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Abstract: The demand for energy storage devices made from biodegradable materials has increased
significantly due to sustainability. Currently, such devices possess vital issues, such as high man-
ufacturing costs and toxicity, low reliability, as well as poor electrochemical performance. In this
research, microwave synthesis was conducted to fabricate a low-cost, high-performing, plant-based
electroactive material. MnO2 microparticles fabricated via microwave irradiation were deposited on
two plant-based materials as substrates made of Al/lignin and Al/AC/lignin. The quasi-solid-state
supercapacitors were assembled using a polymeric gel electrolyte of PVA/H3PO4. Scanning electron
microscopy was performed to examine the polydispersity, morphology, and porosity of the micro-
MnO2 deposited materials. FTIR and UV-vis spectroscopy were performed to study the composition
and verify deposition of micro-MnO2 on the lignin-based matrixes. Cyclic voltammetry (CV) was
employed to study the polarization resistance of the system. The cyclic charge-discharge (CCD) and
electrochemical impedance spectroscopy (EIS) were performed to observe cyclic performance and
interfacial resistances. Electrochemical tests showed that after 700 cycles of charge-discharge, both the
supercapacitors exhibited high capacitance retention above 90%. Compared to the existing technology,
this method enables consistent material structurization with tunable properties due to the controlled
heating time and exposure to radiation with minimal waste. This work provides an alternative
approach to synthesize low-cost and scalable green composite electrodes for flexible supercapacitors.

Keywords: green materials; polymers; composites; electrodes; microwave synthesis; clean
energy; supercapacitors

1. Introduction

The advancement in energy storage demands innovation for sustainability. The rapid
technological development of consumer electronics with multiple applications has mo-
tivated research to develop high-performing, flexible, and eco-friendly energy storage
devices [1–10]. These electrochemical devices are categorized as supercapacitors, batteries,
and fuel cells. Supercapacitors are high-power-density storage systems with the ability to
rapidly charge-discharge in an extended lifecycle [11–13]. Owing to this, supercapacitors
have wide applications in industry, healthcare, and our daily life [14]. However, due to
their low energy densities, their applications are restricted.

Many electronic devices manufactured today use hazardous materials that pose a risk
to the environment. To avoid the detrimental impacts of spent energy storage systems, they
must be processed and properly disposed of. The presence of toxic materials poses a major
challenge in the disposal of these systems [15]. With an increasing demand for mobile
computing and portable electronics, eco-friendly and biodegradable energy storage devices
are of vital importance. For this purpose, green materials such as carbon-based electroactive
materials and biomaterials are being considered. These materials are cost-effective, have
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an adaptable morphology, and are biodegradable, making them excellent candidates.
Lignin, an abundantly available biomaterial, is acquired as a waste product from the paper
and pulping industries [16]. The porous structure and defects present in lignin make it
a favorable candidate for use as an electroactive material [17,18]. In order to improve
the performance of lignin, it has been doped with transition metal oxides, conduction
polymers, and other carbonaceous materials [19]. Lignin has been used as a precursor to
developing hierarchical porous carbons as electrode materials. Transition metal oxides
(TMOs) such as NiO, RuO2, Co2O3, and MnO2 have been incorporated into the matrix of
lignin. This has proven to be a successful method to boost the capacitive performance of
the supercapacitor [20–22]. Owing to its synergistic behavior, ideal capacitive behavior,
abundant availability, and low cost, MnO2 is considered the most favorable candidate to
improve the electrochemical performance of lignin [11,23].

Efficient charging/discharging requires electroactive materials with designated pores
to increase the surface area. The reduced time of fabrication, enabling rapid nucleation
and deep penetration, make microwave irradiation an attractive option to make electrode
materials. Due to those characteristics, structural uniformity of metal oxides has been
achieved [24]. However, few studies have performed microwave irradiation for the synthe-
sis of MnO2 particles. In addition, most of these methods are coupled with the template
method or with hydrothermal conditions. The specific effect of microwave irradiation
cannot be examined clearly when coupled with hydrothermal conditions. This is because
the reaction conditions of the additional hydrothermal method alter the kinetics of crystal
growth. For instance, Wang et al. used an ultrasound-microwave method for polymer
P123 and acetylene black for a supercapacitor electrode [25]. The distinct advantage of
microwaves on electrode properties could not be deciphered. Similarly, Liu et al. used a
potassium-based catalyst and microwave radiation to make electrodes using corn straw [26].
This method creates a problem of catalyst poisoning and environmental disposal issues.
Seong et al. used a potassium citrate-based synthesis method that utilized microwave
radiation to obtain a hierarchical porous carbon electrode. Not only was the process ex-
pensive but also the chemicals used pose health hazards to humans [27]. Moreover, the
effect of microwaves on the pseudo-capacitance could not be established. There is no
report about decorating lignin with MnO2 microparticles. It is necessary to understand the
surface morphology, composition, and electrochemical performance of the MnO2 particles
fabricated via microwave synthesis deposited on green materials.

In this research, microwave irradiation was used to synthesize micro-MnO2 particles,
which were then deposited onto the lignin matrix via hydrothermal treatment. A solid-state
asymmetric supercapacitor with an AC-Lig-MnO2 composite electrode as an anode was
fabricated. SEM was performed to study morphology, porosity, and polydispersity of the
lignin-based matrix. Cyclic voltammetry (CV) was employed to study the polarization
resistance of the system. The cyclic charge-discharge (CCD) and electrochemical impedance
spectroscopy (EIS) were performed to observe cyclic performance and interfacial resistances.
This work provides new insights into the synthesis of low-cost and scalable plant-based
flexible supercapacitors.

2. Materials and Methods
2.1. Microwave-Irradiated Green Composite Electrode Preparation

To fabricate the green composite AC/Lig-MnO2 electrode, 1 g of AC (Sigma Aldrich
MW = 12.01 g mol−1) was mixed with 0.5 g of alkali lignin (TCI) powder and DI water. This
solution was then sonicated for 5 min. To prepare the MnO2 particles, 22.2 mmol of 37%
HCl (Sigma Aldrich, MW = 36.46 g mol−1, density = 1.2 g mL−1) was added to 5.5 mmol of
KMnO4 purchased from Sigma Aldrich (99%, MW = 158.03 g mol−1, density = 2.7 g mL−1).
This solution was then placed in a 1000 W microwave for 4 min. The AC/Lignin solution
was then mixed with the microwaved KMnO4 solution and stirred magnetically for 15 min.
After hydrothermal treatment at 160 ◦C for 1 h, the solution was centrifuged, washed with
ethanol and DI water, and dried overnight. The final powder obtained was mixed with
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NMP (Sigma Aldrich, MW = 99.13 g mol−1, density = 1.028 g mL−1, ≥99%) and PVDF
(Sigma Aldrich, MW = 275,000 by GPC) to form a slurry, which was then coated on an Al
foil (thickness = 0.98 mm) and dried in a vacuum furnace at 100 ◦C for 4 h. The substrate
was cut in a circular plate with a diameter of 4 cm. The supercapacitor’s interface thickness
was 100 µm. The green composite Lig-MnO2 electrode was fabricated in a similar manner.
The schematic for the preparation method is shown in Figure 1.
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Figure 1. Schematic for the preparation of the electroactive materials.

2.2. Preparation of PVA/H3PO4 Gel Electrolyte

The gel electrolyte was prepared in a similar method as in our previous work [22].

2.3. Materials’ Characterization

The scanning electron microscopy was performed using a VEGA/TESCAN SEM,
using an SE detector at scanning voltage of 5 KV and magnification of 300×. The elemen-
tal composition analysis was performed using an Oxford EDS detector on FEI Quanta
600 SEM, and results were investigated using AZtec software offered by Oxford Instru-
ments. EDS mapping was performed at 20 kV acceleration voltage. For XRD, we employed
a Bruker D8 Advanced Powder Diffractometer. FTIR was performed using a Shimadzu
FTIR Spectrophotometer IR Affinity-1, while UV spectroscopy was performed using a
Shimadzu UV-2450 Spectrophotometer.

3. Results and Discussion
3.1. Materials’ Characterization
3.1.1. Scanning Electron Microscope (SEM)

SEM analysis was performed to gauge the electrode surface and particle distribution.
Figure 2a shows the uniform distribution of electroactive AC/Lig-MnO2 (Figure 2a) and
Lig-MnO2 (Figure 2c) on the electrode surface. Micron-size MnO2 particles can be seen
embedded in the AC/lignin (Figure 2a) and lignin (Figure 2c) matrices. The electrode
surfaces appear intact without any sign of wear or damage. This is important for good
contact with the electrolyte and ensuring smooth charge transfer. In Figure 2b, the superca-
pacitor interface can be seen. The quasi-solid gel electrolyte can be seen placed between
the outer Al electrodes. The interface appears mechanically stable and intact. The interface
thickness is about 0.1 mm. A stable interface helps with the consistent performance of
the supercapacitor.
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Figure 2. SEM images of (a) AC/Lig-MnO2, (b) the supercapacitor interface, and (c) Lig-MnO2.

3.1.2. FTIR Spectroscopy

The FTIR spectra are shown for both the composite electrodes in Figure 3. Peaks 1 and 2
at 526 and 536 cm−1 represent the Mn-O bond stretch. This demonstrates the successful
deposition of micro-MnO2 particles on the lignin and AC/lignin matrices [28]. Peak 3
at 1031.79 and peak 4 at 1257.36 correspond with O-H bending vibrations bonded with
Mn atoms [29]. The peaks at 1614.15 (on the purple line) and 1720.19 (on the green line)
correspond to the C=C bond stretch, indicating the presence of aromatic rings [22,30].
The presence of OH bonds indicates absorbed molecules of water in the MnO2 structure.
These water molecules enhance the diffusion of ions and improve the overall capacitance
performance of the materials [31,32].
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Figure 3. FTIR spectroscopy of AC/Lig-MnO2 and Lig-MnO2.

3.1.3. UV-Vis Spectroscopy

The UV-vis spectroscopy is shown for both the composite electrodes in Figure 4.
A characteristic broad peak of absorption can be seen in the range 300–350 nm [21].
This confirms the successful deposition of the micro-MnO2 particles onto the lignin and
AC/lignin matrices.
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3.1.4. Powder X-ray Diffraction

The XRD plot in Figure 5a for AC-lignin-MnO2 shows a broad diffraction peak (002)
in the range 2θ = 15–30◦, which indicates that the amorphous AC particles dominate in
the structure [33]. Lignin-MnO2 (Figure 5b) showed a broad peak in the range 2θ = 20–25◦,
indicating its highly amorphous nature. However, another set of peaks is indicative of
the MnO2, which particularly fits the γ-MnO2 XRD pattern by matching of the main peak
between 30◦ and 35◦ [34]. The same peak is also observed in the PXRD pattern of AC with a
lower intensity. Combining all proof, it is safe to say that both AC-lignin and non-AC-lignin
maintain the crystallinity of MnO2, while the latter does so to a higher degree.
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3.1.5. Energy Dispersive X-ray Spectroscopy

EDS mapping (Figure 6) indicates an elemental composition for Sample 1
(Lig/MnO2) and sample 2 (Ac/Lig/MnO2) of C/O/Mn/S = 66:27.4:5.5:1.1 (wt.%) and
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C/O/Mn/S = 36.8:30.7:28.8:3.8 (wt.%), respectively. Element mappings reveal that C, O,
Mn, and S atoms are uniformly distributed throughout the entire structure.
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3.1.6. Electrochemical Analysis

Electrochemical testing is performed to compare and analyze the stability and cycling
life of the microwave synthesis-based green composite electrodes. Cyclic voltammetry (CV),
cyclic charge-discharge (CCD), and impedance tests were run to explore their potential for
supercapacitor applications. CV responses of the AC/Lig-MnO2 and Lig-MnO2 samples
performed at multiple scan rates are shown in Figure 7a,b. A polymer-gel electrolyte
of PVA/H3PO4 is used. The operating potential range for both samples is 1.0–2.0 V.
The different scan rates implemented are 10, 25, 50, and 100 mV s−1. The rate of diffusion
was observed to increase for larger scan rates, and the specific capacitance decreased.
This can be attributed to diffusion limitations leading to an ineffective interaction between
the electro-active material and the electrolyte. Hence, the scan rate of 10 mV s−1 was
selected for further CV testing. The CV plots at 10 mV s−1 for AC/Lig-MnO2 and Lig-MnO2
can be seen in Figure 7c. Figure 7d displays a comparative histogram of the obtained specific
capacitance for both materials. The highest specific capacitance obtained for AC/Lig-MnO2
is 7.4 F g−1 (22 mF cm−2), and for Lig-MnO2 is 1.1 F g−1 (12.03 mF cm−2). Initially, during
the CV tests, the AC/Lig-MnO2 supercapacitor displays a higher specific capacitance as
compared to Lig-MnO2. This can be attributed to the higher surface area as well as the
high porosity of AC.
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Figure 7. CV plots for (a) AC/Lig-MnO2, (b) Lig-MnO2 at various scan rates, (c) comparison of CV plots of AC/Lig-MnO2

and Lig-MnO2 at 10 mV s−1, and (d) comparative histogram of specific capacitances.

The cycling life and stability of the system are the most vital requirements for a
supercapacitor. To study the pseudo-capacitance behavior further, cyclic charge-discharge
(CCD) tests were carried out for 750 cycles at 0.26 A g−1 current density. Figure 8a compares
the specific capacitance performance of both materials. The initial specific capacitance for
Lig-MnO2 is 16.22 mF cm−2, and for AC/Lig-MnO2 is 14.03 mF cm−2. After 750 cycles,
the final specific capacitance of the Lig-MnO2 supercapacitor is 16.18 mF cm−2, and of
the AC/Lig-MnO2 supercapacitor is 12.64 mF cm−2. Lig-MnO2 displays a better specific
capacitance performance in comparison to AC/Lig-MnO2. This is due to the presence of
a higher number of functional groups in lignin. While AC has a very high surface area
and porosity, it does not have as many functional groups present. Therefore, lignin has
a comparatively higher pseudo-capacitance than AC. Figure 8b displays the capacitance
retention for both supercapacitors. Lig-MnO2 exhibits a high retention performance of
~99.7%, while AC/Lig-MnO2 has a retention of ~90%. The lower number of functional
groups in AC causes a comparatively quick degradation of the material as compared
to lignin. Due to this, AC will degrade quicker than lignin, leading to lower retention.
The impact of current density on the discharge voltage and the subsequent variation in
specific capacitance can be seen in Figure 8c. As the current density increases from 0.03 to
0.26 mA g−1, the specific capacitance for both supercapacitors decrease. This depicts the
general characteristics of a supercapacitor. Figure 8d shows a Ragone plot obtained from
the CCD experiment. The Ragone plot depicts the relationship between the energy and
power densities at different current densities. The shape of the curve corresponds to those
reported in the literature for MnO2 supercapacitors.
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The electrical double-layer impedance behavior of the supercapacitor was studied via
the electrochemical impedance spectroscopy (EIS) test. A frequency range of 0.1–106 Hz,
AC Volts = 10 mV, and DC Volts = 1 V was applied. Nyquist plots were obtained at the
0th and the 750th cycle for both supercapacitors, as shown in Figure 8e,f. In Figure 6e, the
initial and final impedance were almost the same. For the Lig-MnO2 supercapacitor, a
very small increase in impedance was observed even after 750 cycles. This is in line with
the retention performance of the system. The initial impedance was 5945 ohms, and the
final impedance was 6493 ohms. The impedance performance of AC/Lig-MnO2 is shown
in Figure 6f. Here, an increase in the impedance can be observed. The initial impedance
was 310.8 ohms, and the final impedance was 1089 ohms. As the impedance of the system
increases, subsequently, the current flow decreases, leading to lower capacity retention.
An equivalent circuit is presented in Figure 6i. The electrolyte resistance (R1), double-layer
capacitance (C1), resistance (R2, in parallel with C1), and the electrode diffusion resistance
(R3) are shown.

4. Conclusions

In this research, we have successfully synthesized two types of green composite elec-
trodes via microwave synthesis. MnO2 microparticles were synthesized via microwave
irradiation. Due to the high penetration depth and rate of nucleation of microwave irra-
diation, uniform surface morphology and particle distribution of micro-MnO2 particles
on the lignin and AC/lignin matrices were successfully achieved. The electrochemical
evaluation showed the high capacitive performance of lignin-based materials deposited
with the microwave-synthesized micro-MnO2 particles, as compared to that of pure lignin
materials. Among the two materials, Lig-MnO2 exhibited better performance, with a
specific capacitance of 16.22 mF cm−2 and a ~99.7% capacitance retention. Both materials
exhibited capacitance retention of ~90% or higher. In comparison to the reported litera-
ture, these materials performed with higher stability and exhibited consistent material
structurization with tunable properties. As a result, the high-performing, quasi-solid-
state supercapacitors with reduced synthesis time have been successfully fabricated from
biomaterials. This work provided a simple and low-cost approach in synthesizing green
composite electrodes for supercapacitor applications via microwave irradiation.
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