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Abstract
Polyaniline (PANI)/carbide-derived carbon (CDC) was synthesized by using in-situ chemical
oxidative polymerization of PANI in presence of CDC. Conductive electrode ink materials were
prepared by using eco-friendly chitosan binder in water media. In the following, symmetrical
supercapacitors (SCs) were fabricated by both doctor blade coating and screen printing technique.
The electrical conductivity, morphology, specific capacitance, and energy density of these
composites were evaluated for their applicability as SC electrodes. Pure PANI with chitosan binder
was not printable because of its brittleness, however, the presence of CDC allows the preparation of
smooth films which are suitable for electrode preparation. The fabricated composite electrode has
a higher specific capacitance (up to 419 F g−1) and higher energy density (up to 6.7 W h kg−1)
compared to the pristine CDC electrode. The capacitance of screen-printed SCs was 440–470 mF
with an equivalent series resistance of about 27 Ω.

1. Introduction

Supercapacitors (SCs), also known as electrochem-
ical capacitors, have excellent power performance,
strong reversibility, a long cycle life, a simple oper-
ating mode and are easy to integrate with electronic
devices [1, 2]. SCs are typically classified into two dis-
tinct categories based on their energy storage mech-
anism: electrical double layer capacitors (EDLCs) and
pseudocapacitors. The mechanism of EDLCs derives
capacitance from the simple accumulation of elec-
trostatic charge at the electrode/electrolyte interface.
Therefore, materials with high surface area that is
accessible to the electrolyte ions need to be used. In
the particular case of pseudocapacitors, Faradaic pro-
cesses take place due to fast and reversible electro-
active species [3–5].

Metal oxides, metal-doped carbons and conduct-
ing polymers have shown pseudocapacitance beha-
vior which is based on Faradaic redox reactions
[6]. Such electrode materials enable the development
of SCs with higher energy density. Polyacetylenes,

polyanilines, polypyrroles and polythiophenes, are
known to be among the most common conducting
polymers [7, 8]. Among these polymers, polyanil-
ine, an intrinsically conductive polymer with pseudo-
capacitive performance, has been widely used as an
electroactive material. Polyaniline (PANI) is electric-
ally conductive, low cost and offers a wide range of
morphologies [9, 10]. However, owing to ion inser-
tion and removal, electrodes are unstable at high scan
rates and during long cycling [11]. In addition, it
has low mechanical resistance and is unable to cre-
ate a durable film on the different current collect-
ors. Besides, the production of uniform printed elec-
trodematerials using PANI on larger scales for energy
storage applications poses significant challenges. To
address these particular challenges, researchers have
investigated hybrid structures that contain composi-
tions of PANI and carbon [12, 13]. The inclusion of
carbon structures in these compositions offers several
advantages, including enhanced electrical conductiv-
ity, increased surface area, and improved mechanical
and chemical strength, which helps in overcoming the
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previously mentioned issue [14, 15]. Activated car-
bons (ACs) [16, 17], carbon aerogels [18], carbon
nanotubes (CNTs) [19], graphene [20], and carbide-
derived carbons (CDCs) [21] can be used as a car-
bon electrode materials. Metal carbides like SiC, TiC,
NbC, Al4C3, Ti3SiC2, etc can be converted into bulk
and powdered CDCs by elevated temperature pro-
cesses. It is possible to optimize CDCs with high spe-
cific surface area by adjusting the initial carbide and
treatment temperature to provide a promising elec-
trode active material for SCs [22, 23].

Poly(vinylidene fluoride) [24], poly(vinyl alco-
hol) [25], poly(vinylpyrrolidone) [26], Nafion [27],
cellulose including carboxymethyl cellulose [28], and
chitosan are some of the used traditional binders. The
efficiency of the SC electrode is greatly affected by the
binders used. Each of them has its own unique fea-
tures, such as flexibility, non-toxicity, chemical inert-
ness, good adhesion, and solubility [29]. Among these
binders, chitosan is commonly utilized in battery sys-
tems thanks to its appropriate characteristics [30].
It has high thermal stability, maintaining stable at
temperatures up to 200 ◦C [31]. Previous research
demonstrated that the composite film of chitosan/
graphene had higher tensile strengths than pure
chitosan film, demonstrating that the chitosan binder
can provide sufficient mechanical strength to bind
the graphene [32]. Moreover, chitosan solution with
acetic acid can be used to make water-based AC inks
for printable SC electrodes [33].

Aqueous electrolytes, organic electrolytes, and
ionic liquids are types of electrolytes used in SCs.
When choosing proper electrolyte, it is essential to
consider factors like voltage range, specific capacit-
ance, equivalent series resistance (ESR), power dens-
ity, corrosion resistance, and toxicity [34]. The key
benefits of aqueous electrolytes are their low price,
and high electrical conductivity. Additionally, neut-
ral electrolytes may provide a wider potential window
than acidic or alkaline electrolytes; hence, SCs that
consist of neutral electrolytes are capable of achiev-
ing a higher energy density [35, 36]. Previous research
established the possibility of 0.5 M Na2SO4 solution
as a neutral electrolyte for PANI electrodes in SC
applications [37, 38].

With printing technologies, SCs can be manufac-
tured with many benefits, including precise control
over their geometric shape, thickness, composition,
and physical properties, low costs, minimal envir-
onmental impact, and high compatibility with sub-
strates. The performance of screen-printed SCs is sig-
nificantly dependent on the ink utilized during the
printing process [39, 40]. It is essential to conduct
research on the optimalmaterials for formulating effi-
cient inks. Previous studies have shown that conduct-
ive polyaniline carbon composite ink patterns can be
produced by screen printing for various applications.

Several related studies on AC, CNTs, and
graphene coated with PANI have been reported so

far, however there are fewer publications on the
in-situ production of PANI/CDC composite by chem-
ical oxidative polymerization [41]. In this study,
PANI/CDC hybrid composites are fabricated by using
in situ chemical oxidative polymerization with vari-
ous monomer to carbon ratios. From these compos-
ites, printable water-based ink materials were pre-
pared by using environmentally friendly chitosan as
a binder. As far as we know, the utilization of an eco-
friendly and water-based chitosan binder for the fab-
rication of this particular kind of electrode material
and its printability has not been previously reported.
The results demonstrated that the inclusion of CDC
enhances the processability of inks containing PANI,
enabling the fabrication of electrodes by doctor blade
and screen-printing techniques. In this study, the
electrochemical performance of these electrodes is
discussed in detail.

2. Experimental

2.1. Materials
Aniline (99.8%, Acros Organics, Belgium), hydro-
chloric acid (HCl, 37%, Merck, Germany), and
ammonium persulfate (APS, 98%, Sigma Aldrich,
Darmstadt, Germany) were selected for synthesis of
polyaniline. CDC (CDC, Skeleton Technologies) was
selected for the preparation of high surface carbon
structures and synthesis of PANI/CDC composites.

Sodium sulfate (Na2SO4, Sigma Aldrich, USA,
99.0 wt%), and the thin graphite sheet current col-
lector T68A (T-Global Technology Co., Ltd, UK,
thicknesses of the layers 35 µm with adhesive),
graphite ink (Acheson ELECTRODAG PF-407C),
DuPont™ Kapton® 200HN film (50 µm thickness,
KREMPEL GmbH, Germany), were used for the
preparation of electrolytes and current collectors,
respectively. Chitosan (shrimp shells low-viscous,
Sigma-Aldrich, Germany) was used as a non-toxic
binder.

2.2. Synthesis of PANI
PANIwas synthesized by chemical oxidative polymer-
ization. APS was chosen as an oxidant [42]. 150 ml
1 M HCl solution was filled into a round bottomed
flask. Aniline (1 g, 10.7 mmol) was added under rig-
orous stirring (ice bath (0 ◦C–4 ◦C), 4 h, 250 rpm).
APS (2.45 g, 10.7 mmol) dissolved in 50 ml of 1 M
HCl solution was then added dropwise to the reac-
tion medium. The reaction was performed at 0 ◦C–
4 ◦C for approximately 4 h and then continued 24 h
at 20 ◦C. The product was filtered and washed with
1 l Millipore water, 0.5 l ethanol and 0.5 l acetone.
Finally, the obtained powder was dried in a vacuum
oven at 100 ◦C for 24 h.

2.3. Synthesis of PANI/CDC composites
The PANI/CDC composites were synthesized using a
similar method as described in our previous work on
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Figure 1. Diagram of the synthesis process of PANI/CDC
composites.

Table 1. Synthesis compositions and yields of PANI/CDC
composites.

Sample

Aniline:
APS (molar

ratio)
Mass

(Aniline) (g)
Mass
(CDC) (g)

PANI/CDC (5:1) 1:1 20 4
PANI/CDC (10:1) 1:1 20 2
PANI/CDC (30:1) 1:1 20 0.66

PANI/MWCNT composites [43]. Diagram of the syn-
thesis process of PANI/CDC composites is shown in
figure 1.

According to the composition, the composites are
labelled PANI/CDC (mass ratio of aniline: CDC).
These are, respectively, PANI/CDC (5:1), PANI/CDC
(10-1) and PANI/CDC (30-1). For each composite,
the yield of the final powder product is roughly 20 g
(table 1).

2.4. Preparation of electrode inks with chitosan
binder
The electrode inks were manufactured by utilizing
a non-toxic chitosan binder, following the method-
ology outlined in our previous research [43]. In its
dried state, ink is composed of approximately 5.4%
binder and 94.6% active material (by mass).

For screen printing, the viscosity of the prepared
PANI/CDC ink was measured with Anton Paar MCR
301 rheometer. Parallel plate geometry was used with
1 mm gap and measurement was performed between
a shear rate of 0.01–100 s−1.

2.5. Fabrication of symmetrical SCs by doctor
blade method
Fabricated symmetrical SCs are used in two electrode
measurements. The fabrication of SCswas carried out

on poly (ethylene terephthalate) (PET) film, specific-
ally Melinex ST506 from DuPont Teijin Films, with a
thickness of 125 µm. Ultraviolet-ozone plasma treat-
ment was applied to the current collectors for 60 min
to increase the wettability of the PANI/CDC ink on
the graphite surface. Initially, a commercial graph-
ite sheet current collector measuring 3 cm × 3 cm
was affixed onto a PET film. The current collectors
were coated with inks developed from pure CDC and
PANI/CDC composites via the doctor blade method.
The coated electrodes were dried for 1 h at 60 ◦C.
Then, 0.5 M Na2SO4 electrolyte was dropped on the
electrode until it was completely wet. The SCs were
assembled by layering two identical electrodes and a
cellulose separator paper (specifically, Dreamweaver
Titanium AR40 cellulose paper). To seal the SCs,
adhesive tape (specifically, 468 MP from 3 M) was
utilized.

2.6. Fabrication of symmetrical SCs by screen
printing
SCs were screen printed using PANI/CDC (10:1) and
(30:1) variants. Samples were fabricated by screen
printing a graphite current collector and a PANI/CDC
electrode on two PET substrates, which constitute the
positive and negative half of a SC. Screen printing was
done using a sheet-to-sheet printing process, with a
screen mesh count of 24 cm−1 and a thread diameter
of 125 µm.

Current collectors were printed using a commer-
cial graphite ink (Acheson ELECTRODAG PF-407C).
After printing, the current collectors were dried at
95 ◦C for 1 h. Dried current collectors were treated
with nitrogen plasma for 30 min to improve the wet-
tability of the PANI/CDC ink on the graphite sur-
face. Electrodes with geometrical area of 3 cm× 1 cm
were then screen printed on top of the current collect-
ors using the PANI/CDC ink, and afterwards dried at
60 ◦C for 30 min. The assembling was done in the
same way as in the case of blade coated electrodes.
The structure and real image of the fabricated SC was
shown in figures 2(a) and (b).

2.7. Characterizationmethods
The Raman spectra, x-ray diffractograms (XRDs), x-
ray photoelectron spectra (XPS), and Fourier trans-
form infrared spectra were used to characterize the
structure of PANI/CDC composites. The Raman
spectra were recorded using the RAMAN Confocal
Imaging System WITEC alpha300R with a 532 nm
excitation laser. XRDs were obtained with a two-
circle diffractometer XRD 3003 TT (GE Inspection
Technology GmbH, Germany) with Cu-K radiation
(k = 0.1542 nm). All XPS studies were carried out
by means of an Axis Ultra photoelectron spectro-
meter (Kratos Analytical,Manchester, UK). The spec-
trometer was equipped with a monochromatic Al Kα
(h × ν = 1486.6 eV) x-ray source of 300 W at 15 kV.
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Figure 2. (a) Scheme of symmetrical two electrode
supercapacitor, (b) photograph of an assembled
supercapacitor.

The kinetic energy of photoelectrons was determ-
ined with hemispheric analyzer set to pass energy of
160 eV for wide-scan spectra and 20 eV for high-
resolution spectra. Powdery samples were mounted
as a thick particle film on the sample holder with
double-sided adhesive tape (Scotch, 3MDeutschland
GmbH, Neuss, Germany). During all measurements,
electrostatic charging of the sample was avoided by
means of a low-energy electron source working in
combination with a magnetic immersion lens. Later,
all recorded peaks were shifted by the same value that
was necessary to set the C 1 s peak to 285.00 eV.
Quantitative elemental compositions were determ-
ined from peak areas using experimentally determ-
ined sensitivity factors and the spectrometer trans-
mission function. Spectrumbackgroundwas subtrac-
ted according to Shirley [44]. The high-resolution
spectra were deconvoluted by means of the Kratos
spectra deconvolution software. Free parameters of
component peaks were their binding energy (BE),
height, full width at half maximum and the Gaussian-
Lorentzian ratio.

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) was utilized to character-
ize the morphologies of PANI, CDC, and PANI/CDC
composites. Before analysis, the samples were coated
with 3 nm Pt by sputter coating. Cross-section of
PANI/CDC was prepared by embedding of com-
posite in polystyrene film for EDX measurements.
The cross-section block face was prepared with a
diamond knife in an ultramicrotome, cutting the
embedded particles. The SEM was operated at accel-
eration voltages of 3 kV and 6 kV for spectro-
scopy and 6 kV for element mapping. The thermal
properties of the composite samples were examined

by a thermogravimetric analyser [TGA Q5000 TA
Instruments]. Thermal gravimetric analyses were car-
ried out at a heating rate of 10 ◦Cmin−1 up to 800 ◦C
after 10 min isothermal treatment at room temperat-
ure under a nitrogen atmosphere.

Using an in-house built device, the electrical
powder conductivity of PANI, CDC, and PANI/CDC
composites was evaluated. 50 mg of powder-like
samples were tested in a poly (methyl methacrylate)
(PMMA) cylinder with a 5 mm diameter cavity. The
gold-plated plunger (also working as the upper elec-
trode) presses the sample against the lower gold-
plated electrode at defined pressures (5MPa, 10MPa,
20 MPa, 25 MPa, and 30 MPa) while simultaneously
measuring pressure and electrode distance. According
to the resistance detected by a multimeter (DMM
2001, Keithley Instruments, USA), the particle con-
ductivity was calculated.

Standard cyclic voltammetry (CV) and galvano-
static charge-discharge (GCD) tests within estab-
lished voltage ranges and at varying scan rates and
current densities were used to evaluate the electro-
chemical characteristics of pure CDC and PANI/CDC
composites. All electrochemical measurements were
carried out using a conventional two-electrode and a
three-electrode system on an Ivium-n-Stat potentio-
stat/galvanostat (Eindhoven, The Netherlands). The
aqueous electrolyte utilized was 0.5 M Na2SO4. The
counter electrode was a Pt coil and an Ag/AgCl was
used as a reference electrode. In a three-electrode
setup, the doctor-blade approach is used to prepare
the working electrode. Graphite current collectors
were first cut into 1 cm × 2 cm pieces. The collector
is coated with the active material ink using a doctor
blade (ERICHSEN MODEL 360, ERICHSEN GmbH
&Co. KG, Germany) and a polyimide (Kapton®) film
with a thickness of 50 µm as a mask. After drying, the
electrode’s active mass ranges from 1 to 5 mg.

The screen-printed SCs were characterized as per
IEC 62391-1 standard, using a Maccor 4300 measur-
ing device. A voltage window of 0.6 V was used for
all measurements. Capacitance was calculated from
1 mA constant current discharge between 0.48 V
and 0.24 V. ESR was calculated from the IR drop at
the beginning of 10 mA constant current discharge.
Leakage current was measured after holding the SC
voltage at 0.6 V for 1 h. CV measurement was also
performed to draw the cyclic voltammograms.

3. Results and discussions

Table 2 shows the electrical conductivity values of
pristine PANI, CDC, and PANI/CDC powder com-
posites measured at a pressure of 30MPa. The highest
conductivity of 23.6 S cm−1 was determined for
the CDC powder. Pristine PANI has a conductiv-
ity of 0.09 S cm−1. All composites possess a similar
electrical conductivity compared to pristine PANI,
which only slightly increases as the content of CDC
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Table 2. Electrical conductivity of pure PANI and PANI/CDC
powder composites at 30 MPa.

Sample Powder conductivity (S/cm)

PANI 0.09
CDC 23.6
PANI/CDC (5:1) 0.4
PANI/CDC (10:1) 0.3
PANI/CDC (30:1) 0.1

Figure 3. RAMAN spectra of pristine CDC, pristine PANI
and PANI/CDC.

increases. The effect of the PANI conductivity on the
composites is a hint for nearly complete coating of
CDC by the in-situ grown PANI on the CDC surfaces.
All composite materials are electrically conductive, a
prerequisite for electron transfer in the final SC.

Figure 3 shows a summary of the Raman spectra
for detection of structural characteristics of pristine
CDC, PANI, and PANI/CDC composites. Two char-
acteristic bands, the G-band at 1580–1600 cm−1 and
the D-band at 1300–1350 cm−1, have been identi-
fied in CDC spectra [45]. The Raman spectrum of
the polyaniline salt shows the protonated emeraldine
form, which is typical for as-prepared conductive
PANI. All the characteristics of pure PANI can be
found in the composites as well. Further descriptions
of the specific bands of the RAMAN spectrum can be
found in supplementary information (SI).

Figure 4 illustrates the XRD patterns of the spe-
cimens. Previous studies have shown that the peak at
2θ = 44.45◦ (101) originates from graphite structure
[46]. The diffraction pattern of pure PANI reveals
broad peaks at 2θ = 9.5◦, 15.8◦, 20.83◦, and 25.91◦,
which are characteristic of doped PANI [47, 48].
The composite also shows characteristic peaks of
doped PANI that are absent in the XRD spectra
of pure CDC, and these peaks are similar to those
of the PANI/MWCNT composites we developed in
our previous study [43]. When compared to the
pristine PANI, the intensity of the diffraction peaks
in the composites reduces with the inclusion of the
CDC. This indicates that there may be a variation in

Figure 4. XRD patterns of pristine CDC, pristine PANI and
PANI/CDC composites.

degree of crystallinity between composites and pure
PANI [49].

Figure 5 summarizes the XPS spectra, which were
recorded from pristine PANI (a), pristine CDC (b)
and the PANI/CDC composite (c). The N 1 s spec-
trum recorded from the pristine PANI is composed
of the three component peaks K, L, and M res-
ulting from photoelectrons escaped from the nitro-
gen atoms of PANI molecules in their electronic
ground state. The most intense component peak L
(at 399.26 eV) shows secondary amino groups that
connect two phenyl rings (C–LNH–C). As can be
concluded from the presence of shake-up peaks in
the N 1 s spectrum, electrons of the nitrogen atoms
are involved in the highly conjugated π-electron sys-
tem of PANI. Due to the polarization field caused
by the easily mobile π-electrons the positive charge
on the nitrogen atom can itself move away from its
site. The corresponding structure observed in the
PANI molecules is referred to as a polaron lattice.
The source for the all other component peaks for
pristine PANI were described in SI and our previous
study [43].

The shape of the high-resolution C 1 s spectrum
recorded from the pristine CDC (figure 5(b)) is dom-
inated by a strongly asymmetric component peak Gr
appearing at 284.08 eV. This is because the graphite-
like lattice is composed of sp2-hybridized carbon
atoms, which were also identified in the pristine
MWCNT in our prior study [43].

Figure 5(c) shows the high-resolution C 1 s and
N 1 s XPS spectra recorded from the PANI/CDC
(5-1). The composite formation of CDC and PANI
did not lead to any significant changes in the high-
resolution C 1 s and N 1 s XPS spectra recorded
from the PANI/CDC (5-1), PANI/CDC (10-1), and
PANI/CDC (30-1) samples. Since the BE values of the
component peaks Gr (sp2-hybridized carbon atoms
of the graphene) and Ph (sp2-hybridized carbon
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Figure 5. C 1 s (left column), and N 1 s (right column)
high-resolution XPS spectra recorded from the pristine
PANI polymer (a), pristine CDC (b), and PANI/CDC (5:1)
composites (c).

Table 3. Relative nitrogen contents ([N]: [C]) of differently
prepared PANI/CDC composite materials. The ratios were
determined from normalized peak areas of the high-resolution C
1 s and N 1 s XPS.

[N]: [C]

PANI 0.156
PANI/CDC (5:1) 0.153
PANI/CDC (10:1) 0.137
PANI/CDC (30:1) 0.151

atoms of the PANI polymer that do not have nitrogen
atoms in their immediate vicinity) were about the
same, no separations of the graphene fractions from
the PANI fractions were possible in the C 1 s spectra.
In previous research, we demonstrated that the PANI
fractions on the surface of PANI/MWCNT composite
materials could be estimated based on their relative
nitrogen content ([N]: [C]) [43]. We employed the
same characterization strategy in the current study to
further understand the interaction between PANI and
CDC.

As can be seen in table 3, even with an increas-
ing PANI fraction, the relative nitrogen contents
([N]:[C]) of the PANI/CDC composite materials
scatter around the value that was determined for the
pristine polymer. This result indicates that the CDC
particles are completely wrapped and coated by the
PANI. Moreover, the conjugated π-electron system of
PANImay cause good interaction through π–π stack-
ingwith the sp2-hybridized carbons of the CDC in the
final composite framework [50]. The detailed discus-
sion of the XPS spectra is given in SI.

Figures 6(a)–(e) shows SEM images of pristine
PANI, pristine CDC, and PANI/CDC composites
with different aniline to carbon ratios. Pristine PANI

(figure 6(b)) showed nanofibrillar and globular mor-
phologies which are agglomerated. In the presence of
PANI, a dramatic shift in the morphology of pristine
CDC (figure 6(a)) was noticed. The SEM images of
the PANI/CDC composites (figures 6(c)–(e)) indic-
ate that the original agglomerate structure of CDC
decomposes during composite preparation and PANI
fully covers the CDC particles which also explains the
dominating effect of PANI on the composite’s con-
ductivity. Both, granular structures and nanofibrillar
morphology of the PANI/CDC composites increase
the number of active sites of the electrode mater-
ial. This will provide a larger surface area, and as a
consequence will improve the overall performance of
the SC, with respect to pristine CDC electrode (see
below).

The SEM image, elemental maps, and EDX spec-
tra of cross-sections of particles of the composite
material embedded in polystyrene are displayed in
figure 7. Both CDC and PANI, the two primary com-
ponents of the composite, include C atoms. During
the process of aniline polymerization, the oxidant
APS and the reaction medium HCl are sources of
S, O and Cl atoms. Si arises from contaminations.
The expected elements of both PANI and CDC have
been identified in the hybrid structure with S and Cl
enriched at the surface of the particles, fitting to the
coverage of CDC with PANI.

The thermal stability of pristine polyaniline,
pristine CDC, and PANI/CDC composites was invest-
igated and compared using TGA analysis. Figure 8
represent the TGAweight loss curves of pristine CDC,
pristine PANI, and PANI/CDC composites, which
were subjected to analysis under a nitrogen atmo-
sphere. The pristine CDC is thermally stable with
final weight loss at 800 ◦C of 3.4%. At ambient tem-
perature, the pristine PANI and PANI/CDC compos-
ites undergo a weight loss of approximately 4 wt.% as
a result of moisture loss within a 10 min isothermal
treatment at the beginning of the measurement. Up
to about 350 ◦C, the weight loss is caused by the fur-
ther loss of water and other volatile substances. The
most significant weight losses within the temperat-
ure range of 400 ◦C–650 ◦C, can be explained by the
degradation of the polymeric backbone units, both,
in the pristine PANI and PANI/CDC composites [51],
exhibiting variations depending on the composite
structure. The decomposition is finished at temper-
atures over 640 ◦C. Composite structures comply
with similar weight loss steps, though with some
variations. The TGA results indicate that the final
weight loss of PANI/CDC (5:1), PANI/CDC (10:1),
and PANI/CDC (30:1) increases with the PANI con-
tent, measuring at 47.5%, 51.3%, and 56%, respect-
ively. The derivative weight loss curves and summary
of thermal properties of pristine CDC, pristine PANI,
and PANI/CDC composites are provided in figure S1
and table S1 in SI.
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Figure 6. SEM images of (a) pristine CDC; (b) pristine PANI, (c) PANI/CDC- (5:1); (d) PANI/CDC- (10:1); (e) PANI/CDC-
(30:1).

Figure 7. (a) SEM image and (b)–(c) elemental (C, S, Cl, O) mapping of cross sections of PANI/CDC (30:1) particles embedded
in polystyrene. (d) EDX spectra of PANI/CDC (30:1) particles on silicon wafer (the yellow dots in (b) are superpositioned S and
Cl atoms).

3.1. Results of electrochemical measurements
CV has been selected as the electrochemical meas-
urement technique in order to investigate the mater-
ial’s overall electro-chemical behavior and to meas-
ure their specific capacitance. After electrode coat-
ing with chitosan binder via doctor blade method,
the pristine PANI electrode exhibited a brittle beha-
vior which hinders the realization of reliable elec-
trochemical investigations. Therefore, the present
study aimed to examine the comparison of pristine
CDC and composites of PANI/CDC. Standard cyclic
voltammograms of CDC and PANI/CDC composites

were measured with a three-electrode system in the
potential range from 0 V to 1 V using Ag/AgCl as a
reference electrode. The specific capacitances (F g−1)
of samples were calculated from the CV plots accord-
ing to the following equation,

Csp =
∫ I(V)dV
2m∆V v

(1)

where I(V) (A) represents themagnitude of current at
a potential of V,∆V represents the potential window,
m (g) is the mass of active material in the WE, and v
(V s−1) is the potential scan rate.

7
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Figure 8. TGA weight loss curves of pristine PANI, pristine
CDC and PANI/CDC composite.

Figure 9(a) compares the cyclic voltammograms
of pure CDC and various PANI/CDC composites
with 0.5 M Na2SO4 electrolyte at a scan rate of
50 mV s−1. The pure CDC exhibits the typical rect-
angular form of an EDLCs, which demonstrates the
presence of an electrostatic interaction between the
electrode and the electrolyte. Lower electrochemical
current is seen in the PANI/CDC (5:1) composite at a
scan rate of 50 mV s−1, which may lead to decreased
electrochemical performance. In contrast to typical
EDLCs behavior, the CV curves of the composites
exhibit pseudocapacitance with Faradaic redox peaks
between distinct PANI states [52]. Figure 9(b) shows
the specific capacitance results of the composites at
different scan rates. For composites, at all scan rates,
the specific capacitance enhanced as the PANI con-
tent is increased. The PANI/CDC (30:1) composite
demonstrated highest capacity across all samples for
all scan rates. One reason may be the morphology
of the composite, which exhibits elongated agglom-
erates of mostly fibril-like PANI particles (figure 6).
Unfortunately, pure PANI electrode material could
not be measured when using chitosan binder and
Na2SO4 electrolyte due to the brittleness of the pre-
pared film, demonstrating the importance of CDC as
support in the composite. The composite PANI/CDC
(5:1) has specific capacitance values of 281 F g−1,
90 F g−1, and 71 F g−1 at scan rates of 5 mV s−1,
50mV s−1, and 100mV s−1, respectively. The specific
capacitance values of PANI/CDC (10:1) are 344 F g−1,
322 F g−1, and 239 F g−1 at scan rates of 5 mV s−1,
50 mV s−1 and 100 mV s−1, respectively. The specific
capacitance values of PANI/CDC (30:1) are 411 F g−1,
246 F g−1, and 232 F g−1 with the same scan rates,
respectively. Table 4 shows a summary of these results.
The cyclic voltammograms of pristine CDC and
PANI/CDC electrodes with all scan rates are provided
in figure S2 in SI.

The GCD test is the common method for eval-
uating the performance of SC materials. For this
measurement, symmetric SCs were constructed using
CDC and PANI/CDC electrodes and an aqueous elec-
trolyte with 0.5 M Na2SO4. Figure 10(a) shows the
GCD curves of the pristine CDC and PANI/CDC
composites at a current density of 1 A g−1. It is
observed that the GCD curve of pristine CDC exhib-
its an ideal triangular shape, which is corroborated by
the literature. The absence of ideal straight lines in the
GCD curves of PANI/CDC SCs is consistent with pre-
vious studies and indicates the presence of a Faradaic
reaction [53]. In accordance with the GCD curves
of composite materials, a voltage drop may occur
during the discharge process due mainly to internal
resistances in the system [54, 55]. GCD curves of
the PANI/CDC (30:1) composite are provided in the
figure S3 in SI at different potential windows to
investigate the relationship of the voltage drop with
the applied potential. The results show that specific
capacitance of SCs slightly increase with lower poten-
tial window (table S2).

Specific cell capacitances (Ccell, F g−1) under dif-
ferent current densities (in A g−1) were calculated
with GCD measurements following the following
equation:

Ccell =
I×∆t

∆V×M
(2)

where I represent the magnitude of constant cur-
rent during discharging, ∆V represents the poten-
tial window during discharging,∆t represent the dis-
charging time andM represents the total active mass
of electrodes. The specific capacitance of electrode
material is:

Csp = 4Ccell. (3)

According to the GCD curves in figure 10(a),
the specific capacitance values of pristine CDC,
PANI/CDC (5:1), PANI/CDC (10:1), and PANI/CDC
(30:1) are 144 F g−1, 370 F g−1, 398 F g−1, and
419 F g−1 at current density of 1 A g−1. The capacit-
ance value of 144 F g−1 for pristine CDC relies within
the range of other CDCs identified in previous stud-
ies, with variations in values possibly related to dif-
ferences in carbide sources, electrolytes, and binders
[56–58]. As a result, the specific capacitance value of
the hybrid PANI/CDC composite is higher than that
of pristine CDC. Considering the small quantity of
research on PANI/CDC composites as an electrode
material, it has to be emphasized that the acquired
specific capacitance values are within the range repor-
ted in the existing literature [59].

There is currently no scientific research avail-
able on the use of chitosan binder and water-based
inks within PANI/CDC composites electrodes. The
energy density (E,Whkg−1) values at various current

8
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Figure 9. Cyclic voltammograms of PANI/CDC composites at a scan rate of 50 mV s −1, and (b) specific capacitance values of
pristine CDC and composites with different scan rates (5 mV s−1, 50 mV s−1, and 100 mV s−1).

Table 4. Specific capacitance values of pristine CDC and composites with different scan rates, 5 mV s−1, 50 mV s−1, and 100 mV s−1,
respectively.

Sample
Specific capacitance
at 5 mV s−1 (F g−1)

Specific capacitance
at 50 mV s−1 (F g−1)

Specific capacitance at
100 mV s−1 (F g−1)

CDC 104 50 51
PANI/CDC (5:1) 281 90 71
PANI/CDC (10:1) 344 322 239
PANI/CDC (30:1) 411 246 232

Figure 10. GCD curves of CDC, PANI/CDC (5:1), PANI/CDC (10:1), PANI/CDC (30:1) at 1 A g−1 and (b) specific capacitance
values of pristine CDC and composites at different current densities (1 A g−1, 3 A g−1, and 5 A g−1, respectively).

densities for pristine CDC and PANI/CDC SCs are
shown in figure 10(b). The values are calculated based
on GCD curves and calculated as:

E=
Ccell × (∆V)2

2× (3.6)
(4)

where Ccell is cell capacitance (F g−1) and ∆V is the
potential window during the discharging after initial
voltage drop. Table 5 summarizes the specific capa-
citance and energy density values, and power density
values at 1 A g−1. The composite PANI/CDC (5:1) has

energy density values of 4 W h kg−1, 2.1 W h kg−1,
and 0.6 W h kg−1 at current densities of 1 A g−1,
3 A g−1, and 5 A g−1, respectively. The compos-
ite PANI/CDC (10:1) has energy density values of
5.8 W h kg−1, 4.1 W h kg−1, and 2.9 W h kg−1 at
current densities of 1 A g−1, 3 A g−1, and 5 A g−1,
respectively. At the identical current densities, the
composite PANI/CDC (30:1) has energy densities of
6.7 W h kg−1, 5 W h kg−1, and 3.6 W h kg−1.
According to the results, the highest energy dens-
ity value of 6.7 W h kg−1 belongs to PANI/CDC
(30:1) composites at 1 A g−1, as expected. Pristine

9
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Table 5. Specific capacitance, energy density, and power density values of CDC and PANI/CDC composites at current density of 1 A g−1.

Sample Specific capacitance (F g−1) Energy density (W h kg−1) Power density (W kg−1)

Pristine CDC 144 3.8 379.3
PANI/CDC (5:1) 370 4 186.6
PANI/CDC (10:1) 398 5.8 262.1
PANI/CDC (30:1) 419 6.7 367.5

Figure 11. Cyclic voltammograms of a typical screen printed symmetric PANI/CDC (10:1) supercapacitor (a) and PANI/CDC
(30:1) supercapacitor (b) at different scan rates (5 mV s−1, 10 mV s−1, 50 mV s−1, and 100 mV s−1); GCD curves of a typical
screen printed PANI/CDC (10:1) supercapacitor (c) and a PANI/CDC (30:1) supercapacitor (d) at different current levels (1 mA,
3 mA, 10 mA).

CDC has the lowest energy density value which is
0.3 W h kg−1 at 5 A g−1. The energy density val-
ues increase when the aniline/carbon weight ratio
increases. Furthermore, the PANI/CDC (30:1) com-
posites possessed the highest power density of all
composites of 367.5W kg−1 at 1 A g−1, which is com-
parable to pristine CDC. The power density values are
calculated based on GCD curves and calculated as:

P=
E× 3600

∆t

where E is the energy density (Wh kg−1) and∆t is the
discharge time.

3.2. Electrochemical measurements of
screen-printed SCs
PANI/CDC (10:1) and PANI/CDC (30:1) were selec-
ted as composite inks for screen printing, and inks

were formulated with an eco-friendly chitosan binder
in water-based media. The fabricated ink layers
were successfully screen printed on top of the cur-
rent collector. The nitrogen plasma treatment was
found to be essential for screen printing process to
increase wettability of a surface of the current col-
lector. Without surface treatment most of the ink
did not transfer from the screen to top of the cur-
rent collector. PANI/CDC ink showed shear thinning
behavior, with viscosity ranging between 100 and
1000 Pa s, which makes it suitable for screen printing
operations. The CV and galvanostatic measurements
to define the electrical properties of screen-printed
SCs are presented in figures 11(a)–(d).

Table 6 presents the mean and standard devi-
ation of measured capacitance, ESR and leakage cur-
rent values of the screen-printed SCs. An unequal
variances t-test was used to test, whether the mean

10
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Table 6.Mean and standard deviation of capacitance, ESR and leakage current measured from screen printed samples; p-values for
testing equality of means between (10:1) and (30:1).

Capacitance (mF) ESR (Ω)
Leakage

current (mA)

Mean Std. Dev Mean Std. Dev Mean Std. Dev

PANI/CDC (10:1) N = 10 469.5 59.5 27.0 6.2 427.5 67.8
PANI/CDC (30:1) N = 10 443.8 43.4 27.2 2.0 409.4 48.8
p-value 0.286 0.921 0.504

values between the (10:1) and (30:1) variants are
equal. Using a significance level of 0.05 for each
test, it is concluded that no statistically significant
difference in capacitance, ESR or leakage current is
observed between screen printed PANI/CDC (10:1)
and PANI/CDC (30:1) SCs. It can be concluded that
the screen-printing process is a feasible and repeatable
way to fabricate SCs with PANI/CDC electrodes.

4. Conclusion

In this study, PANI/CDC hybrid composites were
synthesized by in-situ chemical oxidative polymer-
ization of aniline in presence of CDC. The mor-
phology of the PANI/CDC composites show that
PANI particles were successfully coated to the car-
bon surface. Therefore, the electrical conductivity of
the composites powder is dominated by the con-
ductivity of PANI. Printable PANI/CDC ink mater-
ials were developed based on chitosan binder in
water media and with 0.5 M Na2SO4 as electrolyte,
while pure PANI ink without CDC was not print-
able because of its fragile structure. The symmetrical
SCs of PANI/CDC composites were successfully fab-
ricated by using both, doctor blade coating and screen
printing.

Electrochemical measurements were done with
both, three electrode and two electrode measure-
ments. As a result of the combination of electrostatic
charge accumulation and reversible redox processes
at the interface between electrode and electrolyte, the
PANI/CDC composites provided a significant higher
specific capacitance (up to 419 F g−1 at 1 Ag−1) than
the pristineCDCelectrode (144 F g−1 at 1A g−1). The
capacitance of screen-printed SCs was 440–470 mF
with an ESR of about 27 Ω. This research indic-
ates that it is feasible to implement a screen-printing
approach formanufacturing electrodes using carbon-
based polymer composite inks by using non-toxic
chitosan binder. Such results may pave the way for
future sustainable and commercial energy storage
applications of screen-printable SCs.
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