 3 Relative nitrogen content ([N]:[C]) and partial areas of the
component peaks Ph, B1, and B2 of the total area of the C 1s spectra of
the pure PANI polymer and the PANI/MWCNT composite materials

[N]:[C] [Ph]:[C] ([B1] + [B2]): [C]
Pure PANI 0.156 0.447 0.285
PANI/MWCNT (5 : 1) 0.150 0.371 0.277
PANI/MWCNT (10: 1) 0.163 0.348 0.295
PANI/MWCNT (30: 1) 0.135 0.380 0.252
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the C 1s spectra recorded from the PANI/MWCNT composites.
Furthermore, there is no decrease of the relative nitrogen
content ([N]: [C]) with increasing MWCNT content, which one
would expect if CNTs contribute to the XPS spectra. In con-
clusion, the XPS results confirm the complete coating of the
CNTs with PANI in the composite.

The TGA weight loss curves and first derivative TGA curves
of pristine MWCNTSs, pristine PANI, and PANI/MWCNT com-
posites analysed under a nitrogen atmosphere are presented in
Fig. 8a and b. The weight loss of pristine MWCNTSs at 800° C
owing to the thermal decomposition of the carboxyl and
hydroxyl groups on MWCNTs at high temperatures is about
4.7 wt%."® Pristine PANI and PANI/MWCNT composites have a
weight loss of about 4.5 wt% at room temperature due to
moisture loss in the composite system during the 10 min iso-
thermal treatment at the beginning of the measurement. The
weight losses up to around 300 °C are due to the loss of water
and volatile components. The thermal decomposition of polya-
niline causes major weight loss at around 520 °C.*° The final
decomposition stage is above 640°.°° All stages are also seen in
composite structures. In the end, the TGA curves of PANI/
MWCNT (5:1), PANI/MWCNT (10:1), and PANI/MWCNT
(30:1) show increasing weight loss with the PANI content of
49.5%, 53.5%, and 57.2%, respectively, while the pristine PANI
has a weight loss of 55.4%, which is lower than that of the
PANI/MWCNT (30:1) sample. The derivative curves clearly
show that the degradation behaviour of the pristine PANI and
composites is characterized by four different weight loss steps,
the sharpness and intensity of which alter with composition.
The temperature peaks of derivative weight (Tiay), taken from
the derivative curves, and residual masses at the final tempera-
ture are reported in Table 4. There is no good correlation
between MWCNT content and weight loss, and both the degra-
dation temperatures and the quantity of weight losses are vari-
able at each step. This may be due to different amounts of
volatile components in the different materials. Evaporation of
volatile components seems to be hampered in the presence of
MWCNTs. A weak stabilizing effect of MWCNTs on the
thermal degradation at low filler contents is detected, but at
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Fig. 8 TGA weight loss curves (a) and TGA derivative weight loss curves (b) of pristine PANI, pristine MWCNTs and PANI/MWCNT composites.
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Table 4 Thermal properties of pristine PANI, pristine MWCNTs and
PANI/MWCNT composites

Tmax @t Tmax at  Thaxat  Tpax at

first second third final Residue at
Sample stage stage stage stage 800 °C
PANI 60 242 525 748 44.6
PANI/MWCNT (5:1) 68 275 505 754 50.5
PANI/MWCNT (10:1) 67 278 518 756 46.5
PANI/MWCNT (30:1) 70 287 532 763 42.8

Table 5 Specific surface area of pristine PANI, commercial MWCNTs
and PANI/MWCNT composites

Specific surface area Specific surface area

Sample (m? g™") (Ar) (m? g™") (N,)
PANI 45 55

MWCNTSs 202 232
PANI/MWCNT-(5 : 1) 75 86
PANI/MWCNT-(10:1) 69 9%
PANI/MWCNT-(30:1) 62 73

higher MWCNT contents the thermal degradation temperature
is lowered, possibly caused by the remaining catalysts used for
MWCNT preparation.

N, (77 K) and Ar (87 K) adsorption and desorption iso-
therms were used to quantify the specific surface area of pris-
tine PANI, MWCNTs, and composites. Table 5 shows that the
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specific surface areas of PANI, MWCNTs, PANI/MWCNT (5: 1),
PANI/MWCNT (10:1), PANI/MWCNT (30:1) are 45 m* g/,
202 m® ¢!, 75 m* g%, 69 m* g7 and 62 m® g7, respectively,
when argon is used as the adsorbent. The corresponding
results when nitrogen is used as the absorbent are 55 m* g%,
232 m?> ¢!, 86 m* g7', 96 m* g™, and 73 m*> g”*, respectively.
Nitrogen is a diatomic molecule with a quadrupole moment
that produces specific interactions at the gas-solid interface,
while argon is much less reactive, which means it has no
dipole or quadrupole moment, resulting in more accurate
results.”® This may be the reason for the higher values in the
case of the N, absorbent. For both N, and Ar measurements,
the specific surface area of MWCNTSs is much higher than that
of pristine PANI, but the MWCNT addition causes higher
specific surface area of the composites than that of pristine
PANI. This increase in surface area may lead to higher capaci-
tances, as shown below.

Results of electrochemical measurements

In order to evaluate the electrochemical properties of PANI/
MWCNT composites and their potential as a supercapacitor
electrode, standard cyclic voltammograms of PANI/MWCNT
composites within a potential window of 0 V to 1 V were
recorded by using Ag/AgCl as a reference electrode with three-
electrode measurement. Fig. 9 shows the cyclic voltammo-
grams of different PANI/MWCNT composites at different scan
rates, 5mV s, 20 mVs~', 50 mV s~', and 100 mV s~ ", respect-
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Fig. 9 Cyclic voltammograms of PANI/MWCNT composites at different scan rates: (a) PANI/MWCNT (5:1), (b) PANI/MWCNT (10:1) and (c) PANI/

MWCNT (30: 1), respectively.
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Fig. 10 (a) Cyclic voltammograms of PANI/MWCNT composites at a scan rate of 5 mV s, (b) specific capacitance values of composites at different
scan rates (5 mV s, 20 mV s7%, 50 mV s7%, and 100 mV s7%), and (c) specific capacitance (F g™*) and areal specific capacitance (mF cm™) of PANI/

MWCNT (5 :1) at different scan rates.

ively. The capacitance of all samples is strongly dependent on
the potential scan rate. The composite PANI/MWCNT (5:1)
has a higher electrochemical current, which leads to higher
capacitance than in the other samples. Furthermore, the
shape of the CV curves indicates that the pseudocapacitive
behaviour of PANI contributes to the final performance of the
supercapacitors. Broad oxidation and reduction peaks can be
seen, while their intensity depends on the composition and
scan rates.

Fig. 10a shows the comparison of the cyclic voltammo-
grams of pristine MWCNTs and different PANI/MWCNT com-
posites at a scan rate of 5 mV s~ with 0.5 M Na,SO, neutral
electrolyte. The pristine MWCNTs show a typical EDLC rec-
tangular shape which indicates the existence of electrostatic
interaction between the MWCNTs and electrolyte. On the
other hand, the composites PANI/MWCNT (5:1) and PANI/
MWCNT (10: 1) show typical pseudocapacitive behaviour. The
broad redox peaks correspond to faradaic transitions between
distinct PANI states, such as fully reduced leucoemeraldin,
fully oxidized pernigraniline, and the intermediate state of
emeraldine.’

The composite PANI/MWCNT (30:1) shows lower electro-
chemical current at a scan rate of 5 mV s, which may cause
lower electrochemical performance. This might be explained
by the lower surface area of PANI/MWCNT (30:1) and lower
powder electrical conductivity, as these properties might affect

106 | RSC Appl. Polym., 2023, 1, 97-110

the interaction at the electrode-electrolyte interface.> The
specific capacitances (F g~') of samples are calculated from
the CV plots according to the following equation:

 [1(v)av
P omAW

(1)

where I(V) (A) represents the magnitude of current at a poten-
tial of V, AV represents the potential window, m (g) is the mass
of the active material in the WE, and v (V s') is the potential
scan rate.

Fig. 10b shows the specific capacitance results of the com-
posites at different scan rates. At all scan rates, the capacity of
the PANI/MWCNT (5:1) composite was the highest. The
increase in the weight ratio of aniline to MWCNTS resulted in
a decrease in specific capacitance at all scan rates. The compo-
site PANI/MWCNT (5 : 1) has specific capacitance values of 300
Fg',187 Fg™',97 Fg ' and 47 F g ' at scan rates of 5 mV
s', 20 mvV s7%, 50 mV s', and 100 mV s, respectively. The
specific capacitance values of PAN/MWCNT (10:1) are 135 F
g, 70 Fg™", 55 F g~ ' and 30 F g™" at scan rates of 5 mV s,
20 mV s~', 50 mV s' and 100 mV s, respectively. The PANI/
MWCNT (30:1) has the lowest capacitance values. These
values are 54 F g, F g%, 11.6 F ¢!, and 10.4 F g"" at the
same scan rates, respectively. The agglomeration of the compo-
site revealed by SEM (Fig. 2e), lower specific surface area
(62 m* g7"), and lower electrical conductivity (0.28 S cm™)

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 6 Specific capacitance values from CV and GCD measurements
and energy density values of the pristine MWCNTs and composites

Specific Specific Energy

capacitance® capacitance” density”
Sample (cv,Fg™) (GCD, Fg™) (Whkg™)
MWCNTS 19.6 21.8 0.7
PANI/MWCNT (5 : 1) 300 277 9.8
PANI/MWCNT (10: 1) 135 266 5.1
PANI/MWCNT (30: 1) 54 168 0.96

4From cyclic voltammetry. ” From galvanostatic charge discharge, cal-
culated according to eqn (2) and (3). “From galvanostatic charge dis-
charge, calculated according to eqn (4).

might explain the inferior electrochemical performance of the
PANI/MWCNT (30:1) composite. At a scan rate of 5 mV s,
the specific capacitance of pure MWCNTS is only 19.6 F g~
(Table 6), which is significantly lower than that of any PANI/
MWCNT composites. Fig. 10c illustrates the specific capaci-
tance (F g~') and areal specific capacitance (mF cm™") of the
PANI/MWCNT (5:1) electrode at various scan rates. The areal
specific capacitance values were calculated using cyclic voltam-
mograms of electrodes with an area of 1 cm™>. Areal specific

capacitance values are 416 mF cm ™", 262.8 mF cm ™, 136 mF
1 1

cm™?, and 66.6 mF cm™" at scan rates of 5 mV s, 20 mV s~ *,
50 mV s', and 100 mV s™*, respectively. See Table S1 in the
ESIf for areal specific capacitance results across all
composites.

MWCNT and PANI/MWCNT electrodes were used to assem-
ble symmetric SCs with 0.5 M Na,SO, aqueous electrolyte.
Fig. 11a shows the galvanostatic charging discharging (GCD)
curves of the pristine MWCNTs and PANI/MWCNT composites
at a current density of 1 A g~'. It is observed that the GCD
curve of MWCNTSs is ideally triangular shaped and well corro-
borated with the reported literature on activated carbon,
carbon nanotubes, carbon black, etc.’*** In the case of compo-
sites, the fact that the discharge curves are not ideal straight
lines indicates the presence of a faradaic reaction.”® The shape
of the GCD curves of PANI/MWCNT supercapacitors is similar
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to the reported results in the literature.***” From GCD
measurements, the specific cell capacitances (Cc, F) under
certain potential were calculated using the equation:

I x At

Coell = ———
cell AV x M

(2)
where I (A) represents the magnitude of constant current
during discharging, AV represents the potential window
during discharging, At represents the discharging time and M
represents the total active mass of electrodes. The specific
capacitance of the electrode material is

Csp = 4Ccell

(3)

where C. is the cell capacitance.

According to the GCD curves in Fig. 11a, the specific capaci-
tance values of pristine MWCNTSs, PANI/MWCNT (5 : 1), PANI/
MWCNT (10: 1), and PANI/MWCNT (30:1) are 21.8 F g7%, 277
Fg™, 266 Fg " and 168 F g " at a current density of 1 A g™
The capacitances of pristine MWCNTs and composites
decrease when the current densities increase (Fig. 11b). This
could be mainly caused by the faradaic reaction of ions in the
electrolyte and electrode materials during the scanning
process. At higher scan rates, the ability of the electrolyte ions
to penetrate the surface of the electrode materials is
reduced.”®>® The specific capacitance value of the hybrid
PANI/MWCNT composite is higher than that of pristine
MWCNTSs. See Fig. S1 and S2 in the ESIf for all calculated GCD
curves at various current densities and cyclic voltammograms
of symmetric supercapacitors at different scan rates.

One of the most essential parameters for evaluating the per-
formance of energy storage systems is energy density. Based
on the GCD curves, the energy density (E, W h kg™") of these
SCs was calculated as follows:

= Ceell X (AV)2
7.2

(4)

where C. is the specific cell capacitance (F g_l) and AV is the
potential window during discharging. According to the results,
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Fig. 11 (a) GCD curves of MWCNTs, PANI/MWCNT (5:1), PANI/MWCNT (10: 1), and PANI/MWCNT (30:1) at 1 A g~* and (b) specific capacitance
values of pristine MWCNTs and composites at different current densities (1A g™, 3A g™, and 5 A g%, respectively).
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Fig. 12 Capacitance retention and coulombic efficiency of the PANI/
MWCNT (10:1) supercapacitor for 1000 cycles measured at a current
density of 5A gL

the highest energy density value of 9.8 W h kg™" belongs to
PANI/MWCNT (5:1) composites, as expected. Pristine
MWCNTs have the lowest energy density value which is 0.7 W
h kg™ at 1 A g". The enhanced energy density observed in the
composites shows that the pseudocapacitance of PANI results
in high energy storage capabilities of the final device.
However, the energy density values decrease when the aniline/
carbon weight ratio increases (Table 6), showing the impor-
tance of the presence of highly conductive CNTs for the
electrochemical performance of the composite.

Fig. 12 displays the capacitance retention and coulombic
efficiency of PANI/MWCNT (10:1) wusing galvanostatic
charge/discharge at 5 A g~ for 1000 cycles. According to the
published research, the cyclic capacitance retention of multi-
walled carbon nanotubes can reach higher than 90%, while
that of pure PANI is around 75%.°°® The PANI/MWCNT
supercapacitor demonstrated cycling stability,
retaining over 90% of its initial capacitance. This result indi-
cates that the presence of MWCNTs increases the capaci-
tance retention value and stability of the final super-
capacitor. After undergoing 1000 cycles, the electrode exhi-
bits a remarkably high coulombic efficiency, reaching
approximately 80% when subjected to the rather high char-
ging rate of 5 A g

The behaviour of a supercapacitor is dependent on the

excellent

charge transport properties of the material, which are influ-
enced by a variety of parameters, including electrolyte resis-
tance, active material/electrolyte interface resistance, and
charge transfer resistance.®*®® Therefore, the Nyquist plot of
EIS data of the PANI/MWCNT electrode is provided in
Fig. S3c in the ESI} to investigate the interfacial properties
of the electrode. The Nyquist plot of EIS data of the PANI/
MWCNT (10:1) symmetric two electrode configuration con-
sists of a semi-circle at high frequencies between points R
(electrolyte resistance) and R, (charge transfer resistance)
and a nearly vertical line at low frequencies (Warburg
diffusion), which is already observed behaviour in other
PANI based electrodes.®*%”
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Conclusion

In this study, PAN/MWCNT hybrid composites were syn-
thesized by in situ chemical oxidation polymerization of
aniline in the presence of MWCNTs. As shown by different
analytical methods, in the obtained composites the CNTs are
completely coated by PANI, which dominates the material
characteristics. Nevertheless, the composites exhibit higher
powder electrical conductivities and higher specific surface
areas than pristine PANI. For electrochemical measurements,
PANI/MWCNT electrode inks with different CNT contents were
prepared using the eco-friendly and sustainable bio-polymer
chitosan as a binder in water. Sodium sulfate was used as a
neutral electrolyte. The PANI/MWCNT composites showed
higher specific capacitance (up to 300 F g~') than the pristine
MWCNT electrode (21.8 F g~') thanks to the combination of
electrostatic charge accumulation and reversible redox reac-
tions at the interface between the electrode and the electrolyte.
GCD measurements of the PANI/MWCNT (5:1) composite
show a high energy density of 9.8 W h kg™" at a current density
of 1 A g”', which is much higher than the values of the pris-
tine MWCNTs, PANI/MWCNT (10:1), and PANI/MWCNT
(30:1). These results also indicate that the energy storage
mechanism of the final supercapacitor is based on both the
pseudocapacitance mechanism and the EDLCs, with the
former mechanism dominating. However, the presence of the
highly conductive CNTs is required for obtaining good electro-
chemical performance of the electrode material combined
with high cycling stability.

This work demonstrated the feasibility of the eco-friendly
chitosan binder for fabrication of PANI/MWCNT electrodes
operating in aqueous systems. This will be extended in future
work for other PANI based electrode materials.
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