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Abstract: Composite materials based on polyaniline and graphite were prepared using in situ
polymerization of an aniline monomer without any previous treatment. Three monomer/graphite
weight ratios during polymerization were studied, which were 1:1, 1:2, and 1:3. The composite
materials showed a nanochain-like structure whose dimensions vary with the graphite content.
Materials were deposited over a fluorine-doped tin oxide (FTO) substrate to evaluate its capacitive
performance. The electrochemical measurements carried out in a 0.1 M aqueous solution of HySO4
showed that PANI-Gr1 composite electrode exhibits a capacitance of 238 F-g~! at 0.5 A-g~! within a
potential window of 0-0.6 V vs. Ag/AgCl. Ata current density of 4.0 A-g~!, the PANI-Gr1 composite
shows an energy density of 3.0 Wh-kg™! that is 30% higher than pure PANI, results due to an
increase in electrical conductivity concomitant with the morphology change and surface area increase.
Composite materials showed promising properties as easily processable and scalable electrodes
for supercapacitors.

Keywords: polyaniline; graphite; composite materials; supercapacitors; scalable electrodes

1. Introduction

A new generation of portable electronics devices require the use of energy storage
devices with higher capacity. One of the most promising materials for energy storage
devices are electrochemical capacitors, which are complementary systems to batteries,
especially where it is necessary to provide energy peaks due to the higher power density [1].

Electrochemical capacitors’ performance depends on its capacitance mechanism. There
are two reported mechanisms for capacitance in electrochemical capacitors: the electrochem-
ical double layer capacitance (EDLC), and the pseudocapacitance. The EDLC mechanism is
based on the charge storage at the electrode/electrolyte interfaces [2]. Materials used for
EDLC are commonly highly porous carbon materials such as activated carbon (AC), due to
its high specific surface area. For this reason, in recent years, there has been an increasing
interest in developing activated carbon using biomass and biowaste materials for energy
storage applications [3-5]. Nevertheless, the relatively low conductivity of AC limits their
performance, resulting in low capacitance and energy density [6]. Therefore, during recent
years, other carbonaceous materials have been proposed as alternative carbon materials
with much higher electrical conductivity, such as carbon nanotubes [7] or graphene [8].
However, despite being many reports of supercapacitors based on carbon nanostructures,
some limitations, especially its higher cost respect to commercial AC capacitors, have
hindered its scale-up and commercialization [9].

One interesting approach to increase the energy density of supercapacitors is the
use of pseudocapacitive materials like metal oxides such as ruthenium oxides [10], nickel
oxides [11], manganese oxide [12], Co3Oy4 [13], other transition metal sulfides [14], and
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conjugated polymers (CPs) [15]. The pseudocapacitance phenomena occurs due to the
charge accumulation in the bulk of a redox material when a redox reaction occurs (faradaic
reaction) [16]. These systems, denoted as pseudocapacitors, are known as the ‘bridge’ be-
tween batteries and supercapacitors. However, the main disadvantage of pseudocapacitors
is the lower power density and low cyclability respect to EDLC capacitors due to its low
ion diffusion [17]. Among CPs, polypyrrole (PPy), polythiophenes (PTs), and polyaniline
(PANI) are some of the most studied materials. In particular, the use of PANI as active ma-
terial in supercapacitors is motivated by its superior theoretical capacitance and relatively
high conductivity on its doped state [18,19]. For example, Hassan et al. [20] took advantage
of the high conductivity, large surface area, and fast redox kinetics of PANI to prepare a
composite material of PANI-doped-activated carbon. An asymmetric supercapacitor was
further constructed where zinc strontium sulfide (ZnSrS) was used as the cathode. The
device produced a large energy density of 32.88 Wh-kg ™! and 148 C-g~! at 800 W-kg !
and was able to retain 90% of its initial capacity after 5000 cycles. In another report, Ajay
etal. [21] obtained an increase from 144 F-g~! t0 427 F-g~! at 2mV-s~! from a composite
prepared from PANI and orange-peel-activated carbon with a capacity retention of 75%
after 5000 cycles. Other related work reported the pseudocapacitive activity of MnO, and
the high conductivity of PEDOT polymer to prepare a composite with activated carbon
cloth [22]. The fabricated device demonstrated a broad electrochemical window of 1.8 V,
a capacitance of 1882.5 mF-cm~! at 1 mA-cm~2 in 1.5 M LiCl electrolyte, and a cycling
stability of 94.6% after 10,000 cycles. The interesting electrochemical performance was due
to the synergic properties of both the MnO, and the PEDOT.

One interesting approach used for the development of novel materials with improved
electrochemical performance is based on the preparation of in situ composite materials
with carbon structures and CPs to enhance the overall capacitance [23]. The objective of
performing the in situ polymerization of a monomer in presence of a filler or templates is to
enhance the interfacial interaction between the filler and the polymer, improving the quality
of the filler dispersion and consequently take advantage of electrochemical properties of
single materials expecting synergic effects in some cases. This strategy seems effective by
performing a coating of PANI over Fe;O4 NPs [24] or using carbon structures like activated
carbon [25], carbon nanotubes [26], or graphene [27,28].

One alternative material to achieve low-cost electrodes is the use of other carbon
conductive materials like graphite. Graphite, defined as multiple layers of hexagonal
lattices of carbon atoms, seems a much cheaper option in comparison with graphene
or carbon nanotubes with relatively high electrical conductivity. The use of graphite as
a component for electrode fabrication is widely adopted in the battery industry and as
current collectors for supercapacitors [29,30]. Hence, it seems to be an interesting alternative
towards scalable and moderate-cost energy storage devices. One limitation of the use of
graphite is its relatively low specific surface area that is an essential property for the
application of supercapacitors. To address this issue, one relevant approach consists of
performing an exfoliation of graphite, where graphite sheets are isolated with a consequent
increase in surface area.

The use of PANI-graphite composite materials has been applied to develop flexible
electrodes for supercapacitors [31-34]. However, these materials are normally prepared
using electrochemical polymerization of an aniline monomer. Chemical oxidative polymer-
ization has the advantage of being a simple, low-cost, easy-scalable, and versatile technique
to prepare in situ composite materials, a methodology that has already been used and
reported within our research group [35]. The preparation of PANI-graphite composite
materials using in situ polymerization has been previously reported, but so far is less
studied than composite materials with other carbonaceous structures.

In this work, we report the preparation of PANI-graphite nanochain-like structures
(PANI-Gr), obtained from a simple, fast, cheap, and easy scalable in situ polymerization
of an aniline monomer into graphite layers. Three monomer:graphite weight ratios were
tested with no previous modification or surface treatment of graphite. Physicochemical and
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electrochemical properties were measured to identify the most promising materials heading
to supercapacitor applications. PANI-Gr composite materials showed superior capacitance
and energy density than pure PANI at a current density of 4.0 A-g~!. The contribution of
this work is to report the development of a fast, simple, and scalable methodology that
can be used for the fabrication of supercapacitors using a relatively low-cost material like
graphite as a carbon filler for nanochain composites. Materials demonstrated a reasonable
electrochemical performance even with a lower concentration of acid electrolyte, suggesting
that this simple approach can supply composite materials even in an industrial scale to be
used in devices for high-power applications.

2. Materials and Methods
2.1. Reagents

Aniline hydrochloride, graphite flakes (particle size less than 50 um), and polyacrilic
acid (PAA) were used as binders for the preparation of electrodes and were obtained from
Merck. Ammonium persulfate (APS), hydrochloric acid (HCI), and all solvents used were
of reagent grade and purchased from Jalmek Chemicals (San Nicolas de los Garza, Nuevo
Leo6n, México). All the chemicals were used as received without any further modification.

2.2. Composite Materials Preparation

Preparation of composite materials using in situ polymerization was carried out based
on a reported methodology, but in the presence of graphite particles without any previous
modification or surface treatment [36]. The synthesis of PANI and PANI-Gr composites
were carried out at room temperature, making the method industrially viable since it
requires minimal energy consumption. To prepare raw PANI, 10 mL of a solution of aniline
monomer 0.4 M dissolved in HCI 1 M was mixed with 10 mL of APS 0.5 M in deionized
water under continuous stirring for 30 min at room temperature. The product obtained
was then kept without stirring overnight to allow a dark-green solid precipitate. After-
wards, the product was washed by using 0.2 M HCI and acetone twice and filtered using
conventional lab filter paper. Finally, the product was dried firstly on a hot plate at 80 °C
and finally at room temperature under reduced pressure overnight (Scheme 1). To prepare
PANI-Gr composite materials, a similar procedure was followed, but the concentration
of aniline monomer was increased gradually in ratios, as described in Table 1. The ratio
of APS/aniline was kept at 1.25 in all the polymerization reactions, and the PANI and
graphite content were determined from stoichiometric calculations.

b

Graphite _——
‘ ,, _
0.4 M aniline in 30min Addition of 10 mL Left overnight
10 mL HCI sonication APS + stirring at I
room temperature v
= ¢ .
Dried PANI-Gr &
i rinding
SSIpSES Dry at 60°C Wash & Filter

Scheme 1. Preparation of PANI-Graphite composites.



J. Compos. Sci. 2024, 8, 200

40f13

2.3. Characterization

SEM micrographs of PANI, graphite, and composite materials were obtained using
a Hitachi SU-8000 field emission scanning electron microscope (FESEM) (Hitachi High-
Technologies Corporation, Tokyo, Japan). FTIR spectra was obtained using a Perkin Elmer
Frontier FTIR Spectrometer (Perkin Elmer, Waltham, MA, USA). TGA analyses was carried
out using a Perkin Elmer TGA 4000 (Perkin Elmer, Waltham, MA, USA) under nitrogen
atmosphere at a scan rate of 20 °C/min. Specific surface area was determined using a
surface area and pore size analyzer Quantachrome Model Nova 2200e (Quantachrome In-
struments, Boynton Beach, FL, USA), applying the Brunauer-Emmett-Teller (BET) equation
using nitrogen as adsorbate at 77 °K. In total, 300 mg of sample was previously degassed using
reduced pressure at 100 °C. The measurements were performed considering 30 adsorption
points and 30 desorption points using an interval from 0.005 to 0.99 of relative pressure (p/py).
Pore size distribution was calculated using the Barret Joyner and Halenda (BJH) model from
the desorption data. Electrical conductivity was obtained by measuring the resistance of the
composite using a two-probe method. Dried powder of the samples was pressed into pellets
of 1.0 mm and 19 mm diameter, a standard DC voltage/current detector, and a two-probe
electrode configuration method was used. The sample was placed between two electrodes,
current was passed through the electrodes, and the resistance was measured using a two-probe
digital multimeter. The average value of resistance was taken at least at seven different points,
and the conductivity () was calculated using Equation (1) [12].

1 L

U:EXZ

(1)
where R is the average resistance (Q2), L is the thickness (cm), and A (cm?) is the area of the
sample.

Cyclic voltammetry (CV) of electrodes was obtained using a Pine Wavedriver 10 poten-
tiostat/galvanostat (Pine Research Instrumentation, Durham, NC, USA) in a three-electrode
electrochemical cell. Ag/AgCl was used as reference electrode and Pt metal as counter
electrode, using 0.1 M H,SOy as the electrolyte and a potential window from 0 to 0.6 V.
Electrodes were prepared in a similar method to reference [37] using 50 mg of the active ma-
terials (raw PANI or PANI-Gr composites), which were mixed in 2.0 mL ethanol, followed
by the addition of 5.0 wt. % of PAA as a binder and 2.5 wt.% of carbon black as a conductive
additive. The mixture was immersed in an ultrasonic bath for 1 h to obtain a uniform
dispersion of the composite sample. The mixture was then dip-coated on a fluorine-doped
tin oxide (FTO) glass-coated substrate and dried at 60 °C for 12 h. The same procedure was
repeated for all the composites. Specific capacitance (Cs) in F-g~! units, energy density (E)
in Wh-Kg~! units and power density (P) in W-Kg~! were calculated from the equations
shown below [7,11,12]. The weight of active materials in the measurements were between

2.0and 1.4 mg.
_ jAt

Cs = AV ()
Cs x AV?

E=—5 )
E x 3600

P="3 @

where j is current density (A- g’l), At is discharge time (s) AV is potential window (V).

3. Results

Figure 1 shows the SEM micrographs of graphite, PANI, and composite materials.
Graphite micrographs show irregular flakes with a length of approximately 3.0 + 0.2 pm,
whereas raw PANI tends to form polymer micron-sized agglomerates. In contrast to its
individual components, PANI-Gr composite materials show a homogeneous rod/chain
morphology with a diameter of approximately 150 nm and whose length depends on
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the aniline concentration, as is shown in Table 1. This morphology change with similar
dimensions was observed previously for other PANI-graphite materials, and it was accused
to the ultrasonic treatment [38]. In the case of PANI-Gr3, the rod length of the composite
materials is notably larger in comparison with the other two samples. It is previously
known that changes in PANI morphology are related to the pH of the medium [39] or the
polymerization induction time [40]. Therefore, changes, especially on the diameter and
length of the rods of PANI-Gr composite materials, can be attributed to both reasons; for
one side, the role of graphite, which may enable to restrain PANI agglomerates, and on
the other hand, due to a slower polymerization kinetics caused by the presence of graphite
structures. The latter effect has been previously observed in the polymerization of methyl
methacrylate with graphene oxide [41]. Finally, it is worth mentioning that this morphology
changes from micron-size plates and agglomerates from graphite and PANI, respectively, to
nano-chain composites that therefore have an increase in the surface area. Table 1 shows the
specific BET surface area obtained for graphite, PANI, and composite materials. Composite
materials showed a slight increase in the specific surface area compared to raw synthesized
PANI, but lower than other PANI values reported [42,43]. However, it is worth mentioning
that other authors like El-Shazly et al. indicate that the specific surface area of PANI-clay
nanocomposites is lower than PANI due to the blocking of the active sites of the material
because of the filler [44]. In our work, we consider that this small increase is due to the
change in morphology of PANI nanocomposites.

X
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Figure 1. SEM micrographs of graphite, PANI, and PANI-Gr composite materials. Magnification:
20,000

Table 1. PANI-Graphite composite materials prepared.

Sample Ar;i\l{il?e: GraRhite PANI C(;ntent Rod Length Rod Diameter Surfacze Area Pore 5
eight Ratio (wt. %) (nm) (nm) (m*~/g) Volume(cm?>/g)
Graphite - 0 - - 4.42 0.009
PANI - 100 - - 9.86 * 0.083 *
PANI-Gr1 1:1 50 546 + 136 136 + 40 11.37 0.016
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Table 1. Cont.
Sample Aniline: Graphite = PANI Content Rod Length Rod Diameter Surface Area Pore
P Weight Ratio (wt. %) (nm) (nm) (m?/g) Volume(cm?/g)
PANI-Gr2 2:1 66 383 + 150 148 + 23 11.87 0.011
PANI-Gr3 3:1 75 973 + 276 178 £ 9 16.68 0.014

* Obtained from previously published results [45].

Figure 2 shows the FTIR spectra of the composite materials obtained. Raw PANI
and graphite are represented for comparison. PANI bands, which appear at 1487 and
1562 cm ™!, are attributed to the C=C stretching benzenoid and quinoid ring deformation,
respectively [32,46,47]. The band at 1110 cm~!, which also appears in the composite mate-
rial, is attributed to the electron delocalization in the PANI salts [48]. The peak that appears
at 1300 cm ! corresponds to C-N stretching vibration [32,46]. Raw graphite and graphite
composite materials present a band in 1220 cm~!, which corresponds to the C-C bond
deformation [49], and the band at 1020 cm ! is assigned the C-O-C stretching [50] due to the
oxidation of graphite by the action of the APS oxidant during the polymerization reaction.

iGraphite
i PANI-GHM

% Transmittance

PANI-Gr2

PANI-Gr3

. H . r H H r H H .
800 1000 1200 1400 1600 1800
Wavenumber (cm™)

Figure 2. FTIR spectra of graphite, PANI, and PANI-Gr composite materials.

The thermal stability of raw components and composite materials was evaluated
through TGA, shown in Figure 3. Figure 3a shows the TGA curves, and Figure 3b,c
shows the weight derivative for the raw and composite materials prepared. Pure graphite
presents thermal stability and a minimal weight loss up to 700 °C. After that temperature,
graphite showed a dramatic decrease and decomposition that, according to the literature,
is dependent on particle size [51]. This decomposition is attributed to the highly energetic
degradation process of the 3D carbon network of graphite, which consists of numerous
stacked graphene layers and the additional energy to break Van der Waal forces [52].
However, graphite still presents less than 24% of weight up to 800 °C. PANI presents three
decomposition processes. The first step below 150 °C is attributed to the loss of residual
moisture and free undoped HCl present; the second decomposition process between 150 °C
and 350 °C is due to the doped HCl decomposition [53]; and the third step above 400 °C is
attributed to the polymer backbone decomposition [54]. The indicated weight loss intervals
coincide with the curves of the normalized derivative weight losses shown in Figure 3b,c.
PANI-Gr1 and PANI-Gr3, with higher graphite content, present improved thermal stability
compared to pure PANI, as can be seen in the derivative of weight loss where the highest
rate of PANI decomposition occurs at 260 °C (doped HCI decomposition). PANI-Gr2
shows a different decomposition curve compared with the other two composites. This
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behavior above 300 °C is due to the less intercalation of the PANI inside the graphite sheets,
achieving less exfoliation of the sheets. The peak of the derivative of weight loss (Tmax)
of the PANI-Gr2 appears at 230 °C, a lower temperature value if we compare it to raw
PANI or the other two composites. This behavior may also be due to the lower doping
ratio in this composite, and a probably lower molecular weight if we compare it to the
original PANI or that obtained for the other two composites. Composites graphs recorded
the highest Tmax range (716-726 °C), and can be linked to their respective carbon building
blocks involved in the bonding and structural framework, showing that all these materials
were burnt in nitrogen atmosphere before 800 °C, leaving less than 10% of residue behind,
and suggesting the high purity of the graphite.
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Figure 3. (a) TGA curves and (b,c) normalized derivative weight loss curves of PANI, graphite, and
PANI-Gr composite materials.

Electrochemical Studies of PANI-Gr Composites

Capacitive performances of PANI and PANI-Gr composite materials have been investi-
gated using cyclic voltammetry (CV) and galvanometry charge-discharge (GCD) methods
in a three-electrode system. FTO glass (current collector), coated with the polymer or
composite was used as working electrode, Pt as a counter electrode and Ag/AgCl as ref-
erence electrode using 0.1 M H,SOj as electrolyte. Figure 4a shows the CV curves for the
electrodes performed within a potential window of 0-600 mV vs. Ag/AgCl at a scan rate
of 20 mV-s~1. The enclosed area of CV curves in PANI and the composites by exception of
PANI-Gr3 are quite similar at 20 mV-s~!, indicating a comparable charge storage capacity.
Meanwhile, PANI-Gr3 showed poor charge storage capacity. Figure 4b shows the CV curve
at a sweep rate of 5 mV-s~!. The characteristic redox peaks observed around 400 mV was
due to the pseudocapacitive nature of PANI [55]. Moreover, at 5 mV-s~!, the shape of the
CV curves appears more rectangular, and it is clear that the mechanism of charge storage
of the PANI-graphite composite is based on electrostatic adsorption of electrolyte ions at
the electrode/electrolyte interface. This fact is explained by the double-layer capacitive
behavior of graphite and the surface redox reaction, which is mostly of PANI [56]. Figure 4c
shows the plot of specific capacitance versus sweep rate, specific capacitance increases
with a decrease in sweep rate for both PANI and PANI-Gr1. This is because electrostatic
adsorption and desorption of electrolyte ions at the electrode—electrolyte interfere has suffi-
cient time to take place, but the opposite was the case when the sweep rate increases [57].
Nevertheless, a decrease in electrochemical reversibility occurs at a lower sweep rate, which
resulted from the slower galvano-dynamic response. This phenomenon occurs because the
ion diffusion of the electrode is limited, whereas the capacitance depends firmly on the
redox reactions than double layer [58]. The galvano-dynamic response can be improved
by modifying the graphite surface to create a pore structure on the graphite surface and
increase the specific surface area [45]; these will result in increased ion adsorption at the
electrode/electrolyte interface.
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Figure 4. (a) CV curves of polyaniline-graphite composite performed at 20 mV-s~!; (b) CV curves of
PANI and PANI-Gr1 at 5 mV-s~1; (c) plot of specific capacitance vs. the sweep rate.

A galvanostatic charge—discharge (GCD) test was used to further study the electro-
chemical performance of the PANI-Grl composite at different current densities, 0.5, 1.0, 2.0,
3.0,and 4.0 A-g~! and the result was then compared with PANI. Figure 5 shows the GCD
curves performed at different current densities within a potential window of 0-600 mV.
Quasi-triangular shape observed in the GCD curve is an indication that the overall capaci-
tance values in the PANI-Grl composite are the combined features of both the electrical
double layer and pseudo-capacitance. The value of the specific capacitance calculated
from the GCD measurement for PANI-Gr1 was 238 F-g~! at 0.5 A-g~! of current density.
Figure 5c shows the voltage drop observed at different current densities. Voltage drops
observed at the initial stage of discharge on the GCD curve, could be caused by the internal
resistance of active electrode materials [59]. From Figure 5c¢, the voltage drops observed for
PANI and PANI-Gr1 are 0.0595 V and 0.0485 V at a low current density of 0.5 A-g~!, and
0.485 V and 0.399 V at 4.0 A-g~!, respectively. The voltage drop of the PANI-Gr1 composite
is lower than pure PANI in all the current densities measured. The decrease in voltage drop
observed in the PANI-Grl composite is accused to the low electrical resistance from the
graphite. Nevertheless, there is a pronounced decrease in the capacitive properties with the
current density. This could be due to the high ohmic polarization caused by the intrinsic
resistance of the electrode material. This phenomenon is derived from the resistance of
the electrolyte solution and the contact resistance at the interface between the electrode
material and the current collector [60]. This can be reduced by improving the conductivity
of the electrode material, eliminate the binder used or changing the current collector. The
measured electrical conductivity of PANI-Grl was 1.94 x 1072 S-cm ™!, which is about 28%
higher compared to PANI, which was 1.40 x 1072 S-cm ™!, indicating that the presence of
graphite in the PANI matrix leads to improved electrical conductivity. The improvement
in the electrical conductivity could be attributed to an effective electron delocalization in
the PANI structure and that graphite works as a conductive bridge between the PANI-
conducting domains [61]. Proper dispersion of graphite particles into the PANI matrix,
coupled with its high specific surface area, can be beneficial factors for the improvement
observed in the electrical conductivity and hence the electrochemical performance of the
composite [62].

The specific capacitance obtained at 0.5 A-g~! of current density for PANI-Grl was
238 F-g~! which leads to an energy and power densities of 12 Wh-Kg~! and 150 W-Kg !,
respectively. These values are lower than those of PANT which were 292 F-g~!, 15 Wh-Kg~!,
and 150 Wh-Kg~!. These values make sense as pseudocapacitive effect of PANI leads to
higher energy density. However, this trend changes at higher current densities. Figure 5d
shows the variation of specific capacitance with respect to the current density. Specific
capacitance is seen to decrease as the current density increases, and a lower specific capacity
at higher current density is related to higher ion diffusion resistance into the electrode [63].
This has the disadvantage of having a restriction on the charge storage to mere surface
of the composite, which could lead to inefficient use of the active material. The charge
storage capacity of the electrode can also be affected by the slow response of the active
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Potential (mV vs Ag/AgCl)
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materials at higher current densities [58,64]. At a current density of 3.0 A-g~!, both PANI
and PANI-Gr1 showed a specific capacitance of 105 F-g~!. Meanwhile, at a current density
of 4.0 A-g~ !, the PANI-Gr1 composite showed a value of 60 F-g~! and an energy density
of 3 Wh-kg~! compared to 47 F-g~! and 2.3 Wh-kg ! obtained for PANI. Therefore, an
increase of 30% in energy density can be observed because of the presence of graphite in
the composite material.
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Figure 5. Electrochemical performance of PANI and PANI-Gr1 electrodes. (a) GCD curve of PANI;
(b) GCD curve of PANI-Gr1; (c) voltage drop at different current densities; and (d) specific capacitance
at different current densities.

Also, in the case of the PANI-Grl composite, minimal diffusion resistance was ob-
served at a current density of 4.0 A-g~! as the specific capacity of the PANI-Gr1 began to
outperform that of pure PANI, which gives room for charge storage at maximum. The
energy and power density values reported in this work for both the pure PANI and the
composite are comparable to the values obtained for PANI and composites prepared from
PANI and carbon materials from other authors, as shown in Table 2. Moreover, results
show that our energy density is within the range of commercial supercapacitors [65]. It
is worth noting that our values were obtained with an electrolyte, which has ten times
less acid concentration, making this method a greener approach. To demonstrate that the
concentration of the electrolyte has a minimal effect in our results, we performed a CV
analysis of the PANI-Gr1 with 0.1 M and 1.0 M electrolyte concentration (Figure 51). We
observed minimal changes in the curve, indicating a similar charge storage and capacitive
behavior. In addition to this, it is relevant to highlight again that the graphite was used as
provided without any previous treatment, avoiding the use of acids for exfoliation, heat, or
hydrothermal treatments, or more sophisticated methods like laser or atomic layer deposi-
tion, to improve the electrochemical performance of the material. These factors endow this
composite preparation approach with the advantages of being a simple, straightforward,
and sustainable method.
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Table 2. Electrochemical performance of PANI/Gr and PANI/nanocarbon composite materials.

Potential Range

Current Density Specific Energy Specific Power

Sample W) Electrolyte (Ag 1) (Wh-kg1) (W-kg1) Reference
PANI —0.1-0.8 1M H,S0, 1.0 mA.cm—2 9.88 96 [66]
PANI-DOMC —0.2-0.8 2 M H,S0, 0.5 49 182 [67]
CQDs-PANI/CFs 0-0.6 1M H,SO4 1.0 36.9 300 [68]
PANI/GNRs 0-0.8 1 M H,SO,4 0.25 7.56 3149 [69]
PANI/MC 0-1.0 1M H,SO4 1.0 19 500 [70]
PANI/GMC —0.2-0.8 1 M H,S04 1.0 24.64 250 [71]

PANI-Gr 0-0.6 0.1 M H,SO4 0.5 12 150 This work

4. Conclusions

PANI-graphite composite materials were prepared using an in situ polymerization
reaction of an aniline monomer using different graphite content. A change in the mor-
phology from granular to nano-chain particles was observed and credited to the previous
exfoliation of graphite, which acts as a template in the formation of the composite mate-
rials, with different dimensions depending on the graphite content. An improvement in
thermal stability and surface area compared to pure PANI was observed with the addition
of graphite as conductive filler without any previous treatment prior to polymerization. At
a current density of 4.0 A-g~!, the PANI-Gr1 composite shows 30% higher energy density
than raw PANI, results due to an improvement in electrical conductivity, morphology,
and surface area of the composite materials. Materials prepared using in situ technology
showed interesting properties towards a new generation of scalable and reasonable-cost
energy storage devices.

The need for continuous search for cheaper energy keeps increasing, and the full
potential of CPs for energy storage applications is yet to be explored. Therefore, intensified
research efforts are essential to combine the electrical conductivity and fast redox kinetics
in the various CPs such as PANI and its derivatives. Carbon forms from different sources,
especially biomass-based which are cheap, abundant, eco-friendly, and have the potential
to attain high specific surface area, will be of great benefit for the in situ preparation of
composite materials for cheap and efficient energy application. Another interesting area
of study of these methodologies are binder-free electrodes or in situ conductive binders,
which will enable a high conductivity and electrochemical performance of these and similar
composites for supercapacitors applications.

Supplementary Materials: The following supporting information can be downloaded at:
https:/ /www.mdpi.com/article /10.3390/jcs8060200/s1, Figure S1. Comparison of the electrolyte
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