AA

ABw-<araB.  Journal of Metals, Materials and Minerals, 33(3), 1675, 2023

Biomass-based nitrogen-doped carbon/polyaniline composite as electrode material
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Abstract

Nitrogen-doped activated carbon (N-AC) was prepared from water hyacinth stems for loading
polyaniline (PANI) by in-situ polymerization to synthesize N-AC/PANI composites for utilization as
electrode materials in supercapacitors. Using potassium hydroxide as the activating agent, stems of
water hyacinth were carbonized and activated in a single step to produce N-AC powders. Raman,
FTIR, SEM, BET, TGA, and XPS techniques were used to characterize the resultant N-AC materials.
The findings revealed that the N-AC materials had a porous structure and high specific surface area.
Neat PANI was synthesized by varying the reaction time to 8, 16, and 24 h. During the reaction time
of 16 h, the maximum specific capacitance was obtained. For the synthesis of N-AC/PANI composites,
in-situ polymerization of aniline was performed for 16 h. Tests of cyclic voltammetry and galvanostatic
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P‘_)Iya”i"”e; _ charge/ discharge were conducted on the electrode materials to assess their electrochemical performance
Nitrogen-doped activated carbon; for supercapacitors. Because of the synergistic effect of PANI and N-AC, the produced N-AC/PANI
Water hyacinth

composite showed good supercapacitor performance compared with neat PANI and N-AC. In the case of
the N-AC/PANI composite, the specific capacitance was determined by the electrochemical double-layer

1. Introduction

The impact of environmental pollution has seriously restricted
global sustainable development. Therefore, it is crucial to research
components for clean, efficient, high-powered, and sustainable energy
storage systems. Supercapacitors have garnered significant interest
owing to their high-voltage energy storage properties, large energy
storage capacity, and wide applications such as energy storage devices
for various types of portable applications, solar energy, and electric
vehicles [1-3]. Electrode materials are considered to be one of the most
important variables influencing supercapacitor performance in energy
storage. Conductive polymers are outstanding candidates as super-
capacitor electrode materials. Polyaniline (PANI) has been extensively
studied as an emerging electrode material of supercapacitors because
of its large intrinsic redox states, pseudocapacitance, and ease of
synthesis. However, the cycle life of PANI electrodes is usually poor
because PANI volumetrically swells and shrinks during repeated
charging and discharging cycles, leading to structural breakdown
and rapid capacitance decay of PANI [4-5]. To promote the specific
capacitance and cycling stability of PANI electrodes, researchers
have focused on synthesizing and preparing composites with various
carbon materials [6-8].

The carbon materials used to create carbon/PANI composites can
act as conductive interfaces and have high surface areas, which
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capacitance (EDLC) of N-AC and the pseudocapacitance resulting from the redox reaction of PANI.

facilitate de-doping and doping of counterions during the redox-
influenced structural change of PANI. The porosity of carbon also
has a substantial influence on the features of carbon/PANI composites
by promoting fast ion transport and enhancing specific capacitance
and stability. The incorporation of carbon materials into PANI is
a useful method for improving the cycling durability and specific
capacitance of PANI electrodes because of the synergistic combination
of the large pseudocapacitance of PANI and the superior mechanical
strength of the carbon materials [9,10]. Water hyacinth (WH),
a type of floating plant, is native to the Amazon but can now be found
worldwide in water systems. Recently, a great deal of research has
suggested that a hierarchically organized three-dimensional (3D)
porous structure with a large surface area derived from WH with
activation can serve as an excellent template for supercapacitors
[11,12]. It is noteworthy that WH has a well-designed hierarchical
structure with three levels: millimeters, micrometers, and nanometers.
Consequently, carbon materials derived from WH exhibit high surface
areas, excellent electrical conductivities, and remarkable electro-
chemical properties. Direct pyrolysis and carbonization of WH with
potassium hydroxide as an activator can provide a hierarchical porous
activated carbon (AC) matrix with commercial potential for use as
an electrode. Positive characteristics for employing WH as a source of
super- capacitors are the excellent electrochemical stability, abundance,
and low cost of AC materials derived from WH [11-13]. Previous
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reports have demonstrated that AC obtained from WH has a higher
specific capacitance than that obtained from other biomasses, such as
oil palm fruit, tobacco, corn stalk, onion, cattail, banana stem, rubber
wood sawdust, and sago [11,12,14]. To improve the performance of
AC supercapacitors, among the different doping approaches, N-type
doping is regarded as one of the most effective ways because it can
potentially improve the hydrophilic polar sites and electrical
conductivity. In addition, nitrogen atoms in nitrogen-doped AC
materials could function as redox-active centers, which could induce
pseudocapacitance and increase the specific capacitance [15,16].
The most efficient method for N-doping is the direct reaction between
a precursor and a nitrogen-rich material to obtain nitrogen-doped
AC (N-AC).

In this study, melamine was chosen as the nitrogen source for
N-doping because of its low price, easy availability, and high nitrogen
percentage (67%). Furthermore, potassium hydroxide (KOH) is a
popular activator capable of producing advanced porous structures
under specific conditions [17,18] and was chosen as an activator
for the preparation of N-AC. In most cases, carbon-based materials
are used, but their charge storage mechanism based on electrochemical
double-layer capacitors (EDLCs) results in relatively low capacitance.
Therefore, a combination of EDLC and pseudocapacitive materials
is required to achieve higher capacitance and stability [6]. In this
work, N-AC was produced from WH stems for mixing with PANI
by in-situ polymerization to synthesize N-AC/PANI composites
for use as the electrode material of supercapacitors.

2. Experimental
2.1 Materials
Water hyacinth (WH) stems were obtained from Chachoengsao,

Thailand. Potassium hydroxide (KOH) was procured from Carlo
Erba Reagents S.A.S (France). Melamine (99%) was obtained from

Dried and
Ground

Water hyacinth powder (WHP)

Water hyacinth stems

(I\H_O:S:OSI Aniline
(0.25g:0.1 mL)

Washed
and Dried

N-AC/PANI-16h

WHP:Melamine:KOH

ACROS Organics (Poland). Aniline monomer was purchased from
Loba Chemie Pvt. Ltd. (India). Ammonium persulfate ((NH4)2S20s)
was obtained from Ajax Finechem Pty. Ltd. (Poland). Sulfuric acid
(H2S04) was supplied from Quality Reagent Chemical (New Zealand).
All of the reagents were employed without any additional purification.

2.2 Preparation of N-AC

The N-AC powders were produced from WH stems via a one-
step carbonization-activation process. The WH stems were cleaned
with water, sliced into tiny pieces, dried, and ground in a grinder.
The dried WH powders were then mixed with KOH and melamine
ina 1:1:1 ratio and carbonized at 700°C in an atmosphere of N2 for
1 h. The obtained material was washed, pH-neutralized, and dried
at 70°C. In the next step, WH-derived N-AC was produced and
sieved to achieve the desired particle size of 25 um.

2.3 Synthesis of neat PANI and N-AC/PANI composite

A typical synthesis of neat PANI was carried out as follows:
0.1 mL of aniline was dissolved in a 1 M H2SO4 aqueous solution
(25 mL) with stirring at 25°C for 30 min. An aqueous (NH4)2S20s
solution was obtained by dissolving 0.25 g of (NH4)2S20gin 1 M
H2S04 (25 mL). Subsequently, the solution of (NH4)2S20swas gradually
added to the aniline solution. The reaction times were varied at 8,
16, and 24 h. Therefore, the neat PANI samples obtained at different
synthesis times were marked as PANI-8h, PANI-16h, and PANI-24h.
To prepare the N-AC/PANI composite, N-AC (6 mg) was mixed
with an aniline solution. The reaction mixture was then kept at 25°C
and stirred for 16 h. The solution turned from black to dark green.
The precipitates were washed with ethanol and distilled water before
drying at 40°C for 24 h. The N-AC content was 14% by weight of the
composite. The resulting composite was denoted as N-AC/PANI-16h.
The mechanism of N-AC/PANI formation was shown in Figure S1.

Washed
and Dried

N

In-situ polymerization
of N-AC/PANI

Figure 1. Schematic illustration of N-AC preparation and in-situ synthesis of N-AC/PANI composite
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2.4 Material characterization

Raman spectra of N-AC, neat PANI, and N-AC/PANI composite
were obtained using a Senterra Raman microscope (Bruker Optics Inc.).
The surface functional groups of N-AC, neat PANI, and composite
were studied using a Fourier transform infrared spectrometer (FTIR,
Vertex 70, Bruker). Field-emission scanning electron microscopy
(FESEM, MIRA3 Tescan) was employed to examine the sample
surfaces and their morphologies. N2 adsorption and desorption were
performed with a Micromeritics TriStar 11 3020 apparatus to determine
the BET surface area, pore size, and pore volume. A Perkin-Elmer
thermogravimetric analyzer was used for thermogravimetric analysis
(TGA). The temperature was increased from 30°C to 800°C at a heating
rate of 10°C.min-1 under an N2 atmosphere. The sample compositions
were determined using a Kratos AXIS Ultra X-ray photoelectron
spectroscopy (XPS, Kratos Analytical Ltd.) with monochromatic
Al-Ka radiation under a vacuum pressure of 10°° Torr. The areas of peak
were examined using CasaXPS software to fit the experimental data
with Lorentzian-Gaussian curves. Relative sensitivity factors (RSFs)
were used for the XPS quantification analysis. The atomic concentration
(%) in each region was then determined.

2.5 Electrode preparation and electrochemical measurement

The electrodes were prepared using a mixed slurry consisting
of 80% active material (N-AC, neat PANI, or N-AC/PANI composite),
15% acetylene black (AB50P, Polymaxx), and 5% poly(vinylidene
fluoride) (PVDF, Sigma Aldrich). These materials were mixed with
dimethylformamide (DMF) (Carlo Erba Reagents) until a homogeneous
paste was formed. The resulting slurry was applied to a 1 cm? stainless
steel wire mesh (SUS304) and dried overnight at 70°C. The mass loading
was estimated to be 5 mg. A standard three-electrode cell configuration
was employed to conduct the electrochemical analysis of the various
electrodes. A silver chloride electrode (Ag/AgCl) and a platinum wire
were used as the reference electrode and counter electrode, respectively.
A 1 M solution of H2S04 was used as the electrolyte. Cyclic voltammetry
(CV) and galvanostatic charge/ discharge (GCD) investigations of
the electrodes were conducted on an electrochemistry workstation

(EA163, eDAQ, and ZIVE SP1). Electrochemical impedance spectroscopy
(EIS) analysis was conducted over a frequency range from 100 kHz
10 0.01 Hz with an AC voltage amplitude of 10 mV. The specific capacitance
(Cs), energy density (E) and power density (P) of the electrodes were
determined from the GCD plots using the following equations [19,20]:

IAt

C=— (1)
_ CAV?

E= 3535 @

P = 3600 i A3)

Where Cs is the specific capacitance (F-g-1), E is the energy density
(Wh-kg-1), P is the power density (W.-kg-1), | is the discharge current
(A), Atis the discharge time (s), m is the mass (g) of the active electrode
material loaded onto the working electrode, and AV is the voltage
window (V).

3. Results and discussion

Raman and FTIR analyses were conducted to investigate the
chemical structure and composition of the as-prepared N-AC,
synthesized PANI, and in-situ synthesized composite of N-AC/PANI.
In Figure 2(a), the two broad peaks at approximately 1600 cm-* and
1350 cm! in the Raman spectrum of N-AC coincide with the G and
D peaks, which are associated with the typical sp2-hybridized carbon
materials of carbon rings in N-AC, resulting from the ordered graphitic
structure or defects in the graphitic structure, respectively [21]. Raman
analysis of the PANI synthesized at different times and in-situ
synthesized N-AC/PANI composite (Figure 2(a)) shows the prominent
characteristic bands of PANI at 808 cm* (-NH-stretching), 1496 ¢cm™*
(C=N stretching of the quinoid ring), and 1601 cm* (stretching of the
benzenoid ring) [22,23]. Additionally, Raman characteristic peaks
at 1170 cm™ and 1330 cm? correspond to C—H bending in emeraldine
and C—N* stretching of the polarons, respectively. These results
indicated that both the neat PANI and PANI in the composite were
in the conductive emeraldine form [21,24].
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Figure 2. (a) Raman spectra and (b) FTIR spectra of N-AC, neat PANI samples synthesized at various times, and the N-AC/PANI

composite materials.
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The FTIR spectra of N-AC, neat PANI, and N-AC/PANI composite
are displayed in Figure 2(b). The three intense bands of the N-AC
sample at 1455, 1599, and 3443 cm are assigned to the aromatic
C=C bond, the NH bond, and the OH stretching of water, respectively
[25]. A small peak at 1045 cm™ and 1725 cm observed in the spectrum
of N-AC originates from the C-O and C=0 bonds, respectively [26].
Furthermore, the low-intensity peaks at approximately 1230 cm™ and
3735 cm! are sequentially associated with CN stretching and NH
stretching vibrations [27,28]. These findings suggested that activated
carbon contained nitrogen and oxygen atoms. Similar characteristic
peaks can be seen in the FTIR spectra of both the N-AC/PANI
composite and the neat PANI samples. The most prominent peaks
of the PANI samples prepared at different times appear at around
1578, 1489, 1294, 1233, 1113, and 799 cm-L. The peaks located at
1489 cm* and 1578 cm were attributed to the C-C and C=C/C=N
stretching vibrational modes of the benzenoid and quinoid rings,
respectively. The C—N stretching of benzenoid and quinoid rings
was also detected between 1233 cm™ and 1294 cm™. The bands at
799 cm?and 1113 cm indicate the out-of-plane and in-plane bindings
for the C—H stretching of PANI, respectively [29,31]. Moreover,
further XPS characterization confirmed their elemental compositions
and chemical states of the elements, as shown in Figure 5.

The morphologies and microstructures of N-AC, neat PANI, and
N-AC/PANI composite materials were investigated using FESEM.
Figures 3(a-j) show the FESEM images of the PANI samples obtained
at various synthesis times. The PANI-8h sample exhibited a three-
dimensional (3D) interconnected rod-like structure (Figures 3(a-b)).
As the in-situ synthesis time increased from 8 h to 16 h, PANI-16h
became a 3D porous structure of PANI with web formation, as shown
in Figures 3(c-d). Notably, when the synthesis time was extended
to 24 h, the porous structure of PANI-24h decreased (Figures 3(e-f)).
In the case of the N-AC/PANI-16h composite (Figures 3(g-h)), the
N-AC surface was mainly covered by a 3D porous hierarchical structure
with the web formation of PANI, which had a structure similar to
that of PANI-16h, but the agglomeration structure was lower.
Figures 3(i-j) show that N-AC had a porous structure without PANI
web formation. These observations demonstrated that a 3D porous
hierarchical structure with PANI web formation and a lower
agglomeration structure in N-AC/PANI-16h might facilitate the
electrolyte ion diffusion within the electrode [32].

Figures 4(a-e) show plots of the nitrogen adsorption/desorption
isotherms and the pore size distribution of the obtained samples.
According to these results, the BET surface areas (average pore
diameters) of PANI-8h, PANI-16h, PANI-24h, N-AC, and N-AC/
PANI-16h were calculated as 22.782 m?.g* (7.003 nm), 27.778 m?.g*
(6.551 nm), 25.309 m?.g* (6.277 nm), 1,233.580 m2.g* (2.414 nm)
and 51.205 m2.g! (3.823 nm), respectively. The synthesis time of
PANI increased from 8 h to 16 h, and the surface area increased
because of the 3D porous structure of PANI with web formation;
however, when the time was increased to 24 h, the surface area
decreased because of the decreased porous structure, as shown in
the SEM results (Figure 3). Moreover, the surface area of the N-AC/
PANI composite was greatly reduced compared with that of neat
N-AC. Since the N-AC material was composited with PANI, this
resulted in a significant reduction in the pore structure, as PANI
obscured the N-AC pores. For comparison with neat PANI, the N-
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AC/PANI composite had a larger surface area than that of all neat
PANI samples. These results are consistent with those previously
reported [33,34]. The BET specific surface area might have increased
because of the successful growth formation of the PANI webs on
N-AC, as shown in the SEM results. However, the surface area of
N-AC/PANI-16h was larger than that of all neat PANI samples.
Based on the IUPAC classification, the hysteresis loop in the
relative P/PO range of 0.4-0.9 is a type 1V isotherm with a hysteresis
loop of type H1, implying that all neat PANI samples are mesoporous
[35]. In comparison, the adsorption isotherms for N-AC/PANI-16h
and N-AC were a combination of type I and type IV isotherms (TUPAC
classification), suggesting the existence of both micropore and mesopore
structures [36]. In addition, the micropore and total pore volumes of
these materials were determined using the Barrett-Joyner-Halenda
(BJH) analysis, as reported in Table 1. Mesopores and micropores may
provide diffusion channels and transport for electrolyte ions, whereas
micropores offer space for ion storage [37]. As a result, the N-AC/
PANI-16h sample had a higher capacitance than the neat PANI
sample (Figure 7(b)).

Figure 3. SEM images of neat PANI synthesized at various times: (a-b)
PANI-8h, (c-d) PANI-16h, (e-f) PANI-24h, and SEM images of (g-h) N-AC/
PANI-16h, (i-]) N-AC.



Biomass-based nitrogen-doped carbon/polyaniline composite as electrode material for supercapacitor devices 5

Table 1 The BET surface area and other characteristics of the synthesized samples.

Sample SBET Sexternal Smicro Vtotal Vmicro Average pore
(m*g™) (m*g™) (m*g™) (cm*g™) (cm*g™) diameter (nm)
N-AC 1,233.580 867.652 365.927 0.745 0.157 2414
PANI-8h 22.782 22.782 - 0.039 - 7.003
PANI-16h 27.778 27.778 - 0.044 - 6.551
PANI-24h 25.309 25.309 - 0.043 - 6.277
N-AC/PANI-16h 51.205 40.370 10.835 0.049 0.005 3.823
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Figure 4. N2 adsorption/desorption isotherms (insets: the corresponding pore size distribution) of (a) PANI-8h, (b) PANI-16h, (c) PANI-24h, (d) N-AC, (e)
N-AC/PANI-16h, and (f) TGA curves of N-AC, PANI-16h and N-AC/PANI-16h.

The thermal stabilities of the resulting samples were examined
using TGA analysis. A nitrogen atmosphere was generated between
30°C and 800°C for heating the materials. The TGA thermograms
in Figure 4(f) show that N-AC has better thermal stability than PANI-
16h and N-AC/PANI-16h. The residual weight at 800°C was found
to be 68, 38, and 42% for N-AC, PANI-16h, and N-AC/PANI-16h,
respectively. The initial weight loss occurred at approximately 100°C
owing to the vaporization of water molecules in the sample. The second
step at ~140°C to 350°C was caused by the breakdown of functional
groups containing oxygen resulting from the activation process.
The last stage of decomposition at temperatures higher than 640°C
might have resulted from the release of doped nitrogen [27]. In
addition, three major weight losses were observed in the curves of
PANI-16h and N-AC/PANI-16h. The first weight loss up to ~13°C
corresponded to the water evaporation. The second weight loss
occurred between 140°C and 350°C, which corresponds to the loss of
oligomers and unreacted monomers in the samples. The further
weight loss above 600°C was assigned to the thermal decomposition
of PANI chains [38]. The N-AC/PANI-16h sample was slightly
more thermally stable than the neat PANI-16h sample because of
the existence of N-AC and the strong interactions between the PANI
chains and N-AC particles [39].

In Figure 5(a), the XPS survey spectra show the chemical
compositions of N-AC, PANI-16h, and N-AC/PANI-16h. Different
peaks corresponding to O, N, and C elements were observed, supporting
the presence of N elements on the surfaces of N-AC, PANI-16h,
and N-AC/PANI-16h. The high-resolution N1s peaks of N-AC can be
deconvoluted into four distinct types of oxidized pyridine nitrogen
at 404.4 eV, quaternary nitrogen at 401.2 eV, pyrrolic nitrogen at
400.1 eV, and nitrogen subpeaks: pyridinic nitrogen at 398.7 eV
(Figure 5(b)). In general, pseudocapacitive interactions occur on
negatively charged pyrrolic nitrogen and pyridinic nitrogen. Meanwhile,
the positively charged quaternary nitrogen and oxidized pyridine
nitrogen could facilitate electron transfer through the carbon materials
[40]. In addition, four peaks can be deconvoluted from the high-
resolution spectrum of C1s for N-AC: C-C/C=C (284.8 eV), C-O
(286.3 eV), C=0 (289.2 eV), and C-N (285.6 eV), as shown in
Figure S2. The presence of the C—N bond also indicated that N-AC
was successfully doped with nitrogen atoms [15]. In Figures 5(c-d),
the high-resolution N1s spectra of PANI-16h and N-AC/PANI-16h
are split into three peaks at 400.5, 399.3, and 398.5 eV associated
with the positively charged nitrogen (-NH+=), benzenoid amine (-NH-),
and quinone imines (-N=), respectively. Benzenoid amines (-NH-)
and quinone imines (—N=) contribute significantly to the
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improvementin the specific capacitance of N doped materials because
of their high pseudocapacitive properties. While the positively charged
nitrogen (-NH+=) can increase the electrical conductivity of materials,
which also enhances their electrochemical characteristics [41]. Table 2
shows the atomic percentages of the nitrogen species for PANI-16h and
N-AC/PANI-16h determined from high-resolution XPS deconvolution.
The atomic percentage of the sum of quinone imine (-N=) and benzenoid
amine (-NH-) species for N-AC/PANI-16h (69.57 at%) was greater than
that for PANI-16h (67.73 at%), indicating the high specific capacitance
of N-AC/PANI-16h.

Cyclic voltammetry (CV) was performed to study the pseudo-
capacitive behavior of all neat PANI, N-AC, and N-AC/PANI-16h
electrodes in the applied voltage range from -0.2 Vt0 +0.8 Vin1 M
H2SO4 electrolyte at 10 mV.s-1 (Figure 6(a)). All neat PANI and N-AC/
PANI-16h electrodes showed double definite redox peaks, indicating
the interconversion between the emeraldine and leucoemeraldine states
of PANI. Additionally, a higher specific current was observed for the
N-AC/PANI-16h electrode than for the neat PANI electrode. Therefore,
the N-AC/PANI-16h composite electrode could have improved the

(a)

Cls

OKLL

Intensity (a.u.)

1000 800 600 400 200 0

1200
Binding energy (eV)
(©
N l1s
e
&8
iy
B7)
o
2
=
PANI-16h
0 arabl cow g
o e O TRk e o5 © ©

410 408 406 404 402 400 398 396 394
Binding energy (eV)

specific capacitance and electrochemical performance. The neat PANI
and N-AC/PANI-16h electrodes showed two distinguishable peaks,
OI/RI (~0.30 V/~0.04 V) and OII/RIIl (~0.55 V/ ~0.40 V), resulting
from the pseudocapacitance behavior of PANI. The N-AC/PANI-16h
electrode had the greatest enclosed area, which indicated the highest
specific capacitance. The N-AC/PANI-16h electrode showed a larger
enclosed area than the neat PANI, suggesting that N-AC plays an
essential role in increasing the specific capacitance and surface area of
the N-AC/PANI-16h composite. The quasi-rectangular curve observed
for N-AC demonstrates the existence of a double-layer capacitance
mechanism (EDLC) [42]. Figure 6(b) shows the GCD curves of the
N-AC, neat PANI, and N-AC/PANI-16h electrodes at a current density
0f 0.5 A-g-1. Inthe N-AC electrode, the GCD curves are nearly triangular
in shape. In contrast, the neat PANI and N-AC/PANI-16h electrodes
exhibited non-ideal straight lines, demonstrating the contribution
of the pseudocapacitance from PANI. The specific capacitances
calculated were 234, 269, 335, 314, and 431 F.g* for the N-AC,
PANI-8h, PANI-16h, PANI-24h, and N-AC/ PANI-16h electrodes,
respectively.
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Figure 5. (a) XPS survey spectrum of N-AC, PANI-16h and N-AC/PANI-16h and high-resolution XPS spectra of N1s for (b) N-AC, (c) PANI-16h, and (d)

N-AC/PANI-16h.

Table 2. Nitrogen species determined by XPS of PANI-16h and its composite.

Sample Quinone imine (at%) Benzenoid amine (at%o) Positively charged nitrogen (at%)
PANI-16h 16.02 51.71 32.27
N-AC/PANI-16h 11.37 58.2 30.42
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Figure 6. (a) CV curves of (a) N-AC, neat PANI and N-AC/PANI-16h at 10 mV.s™* and (b) GCD curves of N-AC, neat PANI and N-AC/PANI-16h

at the current density of 0.5 A.g™.

The GCD curves of the N-AC/PANI-16h electrode at various
current densities are presented in Figure 7(a). The noticeable plateaus
indicate the presence of Faradaic redox reactions originating from
the PANI. The charge/discharge curves for the N-AC/PANI-16h
electrode show distinct plateaus at low current densities representing
pseudocapacitive characteristics of N-AC/PANI-16h. Furthermore,
the excellent reversible redox capacitance and Coulombic efficiency
of the N-AC/PANI-16h electrode are also evident from the symmetrical
GCD curves [9,43]. The specific capacitances at various current
densities are demonstrated in Figure 7(b). The specific capacitance of
each sample decreased with increasing current density. This could be
because electrode pores are fully accessible at lower current densities,
which results in greater charge storage and vice versa at higher
current densities [44]. In addition, the N-AC/PANI-16h electrode
showed specific capacitances at 0.5, 1, 2, 5, 10, and 20 A.g™* of 431,
361, 296, 272, 248, 240, and 234 F.g!, respectively. The specific
capacitance of the N-AC/PANI-16h electrode was higher than that
of all other electrodes, which gave the N-AC/PANI-16h superior
performance over the individual electrodes of N-AC and neat PANI.
Table S1 summarizes the specific capacitances of previously reported
carbon-based supercapacitor electrodes [8,45-49]. Compared with
previously reported electrodes, N-AC/PANI exhibited a higher specific
capacitance. The higher specific capacitance can be attributed to the
in-situ incorporation of N-AC into PANI and the 3D porous hierarchical
structure of the PANI web, which has multiple electrochemically
active sites.

To further examine the electrochemical behavior, EIS analysis
was carried out for N-AC, PANI-16h, and N-AC/PANI-16h with
Nyquist plots (Figure 8(a)). The equivalent circuit diagram of the
EIS test was fitted using Zview software (inset in Figure 8(a)). The
high- frequency intercept (Rs) reflects the solution resistances of
0.74,0.95, and 0.87 Q for the PANI- 16h, N-AC, and N-AC/PANI-16h
electrodes, respectively. The appearance of a semicircle in the mid- to
high-frequency range revealed the charge transfer resistance (Rct)
at the electrode/electrolyte interface. Moreover, the Rct values for
the PANI-16 h, N-AC, and N-AC/PANI-16h electrodes were 0.89,

0.98, and 0.81 Q, respectively. In comparison with other electrode
materials, the N-AC/PANI-16h electrode exhibited the lowest Rct
value, resulting in an improved ion storage capacity and higher specific
capacitance. The combination of in-situ incorporation of trace amounts
of N-AC into PANI and a 3D porous hierarchical structure with PANI
web formation containing multiple electrochemically active sites
had the potential to significantly increase the charge transfer efficiency
[43-50]. The straight line at the low-frequency range indicates the
diffusion resistance (Warburg resistance (Rw)) of N-AC (1.34 Q),
PANI-16 h (4.98 ©), and N-AC/PANI-16h (2.42 Q). In Figure 8(b),
the frequency-dependent analysis of complex capacitance reflects
both the interfacial and bulk electrochemical characteristics. As a result,
the electrode reached its maximum capacitance at low frequencies
because the electrolyte ions had sufficient time to penetrate deeply into
the interior of the porous electrode, thereby generating an abundance
of faradaic reactions upon interacting with the surface- active sites.
Electrolyte ions can only reach the exterior surfaces of electrodes at
higher frequencies. Additionally, insufficient time intervals are available
for slow faradaic charge storage, leading to a significant reduction
in capacitance. The frequency dependence of the imaginary capacitance
was analyzed using the relationship: C" = -Z'/w | 72|, resulting from
the energy losses through irreversible processes (Figure 8(b)). Therefore,
the present values showed that the electrode had a good ability for
high power delivery in a short period of time, given that the relaxation
time constant (t0 (1/fmax)) essentially represents the shortest time
required to effectively deliver the stored energy [51]. The N-AC
electrode had a small relaxation time constant (10 s), probably because
of its larger surface area and smaller pore size [52], which enabled
an increased rate of ion exchange at the interface of the electrode
with the electrolyte in a 1 M H2SO4 aqueous electrolyte solution.
It is possible that the N-AC/PANI-16h electrode charges faster than
the PANI-16h electrode due to its lower relaxation time constant
value [53]. Based on the porous structure and superior conductivity
of the material, the rapid frequency response indicated that the
supercapacitor showed rapid ion adsorption and diffusivity, as well
as superior rate performance [54].
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Figure 9(a) is a Ragone diagram illustrating the relationship
between energy density and power density of the designed super-
capacitor at different current densities. The N-AC/PANI-16h electrode
supercapacitor exhibited the maximum energy density of 15.73 Wh.kg*
and the power density of 67.27 W-kg™ at a current density of 0.5 A.g™%.
At a current density of 20 A.g™%, the energy density remained high
at approximately

4,52 W-kgtand the power density was 975.89 W-kg1. Compared
with N-AC and PANI-16h, N-AC/PANI-16h had greater energy
density and power density. Thus, the in-situ composite of N-AC and
PANI can improve the efficiency of supercapacitor electrodes. For
practical applications, the cycling stability of supercapacitors is
an essential characteristic. Moreover, the cycling stability of conductive
polymerbased supercapacitors is one of the most significant challenges
in producing low-cost electrode materials for commercial super-
capacitors. Consequently, the cycling stability of the designed electrodes
was examined by performing GCD measurements at a constant
current density of 3 A.g. The PANI 16h electrodes showed a rapid
decrease in capacitance with only approximately 20% capacitance
retention after 1328 charge/discharge cycles, as depicted in Figure 9(b).
PANI stores charges through fast surface redox reactions. During
charging and discharging, this results in the swelling and shrinkage
of the electrode materials. The electrode structure is eventually
damaged by this ongoing physical change, which also leads to a loss
of stability [6]. N-AC/PANI-16h showed superior cycling stability
compared with PANI-16h and clearly demonstrated the significant
contribution of N-AC in N-AC/PANI-16h with an excellent capacitance
retention of 57.7% after 2000 GCD cycles. This could be attributed to the
good interfacial bonding between N-AC and PANI in N-AC/ PANI-16h,
which reduced the degradation of PANI during cycling [57].

4. Conclusions

This study described a simple method for synthesizing N-AC/PANI
via in-situ polymerization. The characterization results revealed
a well-designed 3D porous structure with PANI web formation
grown on the porous 3D structure of N-AC. The N-AC/PANI-16h
electrodes exhibited better electrochemical properties than neat
PANI and N-AC. Additionally, in the galvanostatic charge/discharge
studies, the highest specific capacity (431 F-g*) was observed at
a current density of 0.5 A.g-1. Thus, electron transport, ion transport,
and cycling stability were enhanced in N-AC/PANI-16h compared
with neat PANI because of its higher porous structure and good
interaction between PANI and N-AC. The N-AC/PANI-16h electrode
showed a maximum energy density of 15.73 Wh-kg* and a maximum
power density of 975.89 W-kg™. Consequently, the binary composite
of N-AC and PANI could be considered as a promising and cost-
effective material for supercapacitors with higher capacitance and
longer cycle life.
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