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Abstract

KOH-activated carbon was prepared from banana peel waste by microwave heating (800 W)
for 10, 20, 30, and 40 min with a constant KOH/precursor ratio of 1:1. The effect of irradiation
time on crystal order and surface chemistry was systematically investigated by X-ray
Diffraction (XRD) and Raman spectroscopy. XRD analysis showed that crystallinity and
graphitization increased gradually with activation time; at 40 min, the crystallite size was 20.5
+ 0.6 nm and the microstrain was 0.00160. Raman spectroscopy showed a systematic evolution
of the D/G band intensity ratio (ID/IG) from ~1.0 (carbonized) to a minimum of 0.75 at 30 min,
indicative of optimised graphitic ordering. The 30-40 min samples showed the highest degree
of graphitization, suggesting potential for enhanced electrical conductivity and charge-storage
performance. These results demonstrate that microwave activation duration is a powerful
parameter for tuning the structural properties of banana peel-derived activated carbon for
energy and adsorption applications.

Keywords: Banana peel; activated carbon; microwave activation; XRD; Raman spectroscopy; graphitization; crystallinity;
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1. INTRODUCTION

Activated carbon (AC) is a highly porous carbonaceous
material widely recognized for its exceptional adsorption
capacity and versatile applications in environmental
remediation, catalysis, and energy storage systems [1]. In
electrochemical  energy storage devices such as
supercapacitors and batteries, the performance of activated
carbon depends not only on its surface area and pore structure
but also on its degree of graphitic ordering and

VOLUME 06, ISSUE 02, 2026

crystallographic characteristics, which strongly influence
electrical conductivity and charge transport [2-5]. Among the
various biomass precursors investigated for activated carbon
production, banana peels (Musa spp.) have attracted
considerable attention because of their abundance,
renewability, low cost, and high cellulose and hemicellulose
contents, which provide an excellent carbon framework for the
development of porous graphitic structures during thermal
activation [6-7].

Potassium hydroxide (KOH) is one of the most effective
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chemical activating agents for producing highly porous
activated carbons. During activation, potassium species
intercalate into carbon layers, promoting structural expansion,
pore development, and partial graphitization of the carbon
matrix [8]. When combined with microwave-assisted heating,
KOH activation becomes significantly more efficient because
microwave irradiation provides rapid volumetric heating and
generates localized high-temperature regions ("hot spots") that
accelerate carbonization, activation reactions, and structural
ordering [9]. Consequently, microwave-assisted KOH
activation can produce activated carbons with improved
crystallinity and well-developed pore structures within
considerably shorter processing times than conventional
thermal activation methods [10].

The structural evolution of activated carbon during
microwave activation is strongly dependent on irradiation
time. X-ray diffraction (XRD) provides information on
crystallite size, lattice parameters, and long-range
crystallographic ordering, whereas Raman spectroscopy
probes local structural disorder through the relative intensities
of the graphitic (G) and defect-related (D) bands. Together,
these complementary techniques provide a comprehensive
understanding of graphitization and structural evolution in
carbon materials [11-12]. Therefore, this study systematically
investigates the influence of microwave activation time on the
crystallographic and spectroscopic characteristics of banana
peel-derived activated carbon using XRD and Raman
spectroscopy.

II. MATERIALS AND METHODS

A. Chemicals and Materials

Banana peels (Musa spp.) were obtained from local fruit
vendors in Kaduna, Nigeria. The peels were thoroughly
washed with distilled water, drained, cut into small pieces, and
dried in a microwave oven at 400 W for 45 minutes to a
constant weight. 200 g of dried banana peel was pyrolyzed in
a limited oxygen atmosphere at 800 W for 2 hours to a final
weight of 89.2 g. The pyrolyzed material was ground and
sieved to below 250 um. The reagents used are aqueous
saturated KOH solution and HCl (both Sigma-Aldrich,
Burlington, MA, USA), and distilled water.

B. Synthesis of Activated Carbons

Banana peel powder was mixed with saturated KOH
solution at 1:1 by weight, stirred for 6 hours, then dried at
115°C. The KOH-impregnated precursor was activated at 800
W for 10, 20, 30, or 40 minutes under nitrogen. After cooling,
the product was washed with 0.1 M HCI, rinsed to pH = 7, and
dried at 115°C for 12 hours. The resulting BPAC was stored
in a desiccator for characterization.

C. Characterization

The crystalline structure of BPAC samples was analysed by
X-ray Diffraction (XRD) using a PANalytical X'Pert PRO
diffractometer (Cu Ka radiation, A = 1.5406 A, operating
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voltage 40 kV, current 40 mA). Patterns were recorded over
20 = 10°- 80° at a step size of 0.02° and a scanning rate of
2°/min. Crystallite size (D) was determined from the most
intense peak using the Scherrer equation given by (1). The
Microstrain  (¢) and crystallite size were evaluated
simultaneously using the Williamson—Hall (W—H) plot given
by (2), with regression performed by least-squares linear
fitting (R? = 0.94). Miller indices (h k 1) and d-spacings were
calculated from observed peak positions using Bragg's law,
with peak matching performed against the ICDD PDF-4+
database (JCPDS #01-049-1093). Monoclinic unit-cell

parameters were refined from the indexed reflections.
KA

= B cos 6 (1)
where K = 0.9 (Scherrer constant), A is the X-ray wavelength
(1.5406 A), B is the full width at half maximum (FWHM) in

radians, and 0 is the Bragg angle.
B cos 6 = (%'1) +4esin 8 2)

A plot of B cos 0 (y-axis) versus 4 sin 0 (x-axis) yields a
straight line; the y-intercept gives KA/D from which D is
calculated, and the slope gives the microstrain &.

The degree of graphitization and presence of structural
defects were evaluated by Raman spectroscopy using a Horiba
LabRAM HR Evolution spectrometer (532 nm diode laser
excitation, laser power 1 mW at sample, 50x objective,
spectral resolution 1 cm™, acquisition time 30 s, 3
accumulations). Spectra were recorded over 800-3200 cm™'.
Structural disorder was quantified by the intensity ratio of the
D-band (~1350 cm™, disordered carbon) to the G-band (~1580
cm™!, graphitic Eag mode), denoted ID/IG. The second-order
2D (~2700 cm™) and D+G (~2900 cm™) combination features
were also analysed.

III. RESULTS AND DISCUSSION

A. X-ray Diffraction (XRD) Analysis

Fig. 1 shows the XRD patterns of carbonized banana peel
and banana peel-derived activated carbon (BPAC) prepared
by microwave-assisted KOH activation at 800 W for 10, 20,
30, and 40 min. The diffraction patterns reveal a progressive
evolution in the crystalline structure of the activated carbon
with increasing activation time. The carbonized precursor
exhibits broad, low-intensity diffraction features characteristic
of predominantly amorphous carbon. Following KOH
activation, the diffraction peaks become progressively sharper
and more intense, indicating improved crystallinity and
graphitic ordering [13]. The 10 min sample remains largely
amorphous, whereas the 20 min sample exhibits noticeable
peak sharpening, suggesting the onset of structural ordering.
More pronounced crystalline reflections emerge after 30 min
of activation, while the 40 min sample displays the highest
peak intensity and the narrowest diffraction features,
indicating the greatest degree of long-range crystallographic
order among the investigated samples.
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Fig. 1. XRD patterns for Carbonized Banana Peel and BPAC activated at 10, 20, 30, and 40 minutes at 800 W. Peak labels
are indexed to a monoclinic K-COs phase (ICDD PDF #01-049-1093) and a turbostratic carbon phase.

To ensure accurate peak assignment, the reflections
observed at approximately 29.57° and 29.91° (20), together
with the associated (011), (020), (111), and (120) reflections,
were indexed to the monoclinic K2COs phase (ICDD PDF No.
01-049-1093; space group P2/c;a =373 A, b=6.04 A, c =
7.25 A, B = 86.8°), which forms from residual potassium
species generated during KOH activation [14]. This
assignment is consistent with the presence of non-zero off-axis
reflections, whereas turbostratic carbon typically exhibits only
broad (002) and (100) diffraction bands. In addition, the broad
diffraction hump centred near 25-26.5° (20), corresponding to

the turbostratic (002) stacking reflection, becomes
progressively more intense with increasing activation time,
confirming enhanced graphitic  ordering alongside

crystallization of the residual K-COs phase.

The observed structural evolution is consistent with the
established activation mechanism of KOH. During microwave
heating, KOH functions as both a dehydrating and activating

agent, promoting the removal of oxygen- and hydrogen-
containing functional groups while simultaneously generating
extensive micro- and mesoporosity. These processes facilitate
the rearrangement of carbon atoms into increasingly ordered
graphitic domains, thereby improving the overall crystallinity
of the activated carbon.

The crystallite size and lattice microstrain were evaluated
using Williamson—Hall (W-H) analysis. As summarized in
Table 1, the linear regression yielded an excellent correlation
coefficient (R? = 0.94), confirming the reliability of the fitted
model. The calculated average crystallite size of 20.5 = 0.6 nm
indicates the formation of relatively small but well-developed
crystalline domains that are favourable for applications
requiring high surface area and efficient ion transport [15].
The corresponding microstrain value of 0.00160 suggests
minimal lattice distortion, implying improved structural
stability and reduced charge-carrier scattering within the
graphitic framework [15].

Table I. Williamson-Hall parameters and calculated crystallite size and microstrain for BPAC at 40 minutes. Linear
regression R? = 0.94. Crystallite size uncertainty estimated from the standard error of the W-H y-intercept.

K A(A) Peak Position FWHMPB(°) x-axis y-axis Intercept Crystallite Size Micro-
20 (°) 4sinf Bcosh — k2 D (nm) strain (&)

09 1.5406 19.01 0.4079 0.6606 0.0070 0.0068 20.5+0.6 0.00160
29.57 0.5850 1.0206 0.0099
29.91 0.2547 1.0321 0.0043
38.41 0.6021 1.3159 0.0099
39.58 0.4333 1.3544 0.0071
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The indexed diffraction peaks and corresponding d-
spacings are presented in Table II, while the refined
monoclinic unit-cell parameters of the K-COs phase are listed
in Table III. The refined lattice constants show excellent
agreement with the ICDD reference data, providing further
confidence in the crystallographic indexing and phase
identification.

Table I1. Miller indices (monoclinic K2COs phase, ICDD
PDF #01-049-1093) and calculated d-spacings from

Bragg's law.
Peak Position Miller Indices d-spacing
(26, %) (hk 1) &)
19.01 011 4.66
29.57 020 3.02
2991 111 2.98
38.41 120 2.34
39.58 120 2.28

Table III. Refined monoclinic unit-cell lattice parameters

for BPAC at 40 minutes.
A b [¢ B Unit Cell Volume
A) A) A &) (A%
3.73 6.04 7.25 86.8 162.5

The progressive increase in crystallinity with activation
time has important implications for the potential
electrochemical performance of BPAC. Improved structural
ordering is generally associated with enhanced electron
transport, more efficient ion diffusion pathways, and increased
charge-storage capability. Similar trends have been reported
for alkali-activated biomass-derived carbons, where
increasing activation severity promotes graphitic ordering and
consequently improves the physicochemical properties of the
resulting activated carbon materials [16-17].

B.  Raman Spectroscopy Analysis

Raman spectroscopy was employed to investigate the
evolution of local structural ordering and defect density within
the activated carbon framework. All spectra were recorded
over the range of 800-3200 cm ™ and contain the characteristic
first-order D (~1350 cm™) and G (~1580 cm™") bands together
with the second-order 2D (~2700 cm™) and D+G (~2900
cm™) features. Variations in the ID/IG ratio provide valuable
information regarding the balance between graphitic ordering
and structural disorder during microwave activation.

1) Carbonized precursor

Fig. 2 shows the Raman spectrum of the carbonized
precursor before KOH activation. Broad D and G bands of
comparable intensity (ID/IG = 1.0), together with the absence
of a distinct 2D band, indicate a highly defective turbostratic
carbon structure typical of biomass chars produced at
relatively low graphitization temperatures [18]. The high
density of structural defects reflects the presence of disordered
sp?> domains interrupted by oxygen-containing functional
groups.
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Fig. 2. Raman spectrum of (a) carbonized banana peel at 800

W (no KOH activation). Broad D and G peaks of near-equal
intensity (ID/IG = 1.0) and absence of a 2D band indicate a
highly defective, amorphous turbostratic carbon structure.

2) 10 min activation

Following 10 min of microwave activation (Fig. 3), the D
and G bands become slightly sharper, and a weak 2D shoulder
emerges. Although the ID/IG ratio increases slightly (=1.1-
1.2), indicating that substantial disorder remains, the
appearance of the 2D feature suggests that local graphitic
domains have begun to develop. At this stage, microwave
activation primarily removes volatile heteroatoms and
initiates defect annealing while pore formation proceeds
rapidly [19].
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Fig. 3. Raman spectrum of (b) BPAC activated at 800 W for

10 minutes. Sharper D and G peaks (ID/IG = 1.1-1.2) with a

weak 2D shoulder suggest early-stage structural ordering, as
significant disorder persists.

3) 20 min activation

The spectrum of the 20 min sample (Fig. 4) exhibits a
marked reduction in the ID/IG ratio to approximately 0.9,
together with a well-defined symmetric 2D band. These
changes indicate increasing graphitic ordering and growth of
sp? carbon domains. The reduction in structural disorder
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suggests that carbon atom rearrangement
dominates over defect generation during
activation [20].
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Fig. 4. Raman spectrum of (c) BPAC activated at 800 W for
20 minutes. ID/IG = 0.9 with a distinct, symmetric 2D peak
signals the onset of medium-range graphitic order.

0500

4) 30 min activation

The greatest degree of local graphitic ordering is observed
after 30 min of activation (Fig. 5), where the minimum ID/IG
ratio (=0.75), narrow G band, and strong 2D intensity
collectively indicate the formation of large, coherent graphitic
domains. This activation period appears to provide the
optimum balance between defect healing and carbon removal,
producing the highest local structural order within the series

[11].

1.2F

T T

T T T
[Activated Carbon at 800 W for 30 minutes]-
1550
|

—_
(=]
T

2436 E

694
1

o
0

o
=)

o

Intensity (a.u.)
i~

1000 1500 2000 2500 3000

Wavenumber (cm~1)

Fig. 5. Raman spectrum of (d) BPAC activated at 800 W for
30 minutes. ID/IG = 0.75 with a narrow G band and strong
2D intensity indicates the largest, most coherent graphene

domains, which is the optimal local graphitic ordering in this

series.
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5) 40 min activation

Prolonging the activation time to 40 min (Fig. 6) results in
a slight increase in the ID/IG ratio to approximately 0.8
accompanied by broadening of the G band. These
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observations indicate that prolonged microwave exposure
begins to generate new edge defects through over-etching of
the carbon framework. Nevertheless, the relatively strong 2D
feature demonstrates that the graphitic domains remain largely
preserved despite the increase in local disorder [21-23].
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Fig. 6. Raman spectrum of (¢) BPAC activated at 800 W for
40 minutes. ID/IG = 0.8 with broadened G band indicates
that over-etching introduces additional edge defects without
fully degrading the graphitic domains.
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Overall, the Raman results demonstrate that microwave
activation initially promotes structural ordering through the
elimination of oxygenated functional groups and progressive
reorganization of carbon atoms into graphitic domains.
Beyond the optimum activation time, however, continued
activation preferentially erodes domain boundaries, producing
additional edge defects without substantially disrupting the
overall graphitic framework. Consequently, the 30 and 40 min
samples are expected to exhibit superior electrical
conductivity and charge-storage capability relative to the
shorter activation times.

An important observation is the apparent difference
between the XRD and Raman results. XRD identifies the
highest degree of long-range crystallographic order in the 40
min sample, whereas Raman spectroscopy indicates that local
graphitic ordering reaches its optimum after 30 min. These
findings are complementary rather than contradictory because
the two techniques probe different structural length scales.
XRD measures long-range crystallographic coherence
extending over multiple unit cells, whereas Raman
spectroscopy is primarily sensitive to local bonding
environments and edge defects at the nanometre scale.
Consequently, prolonged activation can continue to improve
long-range crystalline order while simultaneously generating
additional edge defects that slightly increase the ID/IG ratio.
This behaviour is consistent with the widely accepted two-
stage graphitization mechanism in activated carbons, where
crystallite growth and edge-defect evolution proceed semi-
independently during extended thermal activation [11], [21-
23].
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IV. CONCLUSION

In this study, XRD and Raman spectroscopy were used to
investigate the time-dependent structural and crystallographic
evolution of banana peel-derived activated carbon (BPAC)
prepared by KOH-induced microwave activation. The XRD
analysis showed a clear trend of increasing crystallinity and
graphitization with activation time, confirmed by the
emergence of characteristic diffraction peaks for ordered
carbon structures and KoCOs; (ICDD PDF #01-049-1093).
Williamson-Hall analysis of the 40-minute sample yielded a
crystallite size of 20.5 + 0.6 nm and microstrain of 0.00160
(R? = 0.94). Raman spectroscopy revealed a systematic
decrease in the ID/IG ratio from ~1.0 (carbonized) to a
minimum of ~0.75 at 30 minutes, indicating optimum local
graphitic ordering at this activation time. Prolonged activation
to 40 minutes introduced additional edge defects at domain
boundaries (ID/IG =~ 0.80) while XRD continued to show
improved long-range crystallographic order which is a
distinction arising because XRD and Raman spectroscopy
probe different length scales of structural organisation. The
30-40 min BPAC samples are expected to exhibit enhanced
electrical conductivity and electrochemical performance for
energy storage applications, providing a basis for future
electrochemical validation.
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