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Abstract. Increasing performance of supercapacitors can be achieved by using a
composite of electrode materials. Nevertheless, selecting appropriate materials and
determining the optimal combination composition remain significant challenges. In this
research, a ternary composite of MnO,/polyaniline (PANI)/Maxsorb was studied. The
combination of Maxsorb, PANI, and MnO: is a unique feature of this research, with
Maxsorb acting as a porous structural framework; PANI enhancing electrical
conductivity; and MnO- providing high pseudocapacitance. The ternary material was
prepared by impregnation of MnO, and PANI into the pores of Maxsorb carbon in a two-
sequence procedure, i.e., (i) incipient wetness impregnation of Mn(NOs3), into porous
carbon followed by calcination to obtain MnO»/Maxsorb, and (ii) in situ polymerization
of aniline monomer in the MnO,/Maxsorb, hence obtaining the final ternary
nanocomposite of MnO,/PANI/Maxsorb. The electrochemical test using H>SOs
electrolyte (1 M) revealed that the ternary material outperformed single porous carbon or
PANI as well as their binary nanocomposite in terms of properties such as energy density,
power density, and capacitance. The ternary material had a specific surface area of around
2,078 m? g’!, containing microporous and mesoporous structures. The material featured a
specific capacitance up to 500 F g! and a power density of 37.6 kW kg! as well as an
energy density of 62.69 Wh kg™

Keywords: manganese dioxide; Maxsorb,; polyaniline; supercapacitor, ternary
nanocomposite.

1 Introduction

Supercapacitors are one of a kind in energy storage systems, featuring great
density of power, rapid charge/discharge, and a high number of cycles, giving
supercapacitors relatively longer service lives than batteries. Supercapacitors are
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known for their high power density, which gives them a significant performance
advantage in a range of applications, including hybrid electric vehicles, pulsed
laser systems, solar-powered street lighting, and power tools. This benefit arises
from their capability to charge and discharge rapidly, a process governed by the
speed of ion adsorption and movement within the porous structure as well as the
electrical conductivity of the electrode materials. Supercapacitors are typically
divided into two main categories: electric double-layer capacitors (EDLCs) and
pseudocapacitors. EDLCs store charge via electrostatic interactions at the
interface of porous materials, making their performance highly dependent on the
electrode’s surface area and pore size distribution. Porous carbon is a widely used
material for EDLC electrodes. In contrast, pseudocapacitors store energy through
reversible Faradaic redox reactions occurring at the surface, often employing
transition metal oxides or conductive polymers. While EDLCs offer excellent
power density and a long cycle life, they are limited by relatively low energy
density and capacitance. Meanwhile, pseudocapacitors offer higher energy
density but have lower electrical conductivity and poor cycling stability [1-4].

The rapid charge—discharge ability of supercapacitors strongly depends on the
ion mobility within their porous structure and the electrical conductivity of the
electrode materials. To achieve high performance, combining materials
exhibiting both electric double-layer capacitance (EDLC) and pseudocapacitance
has been widely explored [5]. Pure materials rarely possess both characteristics;
thus, nanocomposites have been developed to integrate the advantages of
different components. For instance, ternary composites such as AC/MnO»/PANI
have shown a specific capacitance of 245 F/g, outperforming AC/PANI (161.7
F/g) [6]. However, activated carbon (AC) often suffers from pore blockage when
additional materials are incorporated, which can hinder ion transport and reduce
capacitance.

To overcome this limitation, mesoporous carbon materials with larger pore
diameters are preferred, as they facilitate faster ion diffusion and better
capacitance retention compared to microporous carbons [7]. Among various
candidates, Maxsorb carbon offers an exceptionally high surface area and a well-
developed pore network, enabling efficient ion transport and high charge storage
capacity [8]. While typical steam-activated carbon products exhibit surface areas
of around 1,000 m%*g, Maxsorb can achieve surface areas exceeding 2,000 m%/g,
indicating superior adsorption capability. These features make Maxsorb an ideal
conductive framework for supporting pseudocapacitive materials such as
polyaniline (PANI) and manganese dioxide (MnO:). PANI provides high
intrinsic electrical conductivity, fast and reversible redox reactions, and excellent
charge—discharge rates, enhancing the overall conductivity and power
performance of the electrode [9]. Meanwhile, MnO: contributes a high theoretical
capacitance, large energy density, and environmental stability, allowing the
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composite to store more charge through Faradaic redox processes [10]. The
combination of Maxsorb, PANI, and MnO: is expected to produce a synergistic
effect, with Maxsorb serving as a porous structural host, PANI enhancing
electrical conductivity, and MnO: contributing high pseudocapacitance. This
ternary nanocomposite is hypothesized to deliver superior energy and power
densities as well as enhanced overall electrochemical performance compared to
electrodes composed of single or binary materials.

In this study, a MnO2/PANI/Maxsorb ternary nanocomposite was synthesized
using in situ polymerization and wet impregnation to combine the conductivity
of PANI, the Faradaic pseudocapacitance of MnO-, and the high surface area of
Maxsorb. The electrochemical performance of the ternary composite was
evaluated in comparison with its binary and single-component counterparts to
demonstrate the synergistic enhancement arising from this combination of
materials.

2 Materials and Methods

2.1 Materials

The materials for the ternary nanocomposites were Maxsorb MSC30 purchased
from Kansai Coke and Chemical Co., Ltd. (with ca. 3,000 m*/g specific surface
area, ca. 1.5 cm?®/g pore volume, ca. 2 nm mean pore size, >95% carbon content,
and 100-200 um particle size), H,O» (30%, Merck) as oxidator, aniline (99.5%,
Merck), ammonium persulfate or APS (technical grade, Merck), hydrobromic
acid (48%, Loba Chemie), and Mn(NOs),.4H,O (technical grade, Merck). The
resulting nanocomposite was employed as the working electrode material, with
platinum (Pt) serving as the counter electrode and Ag/AgCl (in a 3 M KCl
solution) used as the reference electrode. The electrolyte used during the
electrochemical measurement process was a 1 M HoSO4 solution. Other materials
needed during the electrochemical measurement process were Nafion 117 as the
binder and isopropanol as dispersant of the carbon ink.

2.2 Methods

2.2.1 Preparation of Ternary Materials

Maxsorb carbon was grinded to a size of under 400 mesh and chemically surface-
oxidized using H>O, 15%. The activated carbon was then filtered and dried before
being impregnated with Mn(NO3),.4H>O that had been dissolved with 70%
ethanol. The incipient wetness impregnation process for impregnating
Mn(NO3),.4H,O in Maxsorb carbon took place by dripping Mn(NOs3),.4H,O
solutions over Maxsorb at room temperature and vacuum pressure. The amount
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of Mn(NO3),.4H,0 solution used was adjusted to 5 or 10% of the weight of the
Maxsorb carbon component. The resulting slurry was dried and then heated in a
furnace at a temperature of 300 °C for 6 hours and a heating rate of 2 °C/minute.
The detailed procedure can be found in the literature [ 7]. This produced the binary
nanocomposite MnO,/Maxsorb.

The prepared MnO,/Maxsorb nanocomposite was placed in a polymerization
reactor with a solution of 5 or 10% weight aniline in 1 M HBr. The solution was
then chilled to a temperature of 0 to 5 °C while being stirred continuously with a
magnetic stirrer. Meanwhile, in a temperature range of 0 to 5 °C, the carbon and
aniline mixture was dripped with a 1 M HBr and APS solution to initiate the
reaction. The polymerization reaction was carried out for 4 hours. The resulting
MnO,/PANI/Maxsorb ternary nanocomposite was filtered and washed using 1 M
HBr and acetone. The binary composite of PANI/Maxsorb was prepared with a
typical procedure.

2.2.2 Characterization of Materials

The main material characterizations included pore structure, microstructure, and
functional group characterizations. The characterization of the material pore
structure was performed through nitrogen sorption using a Quantachrome NOVA
2000 device. The specific surface area was measured using the Brunauer-
Emmett-Teller (BET) technique. Meanwhile, the microstructural features and
functional groups were analyzed using X-ray diffraction (XRD) with a Bruker
D2 Phaser and Fourier-transform infrared spectroscopy (FTIR) with a Nicolet
Avatar 360, respectively. Analysis using these methods resulted in diffraction
(XRD) or transmittance (FTIR) patterns, respectively, with peaks that
corresponded with certain crystalline microstructures and functional groups.

2.2.3 Electrochemical Measurements

The electrochemical measurement of the material-specific capacitance was
determined using a three-electrode system. The working electrode was prepared
by weighing 10 mg of the material to be tested. The sample was then mixed with
1 mL of isopropanol and 20 pL of Nafion 117. The resulting mixture was
sonicated before being applied to the working electrode. The sonification process
aims to homogenize the carbon ink before extraction using a micropipette.
Homogenization is essential to ensure uniform dispersion of materials within the
liquid, facilitating optimal conditions for subsequent testing. To complete the
three-electrode setup, a platinum (Pt) counter electrode, an Ag/AgCl reference
electrode, and a 1 M H2SO. electrolyte solution were assembled. The capacitance
of the material was measured using cyclic voltammetry methods with 5 to
100 mV s™! as the scan rate and a potential window range from -0.40 V t0 0.80 V.
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3 Results and Discussion
3.1 Material Characteristics

3.1.1 Pore Structures

To evaluate the pore structure characteristics, a Nj-sorption analysis was
performed. The methodology involved the examination of nitrogen adsorption
and desorption isotherms; the resulting data is visually presented in Fig. 1A. This
analytical approach shows the details of the material’s porosity, providing
valuable insights into its pore size distribution, surface area, and overall structural
features.
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Figure 1 Nitrogen adsorption-desorption isotherms (A) and pore size
distributions of the ternary composite of MnO,/PANI/Maxsorb, the binary
composites, and their references (B).

The nitrogen adsorption isotherms, as depicted in Fig. 1(A), outline the amount
of nitrogen adsorbed by the material across a range of relative pressures. Based
on the isotherm analysis, both the Maxsorb and the nanocomposite materials
displayed type IB characteristics as classified by IUPAC, suggesting that the
materials contained a significant amount of micropores with a broad distribution,
along with the presence of mesopores [8]. The presence of mesopores is indicated
by an increase in nitrogen volume absorbed at higher relative pressures (>0.2
P/P,). Aside from the types of material pores, the surface area and volume of the
pores can be estimated from the total volume of nitrogen being absorbed. Fig.
1(A) demonstrates that the material with the highest nitrogen adsorption capacity
was the Maxsorb. With the impregnation of MnO; and PANI particles, the
amount of absorbed nitrogen decreased. PANI impregnation resulted in a greater
reduction in nitrogen adsorption compared to MnOo.
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The pore size distribution graph is shown in Fig. 1(B). From this graph, the
percentage of pores for a given diameter for each material can be seen. Pure
Maxsorb carbon could absorb the largest amount of nitrogen among all the
materials that were tested in this study. This result indicates that both the number
of micropores and mesopores decreased with the impregnation of PANI and
MnO: into Maxsorb. This decrease is attributed to PANI and MnO: filling or even
covering the pores of the Maxsorb. The reduction in micropores and mesopores
due to the addition of PANI was much more significant than that caused by MnQO».
This is because PANI, being a conducting polymer, has a much larger size
compared to MnO; [9]. Polyaniline typically forms nanorods or nanofibers with
diameters of around 80 nm [23], whereas MnQO: nanoparticles or nanorods
generally exhibit much smaller sizes, typically in the range of 10 to 40 nm
[24,25].

Table 1 Summarized pore characteristics of ternary composite of
MnO»/PANI/Maxsorb, binary composites, and their references.
Mean Pore Micropore Pore Volume

Specific Surface

Sample Area [mlg!] Di?lllllll::]ter V(E‘l;:l]ne [E£§2}1]
PSZ"NI}’/[;&/ :;f’b 2078.74 225 55.42 1.17
10% PANI/Maxsorb 1422.38 2.23 53.40 1.45
10% MnO2/Maxsorb 1597.49 2.19 58.90 0.87
PANI 100% 22.17 23.80 0.00 0.13
Maxsorb 2643.67 2.19 57.50 1.45

The decrease in pore size due to the impregnation of MnO, and PANI is also
confirmed by the specific surface area (SSA) data in Table 1, where Maxsorb had
the largest SSA value, at 2643.67 m?/g, which is consistent with the literature
[10]. The order of surface area values, from largest to smallest, starts with
Maxsorb > 5% MnO,/5% PANI/Maxsorb > 10% MnO,/Maxsorb > 10%
PANI/Maxsorb, and ends with PANI 100%.

3.1.2 Microstructures

The microstructure was analyzed using X-ray diffraction (XRD); the results are
shown in Fig. 2(A). The XRD pattern of 10% PANI/Maxsorb shows a major peak
at an angle of 20 = 22.96° and the peaks are also visible in the ternary material.
The broad diffraction peak corresponding to the C (002) plane within the 26 range
of 15 to 30° is indicative of the presence of amorphous carbon. Additionally, the
weak and wide peak observed around 28 = 40 to 50°, associated with the C (101)
plane, reflects the a-axis orientation of the graphite structure [11]. The PANI peak
should appear at 20 = 19.31° and 25.72° indicating low crystallinity as a
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characteristic of conductive polymers due to the repetition of benzenoid and
quinoid rings [12].

However, in the nanocomposites 10% PANI/Maxsorb and 5% MnO»/5%
PANI/Maxsorb, PANI did not have a significant effect on the diffraction pattern
of Maxsorb because the PANI content is relatively low. On the other hand, both
PANI peaks disappeared in the XRD pattern of the binary composite 10%
MnO»,/Maxsorb and were replaced by smaller peaks at 26 = 35.85° and 59.6°,
which correspond to the (100) and (110) planes of the MnO, particles [13]. This
is likely due to the higher weight percentage of MnO> impregnated in the binary
composite compared to the ternary composite. These MnO» peaks will disappear
in the XRD pattern of ternary composites with lower weight percentages of
MnOs,.
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Figure 2 X-ray diffraction result (A) and FTIR spectrum result of the ternary
composite of MnO»/PANI/Maxsorb, the binary composites, and their references

(B).

3.1.3 Functional Groups

The FTIR spectra of the materials are shown in Fig. 2(B). All materials, except
for PANI, exhibited a peak at around 3,400 cm™, indicating the influence of
activation using H,O; on the FTIR spectra. From the formed peaks, the peak at a
wavenumber of approximately 3,400 cm™ indicates the presence of -OH
stretching for alcohols and phenols in the solid phase [14]. The additional -OH
groups on the material’s surface after activation lead to increased hydrophilicity
of the carbon material, making it easier to disperse in liquids. In 10%
MnQ,/Maxsorb, the absorption bands at 1617 and 1047 cm™' are associated with
O-H bending vibrations coupled with Mn atoms. The presence of O—H vibrational
bands in the FTIR spectrum indicates that water molecules are adsorbed within
the MnO: structure. This hydration can facilitate cation mobility, which in turn
may enhance the capacitance performance of MnOs: [14,15]. The peak showing
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MnO:; is also visible at 1045 ¢cm™ in the 5% MnO,/5% PANI/Maxsorb. In this
study, there was no peak indicating Mn-O functional groups that should be
present at 538 cm! [13]. On the other hand, the PANI exhibited several peaks
distinct from MnQO,. The bands at 1,575 and 1,432 ¢cm™ are quinonoid (Q) and
benzenoid (B) ring vibrations [17]. The characteristic of the conducting
protonated is visible at 1,248 cm™, counted as corresponding to C—N stretching
vibration [18]. The functional groups characterizing PANI are not visible in the
10% PANI/Maxsorb and 5% MnQO»/5% PANI/Maxsorb nanocomposites, because
of the low PANI content in these nanocomposites.

3.2 Electrochemical Performances

The electrochemical properties of each constituent material, the binary
nanocomposites, and the ternary nanocomposite were assessed using the three-
electrode system method to obtain cyclic voltammetry graphs. These graphs
depict the capacitance values of each material. Testing was conducted at various
scan rates to understand the relationship between capacitance and applied scan
rate. The capacitance values were also utilized to calculate the energy density and
power density of each material. The obtained energy density and power density
values were then plotted in a graph known as a Ragone plot, illustrating the
relationship between energy density and power density. The electrochemical
property values obtained from the testing served as evaluative data for the
performance of each material as a supercapacitor electrode.

3.2.1 Cyclic Voltammetry (CV) Graphs

CV graphs can determine the type of supercapacitor by its size and shape. From
the area generated in a CV graph, the capacitance value can be calculated. In Fig.
3(A), it can be observed that each material produced different CV shapes at a scan
rate of 25 mV s!. Maxsorb exhibited a nearly rectangular charge/discharge shape,
which characterizes the behavior of an electric double-layer capacitor (EDLC)
with a capacitance value of around 194 F g'!. The rectangular shape indicates
efficient and unrestricted electrolyte ion transport within the pores of the
Maxsorb, resulting in the formation of a stable and well-developed electric double
layer [19]. On the other hand, the PANI generated a shape with peaks at the top
and bottom. These peaks show the occurrence of Faradaic redox reactions,
indicating the characteristics of pseudocapacitors. The top peak shows an
oxidation reaction, while the bottom peak shows the reduction reaction. This
redox peaks of the PANI increase the area, resulting in a capacitance value that
is not significantly different from that of Maxsorb (ca. 113 F g')[20].

The nanocomposite of 10% MnO»/Maxsorb showed 238 F g™! as the capacitance
number and a shape close to rectangular with slight waves at the top and bottom,
indicating peaks that signify Faradaic redox reactions generated by MnQO». This
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phenomenon is in agreement with observation in references when only using
MnO:s; [26]. Materials of 10% PANI/Maxsorb and 5% MnO,/5% PANI/Maxsorb
exhibited higher peaks compared to 10% MnO,/Maxsorb. This is because the
larger size of PANI compared to MnO; means it can partially cover some of the
Maxsorb pores. The widest charge/discharge cycle was possessed by 5%
MnOy/5% PANI/Maxsorb, indicating that the ternary nanocomposite had the
highest capacitance among all materials, i.e., 500 F g*! at a scan rate of 25 mV s,
The results of specific capacitance in this research were relatively superior
compared to previous research of another ternary composite [5]. The
electrochemical performance observed from the CV curves can be directly related
to the microstructural characteristics revealed by the BET and XRD analyses. The
higher surface area and suitable pore distribution (BET) provide more active sites
for ion adsorption, while the crystalline structure and phase composition (XRD)
influence the charge transfer behavior and overall capacitance performance.
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Figure 3 CV measurement at 25 mV s™' (A) and capacitance vs scan rate of the
ternary composite of MnO,/PANI/Maxsorb, the binary composites, and their
references (B).

The 5% MnO:/5% PANI/Maxsorb electrode exhibited the widest CV curve and
the highest capacitance of 500 F g™* at a scan rate of 25 mV s in 1 M H2SOq,
indicating strong synergistic interactions among the MnO, PANI, and activated
carbon. Compared with previous reports, its capacitance was lower than that of
MnO:-doped PANI/CNT, which achieved 1360 F g at 5mV s [27], but higher
than PANI/CNT, which showed 385 F g' at 0.5 A g! [28]. The differences are
partly due to the variation in scan rate: lower scan rates allow sufficient ion
diffusion into the electrode’s porous structure, resulting in higher capacitance
values, while higher scan rates limit ion accessibility, reducing charge storage
efficiency. Despite being tested at a higher scan rate, the 5% MnO./5%
PANI/Maxsorb composite still exhibited considerable capacitance, suggesting
that its microstructure effectively facilitates ion transport. This is consistent with
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the BET and XRD results, which indicate increased surface area and semi-
crystalline phases that enhance ion diffusion and charge transfer during redox
processes.

3.2.2 Capacitance vs Scan Rate

As the scanning rate increased, the ohmic resistance of electrolyte migration
within the material pores also increased, resulting in smaller capacitance
measurements. Fig. 3(B) demonstrates an inverse relationship between scanning
rate and specific capacitance, where at low scanning rates, CV tended to yield
higher capacitance, while at high scanning rates, CV yielded lower capacitance.
It is believed that reducing the scanning rate allows the electrolyte to penetrate
more evenly into the pores and make better contact with the internal surface of
the electrode material, thereby resulting in higher capacitance. The linear
dependence of capacitance on scanning rate indicates that ion transport is
controlled by diffusion, which is also found in the literature [21].

3.2.3 Ragone Plot

The performance of supercapacitors can also be assessed through a Ragone plot,
as shown in Fig. 4, which provides an overview of the relationship between
energy density and power density. Among these materials, 5% MnO./5%
PANI/Maxsorb exhibited an energy density peak at 103.7 Wh kg™ and a power
density of 1.6 kW kg'. However, at higher power levels, the energy density
dropped rapidly, while the power density increased. When the power density of
5% MnO,/5% PANI/Maxsorb reached 37.6 kW kg™, its energy density decreased
by 40%.
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Figure 4 Ragone plot of the Maxsorb, PANI, and nanocomposites.

The 10% PANI/Maxsorb and 10% MnO,/Maxsorb nanocomposite showed a
lower number energy density of 101.7 Wh kg™ and 36.3 Wh kg as an impact of
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their low specific surface areas. The decrease in energy density for 10%
PANI/Maxsorb and 10% MnOy/Maxsorb was much higher than the power
density increase, respectively 60.28% and 53.99%, with a maximum power
density of 24.2 kW kg and 12 kW kg'. Based on capacitance, energy density,
and power density, the 5% MnQO,/5% PANI/Maxsorb material demonstrated the
best performance as a supercapacitor electrode. The results of energy and power
density in this research surpass previous research of another nanocomposite of
activated carbon [22].

4 Conclusions

A ternary nanocomposite of MnO»/PANI/Maxsorb was successfully synthesized
by impregnation of MnO; and in situ polymerization of polyaniline and the
material was tested as an electrode material for supercapacitors. The
characterization data (N, sorption, XRD, and FTIR) indicate that the ternary
nanocomposite had a high surface area but lower than that of Maxsorb only.
Furthermore, XRD and FTIR also showed the successful formation of MnO, and
impregnation of PANI. As a supercapacitor electrode, MnO,/PANI/Maxsorb
nanocomposites showcase a beneficial combination of a high specific surface
area of pores and great pseudocapacitive properties, which result in an excellent
capacitance of 500 F g!. This ternary nanocomposite electrode showcased 62.69
Wh kg'! energy density at 37.6 kW kg! power density. Hence, the ternary
nanocomposite demonstrated potential in terms of extraordinary electrochemical
properties and performance compared to each individual pure component.
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