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Abstract

In this work, pseudo-stem of a banana plant was used as a sustainable and affordable source to prepare porous carbon mate-
rials (PCM) on a large scale. After fine treatment, the material was annealed at 500, 600, and 700 °C using a tube furnace
under nitrogen flow. The prepared materials were characterized by Fourier transform infrared (FT-IR) spectroscopy, X-ray
diffraction (XRD), scanning electron microscopy (SEM), transmission electron microscopy (TEM), and X-ray photoelec-
tron spectroscopy (XPS). FT-IR spectra show that the broad peak at the range of 1110-1160 cm™ comes from the superim-
posed peaks of C-N for a single or more than one functional group which debunks the possibility of generating nitrogen-
doped carbon. TEM and SEM analyses confirmed the porous structure of PCM with the pores connected to one, and a
spongy structure was observed in the prepared carbon material. XRD analysis revealed that the carbon materials are crystal-
line. XPS investigation provided information regarding the dimension of which elements are present in the valence states
and constituent elements, depicting the presence of a dominant graphitic Clspeak at approximately 284 eV, along with a
distinct O1s peak at around 532 eV. Additionally, a relatively weaker N1s peak (approximately 400 eV) was observed.
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l. Introduction

Carbon-based materials are the most abundant since they
can occur in a variety of forms, including activated carbon
(AC), graphene, carbon nanotubes, carbon dots, doped car-
bon, fullerenes, and others. However, dealing with carbon
materials more often suffers from the drawbacks of the high
expense and environmentally hostile nature. Carbon materi-
als made from biomass have been produced and used since
the dawn of civilization'. Over three thousand years ago,
carbon black was produced from fuel-rich partial combus-
tion to make ink, pigments, and tattoos?. The field of mate-
rials science focused on valuable carbon materials has expe-
rienced swift expansion following the identification of full-
erenes and carbon nanotubes. This growth has been driven
by the potential applications of these materials in areas such
as fuel cells, electrodes, catalyst support structures, adsorp-
tion, gas storage, and carbon capture™”®.

For the development of innovative synthetic materials pos-
sessing distinct structures and properties, nature provides an
almost infinite source of ispiration’®*?. Natural resources
are nontoxic, accessible, plentiful, and sustainable. The
natural products are composed of heteroatoms and could be
used as an impactful and renewable source for functional
carbons.

In recent studies, high-temperature carbonization and hy-
drothermal synthesis have been used to prepare the desired
nanocarbon from biomass resources. Different carboniza-
tion processes have a key effect on particle size and surface
morphology*®.AC has become a desirable alternative mate-
rial due to its large specific surface area, inherent doping of
heteroatoms, and economical nature'*. A plenty of plant and

“Author for correspondence. e-mail: shahmiran@du.ac.bd

animal bio-masses have been utilized for preparing ad-
vanced carbon materials™. The synthesis process has a sig-
nificant impact on the structural and textural properties of
AC. For the synthesis of AC, two main activation tech-
niques—physical activation and chemical activation—are
generally used®. Physical activation entails heating a pre-
cursor in a carbon dioxide (CO,) or steam-reactive envi-
ronment. Heating at a higher temperature (900-1000) °C is
used to activate the residual char'’. On the other hand,
chemical activation entails coating precursors with a variety
of chemical substances, including sodium hydroxide
(NaOH), potassium hydroxide (KOH), sodium carbonate
(Na,COs), zinc chloride (ZnCl,), phosphoric acid (HsPO,),
nitric acid (HNO3), magnesium chloride (MgCl,), etc.'®™.
The pyrolysis process of the initial materials is influenced
by these chemical agents, which also serve as oxidizing and
dehydrating agents. Carbon sequestration and aromatization
have been used to prevent the loss of volatile substances
and slow down the burning of initial materials, resulting in
a significant increase in the production of various prod-
ucts™. A chemically activated approach is beneficial due
to the creation of a large surface area, and uniform pore
distribution®’.

In the case of a physically activated approach, the precursor
should be pyrolyzed typically at a higher temperature to
result in minimal production due to the loss of carbon as
gases during heating. In order to produce AC with a high
surface area and structural porosity, it may be beneficial to
combine physical and chemical methods™. In light of this, a
simple, cost-effective, and environmentally friendly method
was developed for producing advanced carbon materials on
a large scale using the pseudo-stem of the banana plant. The
carbon materials were investigated by standard techniques
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including Fourier transform infrared (FT-IR) spectroscopy,
X-Ray diffraction (XRD), scanning electron microscopy
(SEM), transmission electron microscopy (TEM), and X-
ray photoelectron spectroscopy (XPS) in detail.

I1. Experimental
Materials and Instruments
Chemicals

Banana pseudo-stem (Musa ornata) was collected from
Barishal, Bangladesh. Analytical grade chemicals and mate-
rials such as sodium hydroxide, NaOH, sodium hydrogen
carbonate, NaHCO;(Merck, Germany), concentrated hydro-
chloric acid, HCI (RCI, Thailand), concentrated nitric acid,
HNO; (Merck India), PVDF (Alfa Aesar, USA) were used
without purification. De-ionized (DI) water (conductivity:
0.055 US cm™ at 25 °C) from HPLC grade water purifica-
tion systems (BOECO, BOE 8082060, Germany) was used
throughout the study.

Synthesis of Materials

Preparation of porous carbon material (PCM) from banana
pseudo-stem

The pseudo-stem of the banana was cut into small pieces
and then cleaned with DI water. The clean pieces were
dried for 24 h at 100 °C in an electric oven. The dried frag-
ments were finely powdered using a regular household
blender. Subsequently, this powder was passed through a
100-micron mesh sieve to achieve the desired particle size
of less than 100 microns. After that, in a mortar achieved
powder and NaHCO3; were mixed with a mass ratio of 1:4.
Then mixtures were carbonized at 500, 600, and 700 °C for
6 h using a tube furnace (Nabertherm, Germany) under ni-
trogen atmosphere. After carbonization, the final products
were subjected to cleaning using 0.5 M HCI and DI water.
Subsequently, they were dried overnight at 60 °C to yield
porous carbon. The functionalized materials prepared in this
manner were labeled as biomass-derived Carbon-700
(PCM-700), Carbon-600 (PCM-600), and Carbon-500
(PCM-500), all originating from banana pseudo-stems.

Characterization
TGA Analysis

A thermogravimetric analyzer (TG/DTA7200, HITACHI)
was used for thermogravimetric analysis of the sample
where the temperature limit was maintained between room
temperature to 900 °C. In each case, a specific sample
amount was placed in an alumina pan under a nitrogen en-
vironment. The sample was then heated at a rate of 10 °C
per min.

FT-IR Spectroscopy

FT-IR spectra of the samples were recorded with Perkin
Elmer FT-IR/NIR spectrometer (Frontier FTIR-NIR USA)
in the range of 400-4000 cm™ using KBr pellet prepared by
mixing the sample with pure KBr; background correction
was made with a pure KBr pellet to mitigate the influence
of infrared active atmospheric gases such as carbon dioxide
and water vapor in sample spectra.

SEM Analysis

A scanning electron microscope (SEM Model: JEOL, JSM-
7600F, Japan) was employed to study the morphology of
synthesized composites. The acceleration potential was 5kV
with a probe current of 1.0 nA. Computer-adapted software
ImageJ (1.51 k, Java 1.6.0-24 (64-bit), USA) was used to
quantify the perimeter, total surface area, average particle
size, and several nano-sized particles in the SEM images of
synthesized composites at a defined scale.

TEM Analysis

A detailed internal structural analysis was carried out using
a High-Resolution Transmission Electron Microscope
(HRTEM) model (JEOL-JEM-1230, Tokyo, Japan). This
microscope is equipped with a 200 kV field-emission elec-
tron gun operating in Schottky mode, enabling high-
resolution imaging and analysis of subtle internal structures.
For conducting TEM imaging, ethanol was used as a dis-
persion medium, and a small amount of the solid powder
was sonicated for 1 min; after that, the solution was drop-
casted on the carbon-coated copper grids. The TEM micro-
graphs were analyzed by image analysis software (version
1.82.366, Gatan Inc. USA).

XRD Analysis

The X-ray diffraction pattern of the nanocomposites was
recorded with PANalytical X Pert Pro diffractometer oper-
ating at 40 KV and 30 mA using CuKa radiation (A=
0.154056 nm) fitted with a scintillation detector. The sam-
ple was formed as powdered and then was put within two
plain glass slides (25 nm x 75 nm).

XPS Analysis

The powder samples were first dispersed in ethanol and
then applied onto a (1x1) cm? glass slide using the drop
casting method. Afterward, the prepared slide was placed
into the spectrometer for analysis. XPS spectra were ac-
quired using a Thermo Fisher Scientific XPS spectrometer
with an Alka anode (energy 1486.68 eV) under pressure of
7x10” mbar. For survey scans, high-resolution elemental
line scans were conducted at pass energy of 200 eV, while
narrow scans of the hemispherical capacitor analyzer were
performed at 50 eV pass energy. This yielded Ag 3d5/2 line
with a full-width-at-half-maximum (FWHM) of less than 1
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eV and intensity above a linear background from BE 365
eV to 371eV, with 1eV background averaging. An extra
spectrum was obtained with a low pass energy of 3 eV to
showcase the finest energy resolution of 0.5 eV. The energy
scale of the spectrometer was aligned using the typical peak
position of Cu2p3/2, Ag3d5/2, and Au4df7/2. Typically, the
peak positions were within 50 meV of the standard peak
energies. The binding energies of elemental lines were ad-
justed concerning the C 1s line of unintentional hydrocar-
bon contamination at binding energy (BE) of 284.8eV.
High-resolution spectra (narrow scans) were captured for
the Si2p, Ca2p, Ols, and Cls regions. The data analysis

was carried out using Avantagel software, with the addi-
tional point that curve fitting and deconvoluted data were
both derived from this software.

I11. Results and Discussion
Thermal Behavior

The TGA pattern for the banana pseudo-stem is shown in
Fig. 1. It indicates the carbonization temperature for the
banana pseudo-stem. Three steps of weight loss were ob-
served in the TGA pattern (Fig. 1).
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Fig. 1. TGA pattern for banana pseudo-stem.

TGA curve depicts a small weight loss at around 110 °C
that may be with the virtue of the presence of traces of wa-
ter or moisture in the pseudo stem. Volatile and non-volatile
gases produced through decomposition are eliminated in the
temperature range (180-350) °C. A sharp weight loss was
noticed at 300 °C and it has been taken into account for
carbonization of the pseudo stem. More than 70% weight
loss occurs up to 550 °C and approaches to char phase. Fig.
1 also shows that the carbonaceous material remains stable
at 800 °C. Therefore, the pseudo stem of banana plant has
been pyrolyzed at 500, 600, and 700 °C.

Molecular Characterizations by FT-IR Spectral Analysis

The chemical structure and the functional groups in the
synthesized material were first characterized by FT-IR
spectroscopy as shown in Fig. 2. The FT-IR spectra of PCM
materials confirmed some bands for functional groups in-

volving carbon such as C-O (1050 cm™), C-H (1135 cm™),
and C=C (1630 cm™)®. The band at 1650 cm™ and 1400
cm™ in Fig. 2 indicates the presence of N-H bend for sec-
ondary amine and C-N stretching for aromatic tertiary
amine, respectively®. Therefore, a C-N bond may be pre-
sent. The other two bands in the fingerprint region are lo-
cated between 800-600 cm™. A close resemblance exists
between the PCM-600 and PCM-700 in Figure 2. The
bands at 1430 cm™ and 1630 cm™ show the presence of C=C
groups of aromatic compounds. While the presence of C-O-
C of an ether group can be indicated by a bandat1050cm™.
The bands at 500-600 cm™ indicate the presence of a C-H
group. The band at 2450 cm™ of PCM-500 corresponds to
the C-H stretch. These are comparable with other reported
carbonaceous materials®.
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Fig. 2. FT-IR spectra of PCM-700, PCM-600, PCM-500.

Scanning Electron Microscopic Analysis

SEM analysis was conducted to study the surface morphol-
ogy and microstructure of the prepared material. SEM was
used to identify and quantify the number of particles of a
specific size on the surface, thereby assessing the surface
area characteristics of the material.Fig.3 shows different
magnified SEM images of PCM-700 (a, b) and PCM-500
(c, d). Additionally, the SEM analysis revealed the presence
of porous, three-dimensional (3D) frameworks comprising
interconnected and distorted nanosheets. The external sur-
face has a rough, uneven texture and little porosity. The
SEM images of PCM-500 are shown in Fig. 3 (c, d), and it
reveals that the material has been transformed into a porous
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Fig. 3. SEM images of PCM-700 (a, b) and PCM-500 (c, d) at different magnifications.

carbon framework that resembles conventional activated
carbon?. This suggests that NaHCO; could be an effective
activating agent for the creation of porous structures. SEM
images of PCM-700 (a, b) have provided visual evidence of
an increase in pore size. This observation signifies the ad-
vancement of a porous structure, which facilitates efficient
electrolyte transfer. Consequently, this development con-
tributes to a favorable rate of performance?. The samples
consist of a well-defined grain microstructure. Upon closer
examination at high magnifications, the presence of distinct
pores becomes evident in the image®. The material was
found to possess a loose and porous structure, with inter-
connected elements held together by numerous pores. This
arrangement resembled a spongy structure, implying the
existence of a substantial specific surface area®.
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The well-organized connections among these porous carbon
nanosheets facilitate the rapid diffusion of electrolytes in
applications involving electrochemical oxygen reduction
reactions. The porous structure of the material could lead to
enhanced ion transfer speed and improved electrolyte infil-
tration. Considering these advantages, the material holds
the potential for effective electrode modification, making it
a promising candidate for applications in supercapacitors.
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Fig. 4 depicts the histogram of the particle size distribution
for PCM-700 and PCM-500 samples determined from the
FE-SEM images using Image J software, respectively. The
smaller particles were found in PCM-700 compared to
PCM-500. From the curve, the maximum sizes of particles
for PCM-700 and PCM-500 were found within the ranges
of 200-600 nm and 200-1000 nm, respectively. The average
particle sizes of PCM-700 and PCM-500 are 480 and 644

nm.
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Fig. 4. Histogram showing particle size distribution determined SEM for PCM-700 and PCM-500 pure nanoparticles. Solid curves show

estimated particle size distributions.
Transmission Electron Microscope Analysis

Fig. 5 shows the internal phase morphology of as-prepared
carbon material. The PCM-600 sample exhibited a spongy

and porous structure, along with a notably large specific
surface area.

Fig. 5. TEM images (labeled as a, b, c) of PC-600 at different magnifications.
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These features were prominently illustrated in panels (a, b,
c). The spongy and porous structure, combined with the
substantial specific surface area, plays a crucial role in ena-
bling efficient mass and charge transfer during various elec-
trochemical processes®?’.

Degree of Crystallinity and Crystallite Size of Pyrolyzed
Materials

X-ray diffraction analysis was conducted on the synthesized
materials to confirm their crystalline nature. XRD patterns
of PCM-700, PCM-600, and PCM-500 materials are shown

in Fig. 6. A significant diffraction peak was observed with-
in the 20 range of 14 to 33°, which can be attributed to the
characteristic activated carbon/crystalline carbon structure.
This peak provides evidence of the crystalline properties of
the materials®The presence of dominant peaks at 2 values
of 26.61°, 43.45°, 46.32°, 54.81°, and 56.68° corresponds
to the (111), (100), (110), (222), and (211) orthorhombic
crystal planes, respectively, as per the reference pattern
JCPDS No. 083-2092. These peaks provide strong evidence
of the crystalline nature. This material, derived from a
pseudo stem, exhibits distinct crystallographic characteris-
tics associated with these specific crystal planes.
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Fig. 6. XRD pattern of PCM-700, PCM-600, and PCM-500 materials.

In addition to the mentioned peaks, there are additional
peaks observed at 20 values of 15.13°, 23.186°, 24.16°, and
31.64°. These peaks correspond to the (202), (113), (213),
and (021) monoclinic crystal planes. These additional peaks
indicate the presence of a monoclinic crystal structure
alongside the previously mentioned orthorhombic crystal
planes. This suggests a more complex and diverse crystal-
lographic composition in the synthesized carbon material
derived from the pseudo stem®. Furthermore, the crystallin-
ity of porous carbon increased from 80.83% for PCM-500
to 89.27% for PCM-700.

X-Ray Photoelectron Spectroscopy

XPS analysis was conducted to investigate the valence
states and elemental compositions of the carbons. XPS sur-

vey spectra for PCM-700and PCM-500sample are shown in
Fig. 6. From the survey spectra in Fig. 7, a predominant
graphitic C1s peak at (ca. 284 eV) and a pronounced peak
O1s peak at (ca. 532 eV), accompanied by a relatively weak
N1s peak (ca. 400 eV), were observed in this Figure which
depicts that activated carbon has been produced having
nitrogen and oxygen-containing functionalities into the
thermally treating biomass precursor. Furthermore, a trace
amount of nitrogen atom is doped into the advanced acti-
vated carbon framework. Additional peaks were observed
due to the presence of some minerals. The peak at ca. 500
eV might be due to V2p.
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Fig. 7. XPS survey spectra for PCM-700 (a) and PCM-500 (b) sample.

IV. Conclusions

In this study, porous carbon materials were effectively syn-
thesized using biomass, specifically banana pseudo-stems.
The carbon materials were porous and had a spongy struc-
ture. The PCM-700, PCM-600, and PCM-500 showed the
characteristics of activated crystalline carbon, notably high-
lighting the (110) and (202) lattice planes. A prominent C-
N stretching band in FT-IR spectra suggested the incorpora-
tion of nitrogen, thus generating nitrogen-doped carbon.
XPS analysis showed the presence of a dominant graphitic
C1ls peak at approximately 284 eV, along with a distinct
Ols peak at around 532 eV. Additionally, a relatively
weaker N1s peak (approximately 400 eV) was observed.
The fundamental properties of prepared PCM show the
prospect of being promising material for storing charge as
supercapacitor and electrocatalyst that is underway in the
laboratory.
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