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Novel ternary composites of polyaniline (PANI), reduced graphene oxide (RGO), and cellulose nanofibers
(CNFs) are prepared by a chemical method for hybrid supercapacitors. CNFs were extracted from
sugarcane bagasse waste in sugar production, by physicochemical processes. The composites were
investigated as electrode-active materials for hybrid supercapacitors. The obtained results revealed
that the presence of RGO and CNFs in the composites led to enhanced electrochemical
performances, such as capacitance, rate capability, and long-term cyclability of the composite. The
optimal composite of CNFs/RGO/PANI with a weight ratio of 4/16/80 can deliver the highest specific
capacitance at 566.2 F g~* under an applied current of 1 A g~*. After 1000 cycles of repetitive charge
and discharge, the optimal composite retains 85.4% of its initial capacitance, whereas the PANI
electrode obtained only 36.7% Moreover, the supercapacitive
performance is also strongly dependent on the component of the ternary composites. Overall, the
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1. Introduction

Due to the increasing energy demand, diverse energy storage
and conversion devices have been developed."® Among them,
hybrid supercapacitors have gained great attention because of
their superior properties, such as large power density, long cycle
life, and high reliability. As is well-known, supercapacitors can
be classified into three types based on their charge storage
mechanisms: (i) electric double layer capacitors (EDLCs), which
store charge electrostatically, (ii) pseudocapacitors (PDs), which
store charge electrochemically, and (iii) hybrid supercapacitors
(HSCs), which store charge both electrostatically and electro-
chemically.* With a combination of the properties of EDLCs and
PDs, HSCs possess some advantages such as short charge-
discharge times, high power density, long cycle life, high
coulombic efficiency, and so on.

Currently, various electrode active materials have been
investigated and developed for supercapacitor applications. For
EDLCs, because electrode materials often require high porosity,
high surface area, and high electron conductivity, much
research effort has been focused on developing carbonaceous
materials, for example, aerogel carbon,” carbon nanotube
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material and a product of waste materials.

(CNT),*” graphene,® reduced graphene oxide,” graphite.’
Regarding PDs, due to their charge storage mechanism relying
on three processes, including underpotential deposition, redox
pseudocapacitance, and intercalation pseudocapacitance; the
electrode active materials are novel metals,'*** metal transition
oxides,”™"* conducting polymers.**'* However, the EDLCs and
PDs suffer their own disadvantages, such as low specific
capacitance (as for EDLCs) and low cycle life (as for PDs). Thus,
developing composites with different ingredients functioning
as electrode-active materials for EDLCs and PDs has been
proved to be an effective strategy.**>**

In recent years, conducting polymers-cellulose composites
with nanostructure has demonstrated huge potential applica-
tions in different fields such as corrosion protection, batteries,
sensors, and electrical devices.'**®* Among conducting polymers
under investigation, polyaniline (PANI) is often regarded as
a promising electrode active material for PDs,**?° thanks to its
abundant advantages involving facile synthesis, controllable
electrical conductivity, and good environmental stability.
Whilst cellulose with cheap cost, biodegradability, biocompat-
ibility, hydrophilicity, and good mechanical properties is
a biopolymer that originated in nature. Especially, if being
fabricated on the nanoscale, cellulose has a nanosized struc-
ture, namely, nanocellulose (NC), and demonstrates unique and
distinctive properties, viz. high surface area, high Young's
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modulus,”* the capacity for broad chemical modification, and
the ability to form versatile semicrystalline fiber morphologies
and so on. This makes it a good choice for structure reinforce-
ment when high strength and stability are required. Like other
conductive polymers, for instance polypyrrole, polythiophene,
PANI possesses low solubility and poor mechanical stability and
are not flexible and bendable. In that case, CNFs with its flexible
properties can be combined with this conductive material to
form a new nanocomposite to increase the synergistic advan-
tages of both components. Hence, the unique properties of
CNFs could be applied to the development of supercapacitors
and batteries.?*> To date, research efforts have been dedicated to
the  functionality  of with  PANI
supercapacitors.'®***” For example, Li and a coworker prepared
PANI/cellulose/polyacrylamide composites as electrode active
material for supercapacitors. The fabricated supercapacitor
showed excellent electrochemical performances with a large
areal capacitance of 835.0 mF cm >, and 96% capacitance
retention after 5000 cycles.”® Zheng et al. developed the PANI/
CNF/GNP composites with the highest specific capacitance of
421.5Fg 'ata current density of 1 Ag ' and 78.3% retention of
the initial capacitance after 1000 cycles of charge and
discharge.* In general, the ternary composites often reveal the
remarkably supercapacitive performance because of integration
of the advantages of their ingredients.

Regarding NC, NC can be extracted from agricultural
byproducts, plants, and wood. Among them, the NC extraction
from byproducts often offers higher economic efficiency.
Currently, there are various methods for nanocellulose
production.”® The used methods mainly depend on the plant
sources of cellulose. The four biggest problems in nanocellulose
processing are yield, complexity and stability of the nano-
cellulose processing technique, and the economic efficiency of
the extraction process. Therefore, this study deals with the
technique of nanocellulose production from a very common
raw material, sugarcane bagasse, which is possibly collected in
industry, and the sulfate pulp cooking method that is widely
applied in the pulp processing industry and paper. The cellu-
lose powder obtained from the sugarcane bagasse was then
bleached by hydroperoxide and mechanically ground by
a planetary ball mill to break down the cellulose into CNFs. The
three-stage production process in this study offer advantages
such as stability, easiness, and high yield. Integration of sulfate
cooking, total chlorine-free bleaching, and planetary ball
milling is considered as an energy-saving, low-stepping method
that is close to commercial NC production methods, which
enables the energy-efficient production of CNFs.***! In addition,
we recognize that for electrode materials, good electronic and
ionic conductivities are required. Meanwhile, both PANI and
CNFs show poor electronic conductivity. An ingredient with
excellent electronic conductivity should be included into the
composites of PANI and CNFs. Thus, in this work, we propose
using reduced graphene oxide (RGO) as a conducting agent, and
an electrode active material for HSCs as well. Herein, various
ternary composites of PANI, RGO, and CNFs with different
composition were fabricated via a facile and reliable route. RGO
was synthesized by the modified Humer method. CNFs were

cellulose for
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extracted from sugarcane bagasse via a combined chemical and
mechanical grinding treatment. The process of extracting
fibrous NC through sulfate treatment and mechanical grinding
is a highly effective procedure for isolating CNFs from biomass.
PANI was synthesized by oxidative polymerization of aniline.
The resultant ternary composites demonstrated enhanced
electrochemical performance in comparison with pure PANI, in
the case of the absence of two RGO and CNFs ingredients. The
optimal composite could supply a considerably high specific
capacitance of 566.2 F g~' at a charge-discharge current of
1 A g ' with enhanced cycling performance after 1000 cycles.
This is due to mechanical reinforcement of the composite with
RGO and CNFs as effectively supporting scaffolds.

2. Experimental

2.1. Chemicals and materials

Sugarcane bagasse which was harvested in November 2020 from
the North of Vietnam was used for this study. Aniline (CsHsNH,,
=99.5%), ammonium persulfate ((NH,),S,0g, 98%), sodium
sulfide (Na,S-9H,0, =98%), sodium hydroxide (=97.0%),
graphite powder (grain size <20 um), sulfuric acid (H,SO,, 95—
98%), hydrochloric acid (HCl, 37%), potassium permanganate
(KMnO,, =99%), peroxide (H,O,, 30%), chloroform (CHCl;,
=99%) and ethanol absolute (C,HsOH, =99.45%) were
purchased from Sigma-Aldrich. All reagents were used as
received without further purification. Deionized water was used
for all experiments.

2.2. Preparation of cellulose nanofibers (CNFs) from
sugarcane bagasse

CNFs from sugarcane bagasse were prepared using the three-
stage production process. These stages include (i) pretreat-
ment with sulfate agent; (ii) bleaching with hydrogen peroxide
in alkaline solution; and (iii) planetary ball milling. In detail,
sugarcane bagasse after harvest was pre-treated using a solution
mixture of sodium hydroxide and sodium sulfide (sulfidity of
25%) at a solid/liquid ratio of 1 g/9 ml in a 1 litter-autoclave,
which was kept in a glycerin bath. The content of active alkali
(NaOH + Na,S) was fixed to be 15 wt% over dry bagasse. The
pretreatment was performed at 150 °C for 2 h.*>* After that, the
pretreated bagasse was washed with deionized water several
times, then bleached with hydrogen peroxide for oxygen
delignification. The operational conditions were 5% H,0,, 2%
NaOH, 80 °C, and the treatment duration was 60 min. After the
bleaching process, the obtained cellulose was washed,
squeezed, and the moisture content was determined. Subse-
quently, a bleached cellulose (10 g) and deionized water (40 ml)
were ground for 40 h using a planetary ball mill (Retsch, Ger-
many) to destruct cellulose into CNFs. The ball-mill rotation
speed was set at 200 rpm. After 40 hours, the size of cellulose
fibers decreased and the fibers structure was more loosely
organized. The bundles of macrofibers became the bundles of
microfibers and gradually subdivided into CNFs. The CNFs
fabrication process can be briefly described as shown in
Scheme 1.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1 Schematic illustration of the CNFs fabrication from sugarcane bagasse.

2.3. Synthesis of reduced graphene oxide

Reduced graphene oxide (RGO) was prepared by oxidizing
graphite powder via the modified Hummers' method and fol-
lowed by a hydrothermal process. The detailed experiment
process was performed in the manner described elsewhere.**
Briefly, 10 g of graphite powder was dispersed into 230 ml of the
concentrated sulfuric acid solution, then cooled in an ice bath.
Subsequently, 30 g of KMnO, was added and stirred slowly into
the mixture to control the reaction temperature below 15 °C.
The stirring step remained for 2 h. Next, the mixture was moved
out of the ice bath and suffered stirring at 35 °C for 2 days to
obtain a pasty brownish mixture. This suspension was diluted
by the addition of 300 ml of deionized water. In the next step,
500 ml of deionized water and 25 ml of peroxide were intro-
duced to terminate the reaction. The obtained yellow suspen-
sion was subsequently washed and centrifuged several times
using 10 wt% HCI solution and deionized water until pH 6-7.
Finally, the black solid, graphene oxide (GO), was collected and
then dried in an oven for 1 year 20 h at 70 °C. To obtain RGO,
a mixture of GO (1 g) and ethanol (100 ml) was hydrothermally
heated at 200 °C for 10 h. The suspension was filtered and
washed with deionized water. The obtained solid was dried at
70 °C for 24 h. Following the dispersion in chloroform, soni-
cation for 30 min, and centrifugation, the gel-like substance was
vacuum-dried at 60 °C for 12 h to obtain the RGO powder.

2.4. Synthesis of polyaniline, nanocellulose fibers/reduced
graphene oxide composites

First, a suspension of reduced graphene oxide (RGO) and CNFs
was prepared to synthesize the ternary composites. In detail, the
designed amounts of RGO and nanocellulose were weighted and
dispersed in deionized water under ultrasonication for 1 h. The
mass ratio of RGO and CNFs in the suspension mixture was 4 : 1.
In addition, 19.61 g of ammonium persulfate was weighted and

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

introduced under constant stirring until thoroughly dissolving.
After that, this mixture was chilled in an ice bath at around 2-4 °
C. Besides, 8 ml of pure aniline was dissolved in 100 ml of
deionized water, followed by 4 ml of 36 wt% HCI acid solution.
The solution mixture was then chilled at around 2-4 °C in the ice
bath. Next, the two prepared solution mixtures above were mixed
under constant stirring for 2 h. The resultant green precipitation
was then filtered, washed, and centrifuged several times to
remove excess reducing agents. Finally, the prepared composite
was dried at a temperature of 60 °C overnight. The ternary
composites of PANI, CNFs, and RGO with different compositions
were synthesized, as shown in Table 1. The content of PANI in the
composites varied from 60 wt% to 100 wt%. Noticeably, during
the synthesis process, the molar ratio of ammonium persulfate
to aniline was fixed to be 1.15 to ensure the complete occurrence
of the oxidation reaction of aniline, and the pH of the aniline
containing-solution mixture remained at pH 2.

2.5. Microstructure and electrochemical characterizations

The morphology and phase structure of the samples were
investigated using a field emission Microstructure and electro-
chemical characterizations.

The morphology and phase structure of the samples were
investigated using a field emission scanning electron micro-
scope (FE-SEM, JEOL JSM-7600F, Japan) and an X-ray

Table 1 Ternary biocomposites and their composition

Sample CNFs, wt% RGO, wt% PANI, wt%
PANI 0 0 100
Composite-90 2 8 90
Composite-80 4 16 80
Composite-70 6 24 70
Composite-60 8 32 60

RSC Adv, 2023, 13, 22375-22388 | 22377
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diffractometer (XRD, EQUINOX 5000, France). The texture
properties of the materials were evaluated using the nitrogen
adsorption-desorption isotherm analysis implemented on
Micrometrics Gemini VII equipment (France). The surface area
measurements were conducted at 77.15 K. Prior to the
measurements, the samples were degassed under a high
vacuum. Besides, the samples were analysis their thermal
stability using the thermogravimetric analysis (TGA) technique.
The TGA measurements were proceeded from room tempera-
ture up to 800 °C in the air atmosphere with a heating rate of
10 °C min ', All the TGA measurements were conducted on
Thermal Analysis System TGA/DSC 3+ (Switzerland). Fourier
transform infrared (FTIR) spectra were measured with a spec-
trophotometer (IRAffinity-1, Shimadzu, Japan).

Electrochemical measurements were conducted on Autolab
PGSTAT12 Potentiostat using a three-electrode cell, where
a platinum mesh and a saturated calomel electrode (SCE) were
employed as the counter and reference electrodes, respectively.
The electrolyte was 1 M H,SO, solution. The working electrode
was prepared using a slurry method. In specific, the obtained
composites (80 wt%) as active material, super P carbon (5 wt%)
as conducting agent, and polyvinylidene fluoride or poly-
vinylidene difluoride (5 wt%) as a binder were mixed well in N-
methyl-2-pyrrolidone (NMP) solvent to form a black slurry.
Then, the resultant slurry was painted onto a pad of carbon
paper as the current was collected. The loading mass was
controlled at 1.5 £ 0.2 mg. Finally, the sample was dried at 80 °C
in a vacuum chamber for 24 h.

Cyclic voltammetry (CV) was performed within a voltage
window of 0-0.8 V vs. SCE at a scan rate of 10 mV s~ '. To
evaluate the mechanism of the electrode, electrochemical
impedance spectroscopy measurements were implemented at
open circuit voltage with an amplitude of 5 mV in a frequency
range of 0.1 Hz to 100 kHz. Furthermore, the working electrodes
were tested using a galvanostatic charge-discharge (GCD) mode
under different applied current densities, viz. 1, 5, 8, 10, 15, 20,
25 A g~ " within a voltage range of 0-0.8 V vs. SCE. The long-term
cycle life of the working electrode was examined through the
GCD mode at 15 A g~ for repeated 1000 cycles.

The specific capacitance of the electrodes can be calculated
based on the following equations:

From CV curves:

1

C=— JI(V)dV (1)

where C is the specific capacitance (F g ), m is the mass of the
active electrode material (g), v is the scan rate (V s~ '), AV is the
potential window (V), and [I(V)dV is the area under the CV
plot.

From GCD curves:

1t
C=—— 2
mAV 2)
where I'is applied current (A), ¢ is discharge or charge time (s).
Based on the discharge time from the GCD curves, energy
density (E), and power density (P) were calculated using the
following relations:
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E=—5" G
p=2 (4)

3. Results and discussion

Scheme 1 shows the procedure for the fabrication of CNFs.
First, the sugarcane baggase was sulfate-pretreated. This stage
is called sulfate cooking. For this stage, the pretreatment
conditions were selected to be relatively similar to those in the
industrial pulping processes.***' In this stage, the amount of
lignin and hemicellulose was effectively separated, up to about
90%. After that, residual impurities were effectively removed
during the subsequent bleaching process. Herein, it is noted
that the bleaching process was performed by using hydrogen
peroxide agent in alkaline solution without using any chlorine
agent. Hydrogen peroxide is known to be a powerful and eco-
friendly bleaching agent in a total chlorine-free bleaching
cycle. In this study, it is easy to use a small amount of 2%
hydrogen peroxide in 5% alkaline solution for dissolving and
delignification of the remaining impurities at the moderate
treatment condition of 80 °C in 60 minutes. In this way, the
fiber bundles were released. The fiber surface is free of clumps,
and ready for the next milling stage.

The low efficiency of NC is one of factors affecting the
economic efficiency of the entire NC production. Therefore, the
process of converting the bleached cellulose sugarcane baggase
into NC were conducted in a planetary ball mill with a very high
efficiency of ~100%. Water was added into cellulose to soften
and increase fibrillation of fibres. At the milling step, with the
milling parameters of 200 rpm for 40 h, the converting yield
from the bleached cellulose into CNFs reached nearly 100%
absolutely no waste in the production of CNFs. Obviously, the
three-stage production process in this work offers advantages
such as economic benefits, environmental friendliness, mass
production and easy processing. This enables the industrial
production of CNFs to be realized in the near future. Eventually,
in the next step CNFs were used as an ingredient to fabricate the
PANI@RGO®@CNFs composites.

X-ray diffraction (XRD) analysis was used to identify the
phase structure of the synthesized samples. Fig. 1 shows the
XRD pattern of a typical ternary composite of PAN-
I@RGO®@CNTFs, viz. the composite-80 sample. To compare, the
pure PANI, RGO and CNFs were also analyzed XRD. As observed
in Fig. 1, in the absence of the RGO and CNFs ingredients, the
XRD pattern of the PANI sample exhibits some sharp diffraction
peaks at the 26 positions of 19.23°, 23.48°, 32.34°, 38.78°. These
peaks totally coincide with the standard diffraction lines of
PANI with JCPDS card no. 00-053-1890. This indicates the
crystalline nature of the synthesized PANI sample (the ortho-
rhombic structure). Noticeably, in addition to the sharp
diffraction peaks, the PANI sample shows the XRD pattern with
high background signal at around the 26 angle ranging from 10°

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 X-ray diffraction patterns of PANI and composite-80.

to 30°. This also implies that the amorphous phase nature of the
resultant PANI. Thus, from the XRD analysis result it can be
stated that the synthesized PANI possessed both crystalline and
amorphous phases. Meanwhile, as for the RGO sample, no
sharp diffraction peak was found, except to a broad and low
intensity diffraction peak located at 26 = 24.6°. This peak was
attributed to the RGO (002) crystalline plane.***® The CNFs
sample also shows some difraction peaks at the 26 angles of
12.26°, 19.96° and 22.36°. This suggests the nanocrystalline
structure of the prepared CNFs.?”?*® In contrast with the pure
PANI, no sharp diffraction peaks were detected for the
composite-80 sample, except for a high background at the 26
angle from 10° to 30°, suggesting its amorphous phase struc-
ture in nature. This can be explained by the presence of RGO
and CNFs as a supporting scaffold for PANI probably impacted
the polymerization mechanism of the PANI polymer during the
synthesis process. In specific, the amorphous phase of PANI was
formed favorably instead of its crystalline phase. In other words,
adding RGO and CNFs might lower the crystallinity of the PANI
polymer. Accordingly, the composite-80 possessed more amor-
phous domains, which would facilitate the approach of the
liquid electrolyte to the electrode active material as well as
proton transport.>***° As a result, the charge-discharge perfor-
mance of the supercapacitor using the ternary composite-
electrodes can be enhanced significantly. In addition, from
the XRD pattern of the composite-80, it is observable that the
shape of the high background of the XRD pattern located in the
20 diffraction angle of 10°-30° appears analogous to the shape
of the XRD pattern of the NC and RGO ingredients.

To elucidate the covalent grafting and to confirm the change
in functional groups in the synthesized composites, the FTIR
analysis was performed. Fig. 2 displays the FTIR spectroscopy of
the typical composite-80. For comparison, the FTIR spectra of
the ingredients such as PANI, RGO, CNFs were included. As
seen, the PANI shows absorption peaks at 3336, 1642 and
1391 cm™ . These peaks are assigned to N-H stretching of the
amine group, C=C stretching deformation of quinoid and C=N

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 FTIR spectra of pure PANI, CNFs, RGO and composite-80.

stretching of secondary aromatic amine, revealing the presence
of emeraldine salt state in PANL.*' The other peaks at 1192 and
855 cm ™' correspond to —~C-N stretching vibration and out of
plane bending vibrations of C-H in the benzene ring, respec-
tively. For the RGO ingredient, prominent absorption bands at
2920 and 2860 cm ', which correspond to asymmetric and
symmetric CH, stretching.*” It can be also observed that bands
around 1472, 1235, and 1088 cm™ ' are attributed to C-H
bending,”® C-OH stretch of alcohol group, C-O stretching
vibrations of C-O-C.*> Meanwhile, the CNFs possesses the
absorption peaks located at 3327, 2929, 1650, and 1022 cm™ ',
These peaks represent O-H vibration elongation, the symmet-
rical and asymmetrical overlap of C-H and the elongation of the
vibration of the aliphatic chain in the spectrum, the elongated
vibration of absorbed water (H-O-H) by carbohydrates, C-O
stretching vibrations, respectively.** Noticeably, the FTIR spec-
trum of the composite-80 is almost identical to that of PANI. No
peak at 3336, 2920, 2860 and 1088 cm ™" (corresponding to -~OH,
—-CH, and C-O-C vibrations, respectively) was found, which
confirms that the PANI wrapped the surface of RGO and CNFs.*

The SEM method was used to examine the synthesized
samples’ morphological surface. Fig. 3 displays the SEM images
of RGO, CNFs, PANI, and the typical composite-80 at low and
high magnifications. Fig. 3(a) and (b) presents that the
synthesized RGO is very porous. It is constructed of graphene
sheets with a thickness of ~30 nm. With such a porous struc-
ture, the RGO was expected as a firm scaffold for PANI to
anchor. Simultaneously, RGO was referred to work as internal
electron conducting bridges within the ternary composites,
enhancing the rate capability of the ternary composites.

RSC Adv, 2023, 13, 22375-22388 | 22379
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Fig. 3 Low and high-resolution SEM images of (a and b) RGO, (c and d) CNFs, (e and f) PANI, and (g and h) composite-80.

Meanwhile, the CNFs sample illustrates a nanofiber structure.
In Fig. 3(c), the low magnification SEM, the cellulose fibers
seem to agglomerate due to their high surface area. However, in
Fig. 3(d), the nano-sized- diameter of cellulose fibers is easily
observed. As estimated, the diameter of cellulose fibers was 8-
10 nm, verifying the successful fabrication of CNFs from
sugarcane bagasse. As for the PANI sample, which only con-
tained the pure PANI polymer, its surface appears rough
(Fig. 3(e) and (f)). The synthesized PANI was composed of
irregular particles with an average size of about 2.5 pum.

22380 | RSC Adv, 2023, 13, 22375-22388

Surprisingly, as for the composite-80 as a typical ternary
composite of RGO, CNFs, and PANI, it can be seen from Fig. 3(g)
and (h) that the morphology of this composite appears similar
to that of the PANI sample. The irregular PANI particles
anchoring on the surface of RGO and NC are observed (indi-
cated by white-colored arrows). The shape of RGO and CNFs was
hardly recognized. Partly, this is accounted for the predominant
component of the PANI polymer in the composite. On the other
hand, it is possible that the entire covering of the nascent PANI
particles produced on the RGO and CNFs during the

© 2023 The Author(s). Published by the Royal Society of Chemistry
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polymerization process hides the presence of two rest ingredi-
ents in the ternary composite. Thus, the CNFs was a supporting
scaffold for the PANI particles to adhere and anchor. This would
likely improve porosity, increase the surface area, as well as
enhance the conductivity of the synthesized composite
materials.

To evaluate the porosity of the composites, the samples were
analyzed by the nitrogen adsorption-desorption isotherm
measurements. The obtained results are presented in Fig. 4. As
shown in Fig. 4(a), the shapes of the nitrogen adsorption-
desorption isotherm curves of the PANI and composite-80 are of
type IV according to the IPUAC classification with an H3 type
hysteresis loop in the latter half part, corresponding to the
relative pressure P/P, of 0.5-1.0. This indicates that the samples
have a typical mesoporous structure.*> Moreover, the pore size
of the samples is mainly distributed between 30--200 nm, as
shown in Fig. 4(b). These pores were formed by the cavities as
voids among the PANI particles and composites stacking
together, which is consistent with the SEM analysis result.
Noticeably, compared with the PANI sample without RGO and
CNFs, the composite-80 exhibits a more porous structure.
Specifically, the pore size distribution of PANI and composite-80
concentrated at ~120 nm. Furthermore, the BET surface area of
the prepared composite-80 was 21.07 m*> g, which is approx-
imately two times higher than that of the PANI (11.23 m* g™ ).
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Obviously, with the combination of RGO and CNFs, the porosity
and surface area of the composite increased dramatically. The
enhancement in the porosity and surface area of the composite
materials was predicted to facilitate the easy and fast diffusion
of the electrolyte into the active material, which would be
accompanied by the improved capacitance of the super-
capacitors using the composite electrodes.

For electrode active materials of any batteries or super-
capacitors, thermal stability is an important parameter for
examination. In the present work, the samples were analyzed
using the TGA method to evaluate the thermal stability of the
synthesized composites. Fig. 5 shows the TG and DTA (differ-
ential thermal analysis) curves of the PANI and composite-80.
For the PANI sample (Fig. 5(a)), as the temperature started to
increase, the moisture trapped inside the polymer or bound to
the surface of the polymer backbone evaporated.*® The weight
loss caused by the moisture evaporation was 5.8 wt%. When the
temperature increased to 301.11 °C, an endothermic peak
appeared in the DTA plot. This peak represents the decompo-
sition of the residual byproducts such as dimers, trimers, and
oligomers generated during the polymerization of PANI as well
as the detachment of the HCI dopant in the polymer chain.”
This step corresponds to the weight loss of 51.3 wt% in the TGA
plot. At the higher temperature range, two exothermic peaks
appeared at 387.13 °C and 590.62 °C, corresponding to two
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Fig. 5 Thermogravimetric analysis diagram of (a) PANI and (b) composite-80.

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

RSC Adv, 2023, 13, 22375-22388 | 22381


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3ra03172a

Open Access Article. Published on 25 July 2023. Downloaded on 2/25/2026 11:01:41 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances

stage-thermal degradations of the PANI polymer chain.*® This
decomposition accounted for the weight loss of 41.9 wt%.
Similarly, for the composite-80 (Fig. 5(b)), the TGA plot also
exhibited three steps of weight loss. The first weight loss
(11.4 wt%) was found at the temperature range of 30 °C-160.1 °
C, which corresponds to the first endothermal peak located at
79.07 °C on the DTA plot in Fig. 5b. The second weight loss
around the second endothermal peak at 276.18 °C. It is worth
noting that, from the DTA plot of the composite-80, only an
exothermal peak was detected at the temperature of 392.16 °C.
And the weight loss at this temperature approximately 64.5%.
This is due to the change in the crystalline structure of the PANI
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polymer in the presence of two components, RGO and CNFs, in
the composite. After being annealed up to about 250 °C, both
pure PANI and the composite-80 started to decompose, and the
decomposition process was totally completed after the
temperature reached about 610 °C. Hence, from the thermal
analysis results, it was found that the PANI and ternary
composites were unstable at high temperatures. The presence
of RGO and CNFs ingredients in the ternary composites hardly
influences the thermal stability of the synthesized materials.
In general, the electrochemical properties of active materials
can be determined through CV, GCD, and EIS measurements.
The results of these measurements will clarify the working
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Fig. 6 Electrochemical properties of the ternary composites: (a) CV plots at a scan rate of 10 mV s™2, (b) specific capacitance at the scan rate of

10 mV s, (c) GCD plots at an applied current of 1A g~

* (d) Nyquist type impedance spectra, (e) GCD plots of the typical composite-80 at various

applied currents, and (f) the dependence of the specific capacitance on the applied current.
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mechanism, capacity, rate capability, cycle life, and degradation
mechanism of the electrode active materials. Hence, three
techniques were also employed to investigate the super-
capacitive behavior of the synthesized materials effectively.
Fig. 6(a) shows the CV plots of the composite and PANI elec-
trodes. The CV measurements were recorded at a scan rate of
10 mV s~ ' within the potential window of 0-0.8 V vs. SCE. For all
the electrodes, two cathodic peaks (denoted as c; and c,) were
found at the potentials of around 0.24 V and 0.4 V. Meanwhile,
two anodic (denoted as a,, and a,) were located at ~0.38 V and
~0.52 V. The a,/c; redox peaks represent the doping/de-doping
process of the HCI counterions.**® The a,/c, redox peaks
correspond to the transition of the PANI, from leucoemeraldine
to pernigraniline state.>* The position of the redox peaks of the
composites exhibited a certain shift, depending on the content
of RGO and CNFs present in the composites. In addition, the
current density of the oxidation and reduction peaks also ten-
ded to increase with the increasing content of PANI in the
composites. The current density of the redox peaks achieved the
highest values for the composite-80, then tended to decrease.
Based on the eqn (1), the specific capacitances of the electrodes
were computed and displayed in Fig. 6(b). At the scan rate of
10 mV s~ ', the specific capacitance of the composite-60,
composite-70, composite-80, and composite-90 electrodes was
372.7, 394.5, 463.7, and 386.5 F g~ ', respectively. So, these
values are much higher than that of the PANI electrode in the
absence of RGO and CNFs as supporting scaffold, 198.7 F g~ .
This is due to the increase in the porosity and surface area of the
composites as the RGO and CNFs were introduced. The
improved porosity induced the electrolyte to reach the electrode
surface favorably. Also, more active sites of the electrode active
material were exposed and participated in the redox reactions.
Accordingly, the specific capacitance of the composites was
enhanced. Herein, among the composites, the composite-80
possessed the highest specific capacitance. This results from
the presence of the RGO and CNFs supporting scaffolds with the
appropriate contents. The CNFs is an inactive material, while
the RGO is a less active material. Thus, the presence of their
high content would be detrimental to the capacitance of the
composites. On the other hand, their low content would lead to
the agglomeration of the main active material, PANI. As a result,
it was difficult for the entire bulk PANI to participate in the
redox reaction. Eventually, the specific capacitance of the
composites was insufficiently high.

Apart from the role of the supporting scaffold for PANI to
anchor, the RGO served as the conductive bridges among the
PANI particles, which facilitated the charge transfer occurring
in the composite electrode. Meanwhile, the CNFs functioned as
mechanical bridges to connect the RGO sheets as well as the
PANI particles, which would create a stable structure and
improve the stability of the composite electrodes. To clarify the
roles of RGO and CNFs present in the composites, the
composite electrodes were measured the GCD at an applied
charge-discharge current of 1 A g~'. From Fig. 6(c), it is
observed that the obtained GCD plots of the composites and
PANI posed a symmetrical triangle-like shape, demonstrating
the highly reversible redox reactions of the electrodes.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Furthermore, from the measured GCD plots, the ohmic drop of
the electrodes was estimated. In particular, the ohmic drop of
the composite-60, composite-70, composite-80, and composite-
90 was 117 mV, 116 mV, 56 mV, and 62 mV, respectively. Among
the electrodes, the composite-60 posed the lowest ohmic drop.
This is indicative of the lowest initial resistance of the
composite-80. In contrast, the PANI in the absence of RGO and
CNFs as the supporting scaffolds illustrated an extremely high
ohmic drop of 115 mV. This value is approximate to that of the
composite-60, which contained a large content of RGO and
CNFs. Again, the measured GCD results proved that the
appropriate contents of RGO and CNFs present in the ternary
composites are beneficial for enhancement in the conductivity
of the composites.

To further interpret the working mechanism of the synthe-
sized composites, their electrochemical impedance spectros-
copy was recorded at open circuit voltage. As seen in Fig. 6(d),
the Nyquist plots of the electrodes can be separated into two
parts: (i) a depressed semicircle at the high-frequency range,
which corresponds to a charge transfer process, and (ii)
a straight line at the low frequency, which represents the War-
burg diffusion process. Compared with the other composite
electrodes, it is noteworthy that the PANI electrode manifests
the semicircle with a much larger dimension. This implies the
difficulty in the charge transfer process in the absence of RGO
and CNFs; owing to RGO and CNFs as the supporting scaffolds,
the charge transfer process was facilitated. It is easy to recognize
that the composite-80 possesses the smallest dimension. It
means that the occurrence of the redox reactions on the surface
of composite-80 was the most favorable. In addition, the slope
of the straight lines on the Nyquist spectroscopies shows
a tendency to increase gradually with the increase in the
contents of RGO and CNFs, except for the composites with the
content of RGO and CNFs over 20 wt%, viz. composite-70, and
composite-60. The high slope of the line in the low-frequency
range illustrates the favorable diffusion of ions during
charge-discharge processes of supercapacitors. Due to the
enhanced porosity of the composites in the presence of the RGO
and CNFs supporting scaffolds, the electrolyte reached the
electrode surface easily and effectively. Therefore, the presence
of the pores in the ternary composites shortens the H" and Cl~
ions transmission pathway and fastens their diffusion rate. In
addition, this perspective is also verified by the GCD results, as
shown in Fig. 6(e) and (f).

Fig. 6(e) depicts the GCD plots of the typical composite-80
electrodes at various applied currents ranging from 2 to
25 A g~'. Obviously, at the higher applied currents, the ohmic
drop of the electrode was more significant, and the charge and
discharge plateaus, which represent the faradaic mechanism of
batteries or pseudocapacitors, of the electrode almost dis-
appeared. Based on eqn (2), the specific capacitance of the
electrodes at the different charge-discharge currents was esti-
mated and displayed in Fig. 6(f). Regarding the composite-80, at
any charge-discharge currents under investigation, this elec-
trode always delivered a high specific capacitance superior to
other rest electrodes. At the charge and discharge current of
1Ag ", the composite-80 electrode supplied the highest specific

RSC Adv, 2023, 13, 22375-22388 | 22383


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3ra03172a

Open Access Article. Published on 25 July 2023. Downloaded on 2/25/2026 11:01:41 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances

capacitance of 566.2 F g ', which is as above 2 times high as
that of the PANI electrode (260 F g~ '). Even at the severe charge-
discharge conditions such as at 20 and 25 A g~ ', the composite-
80 electrode still the relatively high specific capacitances of
223.5 Fg 'and 195.7 F g, correspondingly. This suggests the
outstanding supercapacitive behaviors of the composite-80
electrode compared with other rest composites. So, the
composite-80 is regarded as the optimal composite sample
among the ternary composites of PANI, RGO, and CNFs. In
addition, the energy density and power density of the
composite-80 at different current densities were calculated and
summarized in Table 2. From Table 2 it can be seen that, the
composite-80 possessed the energy density between 143.6 F V?
g to 45 F V> g ' corresponding to the current density in

View Article Online
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a variety of 2+25 A g ', and this composite shows the
maximum power density of 9.8 F V> g¢~' s at the current
density of 10 A g™ ",

In fact, as observed in Fig. 7(a), the CV curves of the
composite electrode seem to be analogous to that of the elec-
trodes of electrical double layer supercapacitors.®*>** The devi-
ation of rectangular shape in these CV curves implies the co-
existence of two charge storage mechanisms of the compos-
ites. RGO is well-known for its double layer storage mechanism,
while PANI is established for its faradaic redox reaction mech-
anism.*** So, to determine the contribution of the capacitance
components, which are caused by the effect of the double layer
as well as by the redox reactions in the total capacitance of the
electrode. The optimal composite-80 electrode was measured

Table 2 Calculation of specific capacitance, energy density, and power density of the composite-80

Current Discharge Specific Energy Power
density (Ag™") time (s) capacitance (F g ") density (F V> g ™) density (F V> g 's™)
2 179.5 448.7 143.6 0.8
5 56.5 353.1 113 2
8 31 310 99.2 3.2
10 24.5 306.2 98 9.8
15 14.5 271.8 87 6
20 6 150 48 2.4
25 4.5 140.6 45 1.8
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(a) CV curves of the composite-80 at various scan rates, and (b) relevant specific capacitance as a function of scan rate, (c) specific
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CV at different scan rates from 5 mV s~ ' to 200 mV s~ * (Fig. 7(a))
and the corresponding specific capacitances were computed
and displayed in Fig. 7(b). Based on the calculation manner of
Trasatti et al.,*® the total specific capacitance of the composite-
80 can be described as follows:

Ctotal = Cin + Cout (5)
wherein, Cioral, Cin, and Coy, is the total specific capacitance, the
inner specific capacitance caused by faradaic reactions (inner
surface), and the outer specific capacitance caused by charge
storage at the electric double layer (outer surface), respectively.

The total and outer specific capacitances can be calculated
by using extrapolation from the specific capacitance versus
square root of scan rate curve when the scan rate equals zero (v
= 0) and extrapolation from the specific capacitance versus the
inversion of the square root of scan rate curve when the scan
rate reaches infinity (v — ®).° From the results in Fig. 7(c) and
(d), the estimated total and outer specific capacitances of the
composite-80 were 566.2 F ¢! and 235.5 F g, respectively.
Accordingly, the contribution of the double layer effect on the
total charge storage mechanism was 34.8%. This is a relatively
large value, indicating that the addition of RGO and CNFs into
the composite-80 resulted in a significantly enhanced surface
area of the electrode. Accordingly, the contribution of the outer
capacitance into the total capacitance of the electrode was
increased because for an electrode active material like PANI,
which works via the faradaic redox reaction, the contribution of
the double layer effect is often accounted for 5-10% of the total
capacitance of the electrode.’” This calculation confirms the
potential application of the composite as electrode active
material for hybrid supercapacitors.
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To evaluate the long-term cyclability of the optimal
composite-80, the electrode was charged and discharged at the
applied current of 15 A g~' within the potential range of
between 0 and 0.8 V vs. SCE for 1000 cycles. For comparison, the
PANI electrode was tested as well. Fig. 8(a) shows that the
composite-80 electrode showed excellent capacitance retention
after a long cycling duration. After 1000 cycles of charge and
discharge, the composite-80 electrode is still maintained at
85.47% of the initial capacitance, corresponding to the capaci-
tance fade of 0.01453% per cycle. On the contrary, the PANI
electrode disclosed a serious degradation in capacitance with
capacitance retention of 36.7% over 1000 cycles, although the
capacitance decay in some initial cycles was negligible (Fig. 8(b)
and (c)). It is easy to recognize that the capacitance deteriora-
tion of the electrodes during 1000 cycles of charge and
discharge stems from the consecutive increase in the electro-
chemical impedance of the electrodes, especially the dramatical
increase in the charge transfer resistance, which is manifested
by the diameter of the semicircle of the Nyquist plot in the high-
frequency range (Fig. 8(d) and (e)). Besides, to clarify the cause
of performance degradation further of the composite-80 elec-
trode, the surface change of the electrode after cycling test was
captured. As shown in Fig. 9(a) and (b), before cycling test the
surface of the electrode is rather smooth. Almost, no crack and
no damage are observed. However, after cycling test of 1000
cycles the electrode shows few certain damages (Fig. 9(c) and
(d)). This can be considered as a cause of the capacitance
degradation of the electrode after cycling test.

To clarify the superior electrochemical performance of the
composite-80 as electrode active material for supercapacitors,
Table 3 supplies the data on the specific capacitance and
cyclability of the PANI based-electrode reported previously and
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Fig. 8 (a) Long term-cyclability performance of composite-80 and PANI for 1000 cycles at an applied current of 15 A g~ and the relevant GCD
plots of (b) composite-80 and (c) PANI for the initial 10 cycles. Change in the Nyquist plots of (d) composite-80 and (c) PANI during cycling test.
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Fig. 9 SEM images of the composite-80 electrode (a and b) before and (c and d) after cycling test.

Table 3 Comparison of the electrochemical performance of the present composite-80 compared with those of PANI/CNFs based composites

reported previously

Highest specific capacitance/

Cycle number/

Composites current density current rate Retention Ref.
Bacterial cellulose/PANI 273 F g /0.2 Ag™" 1000 cycles/0.4 A g ™" 94.3% 16
PANI/cellulose hydrogels 1003.5 mF em /1 mA cm > 2000 cycles/100 mV s~ * 90% 23
PANI/CNFs/graphite 4215Fg "1Ag" 1000 cycles/8 A g™" 78.3% 24
nanoplatelets
PANI/graphene/bacterial 4.16 F cm ™ %/1 mA cm > 2000 cycles/5 mA cm 2 91.5% 26
cellulose corresponding to 452.2 F g~ '/0.11 Ag ™" corresponding to 2000
cycles/0.54 A g ™"

PANI/cellulose/polyacrylamide 835 mF cm ™ */1 mA cm ™2 5000 cycles/200 mV s~* 96% 28

corresponding to 251.8 Fg /0.3 Ag™"
MXene/CNF-PANI 327 Fg '/3mAcm™? 3000 cycles/50 mA cm > 71.6% 58
Composite-80 566.2Fg '/1Ag" 1000 cycles/15 A g * 85.4% This work

those of composite-80 for easy comparison. It is clear that the
supercapacitive performance of the composite-80 prepared in
this study is comparable or higher than those reported in other
papers.

4. Conclusions

In the present work, the ternary composites of PANI, RGO, and
CNFs have been fabricated successfully using the chemical

22386 | RSC Adv, 2023, 13, 22375-22388

synthesis method, wherein NC was extracted from sugarcane
bagasse harvested from the North of Vietham. Here, we
demonstrated that incorporation of RGO and CNFs in PANI
significantly increases the electric conductivity and electro-
chemical durability of the synthesized composites. RGO plays
conducting bridges to make internal electrical connections
between the PANI particles and a supporting scaffold for the
PANI particles to anchor. This leads to enhancing the surface
area and porosity of the ternary composites. Similarly, CNFs

© 2023 The Author(s). Published by the Royal Society of Chemistry
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also work as a supporting scaffold, connecting the rest ingre-
dients of RGO and PANI to produce a stable structure; which
stabilizes the volumetric shrinkage/expansion of the PANI, and
thus prolongs the cyclelife for supercapacitors using the
composite electrodes. Among the ternary composites, the
composite-80 sample exhibited outstanding supercapacitive
performance. The high specific capacitance obtained at 566.2 F
g~ in combination with excellent long-term cyclability with
85.47% capacitance retention after 1000 cycling test; exhibits
a suitable candidate for hybrid supercapacitors.
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