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Copper oxide nanoparticles (CuO NPs) possess versatile properties that make them valuable in var-
ious applications, including electronics, catalysis, sensing, and biomedical fields. However, conven-
tional synthesis routes often require high energy input, hazardous chemicals, and generate environ-
mentally problematic byproducts. In this work, CuO NPs were synthesized through an eco-friendly
green method using Mitragyna speciosa (Korth.) Havil leaf extract, whose phytochemicals function
as natural reducing and stabilizing agents. The nanoparticles were characterized using UV—visible
spectroscopy, FESEM-EDS, and XRD. The optical spectrum exhibited an absorption maximum at
~480 nm, and the corrected Tauc analysis yielded an indirect band gap of 1.57 eV. XRD analy-
sis confirmed the formation of monoclinic CuO with crystallite sizes of 82-98 nm (Scherrer and
Williamson—Hall methods), consistent with FESEM particle sizes of 50-80 nm. Antibacterial tests
revealed activity against both Escherichia coli and Staphylococcus aureus, with minimum inhibitory
concentrations (MICs) of 3.98 x 10* ug/mL and 1.00 x 10° pug/mL, respectively. These results
demonstrate that M. speciosa-mediated synthesis offers a viable, cost-effective, and sustainable ap-
proach for producing functional CuO nanoparticles, thereby supporting their potential in future envi-

ronmental and biomedical applications.

I Introduction

Nanotechnology encompasses the manipulation and en-
gineering of matter at dimensions typically below 100
nm, where physicochemical behaviors differ markedly
from those of bulk materials. At this scale, size-
dependent phenomena such as quantum confinement,
enhanced surface reactivity, and altered electronic
structures become dominant, giving rise to new op-
portunities in electronics, catalysis, sensing, energy
storage, and biomedical systems [1,2]. Metal oxide
nanoparticles possess distinctive optical, electronic, and
magnetic properties, drawing significant attention and
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extensive research. Due to these outstanding properties,
their use has been applied in several industries, such as:
electronics, cosmetic, agriculture, food, and medicine
[3,4].

Copper oxide nanoparticles (CuO NPs) are transi-
tion metal oxides that have attracted attention among
researchers due to their electrical, magnetic, optical,
and physical properties. CuO is a p-type semiconduc-
tor with a narrow bandgap (between 1.2 eV and 1.7 eV)
[5-10]. It is also useful for solar energy conversion,
photothermal applications, catalysis, field emission, gas
sensors, and photoconductive devices. CuO NPs can be
synthesized by various methods, such as hydrothermal
[11], sonochemical [12], thermal oxidation [13], ther-
mal decomposition [ 14], and precipitation [15], etc. De-
spite their effectiveness, many of these techniques re-
quire elevated temperatures, long reaction times, and/or
toxic chemicals, and may generate hazardous byprod-
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ucts. Therefore, there is increasing interest in develop-
ing environmentally benign synthetic strategies.

Plant-mediated green synthesis has emerged as a
promising alternative for fabricating CuO NPs. In such
approaches, phytochemicals derived from plant tissues
function as reducing, complexing, and capping agents,
enabling the formation of stable nanoparticles under
mild conditions. Green synthesis offers several advan-
tages: it is simple, non-toxic, low-cost, and compat-
ible with large-scale preparation, while the resulting
nanoparticles often show good stability due to surface
functionalization by plant-derived molecules [16-22].

Green synthesis has become a crucial aspect of pro-
ducing CuO NPs. According to the literature review, it
was found that various plants have previously been used
to synthesize CuO NPs, including Moringa Oleifera
[23], Gloriosa superba L. [5], Eucalyptus globoulus [7],
Couroupita guianensis [24], Ephedra alata [25], and
Solanum macrocarpon fruit [26], etc.

Mitragyna speciosa (Korth.) Havil is a tree native
to Thailand and Malaysia that thrives in moist envi-
ronments and partial sunlight. In Thailand, it is pre-
dominantly found in the southern region but can also
be cultivated successfully in the central region, includ-
ing Pathum Thani province. Previous studies have
reported that Mitragyna speciosa (Korth.) Havil ex-
hibits a range of biological activities, such as anti-
inflammatory, antinociceptive, antioxidant, and an-
tibacterial effects. Its leaf extract contains various phy-
tochemicals, including tannins, alkaloids, flavonoids,
polyphenols, saponins, and steroids [27-29]. These
constituents provide multiple functional groups (e.g.,
hydroxyl, carbonyl, and amine) capable of interacting
with metal ions and stabilizing nanoparticles.

X-ray diffraction (XRD) analysis provides essential
insights into crystallinity and microstructural param-
eters of nanomaterials. The commonly applied De-
bye—Scherrer equation estimates crystallite size from
peak broadening; however, this approach attributes the
broadening solely to size effects and does not account
for other contributions such as lattice strain, struc-
tural imperfections, or defect-induced distortions. To
obtain a more complete description of peak broaden-
ing, methods such as the Warren—Averbach approach,
Rietveld refinement, and the Williamson—Hall (W-H)
model have been developed. The W-H model incorpo-
rates crystal imperfections and assumes conditions like
uniform stress, anisotropic strain, and consistent energy
density, enabling the determination of strain, stress, and
energy density through its plot [30-32].

In this study, CuO nanoparticles were synthesized us-
ing Mitragyna speciosa (Korth.) Havil leaf extract as a
dual-function reducing and stabilizing agent. The mor-
phology, elemental composition, and optical properties
of the CuO NPs were investigated using field emis-
sion scanning electron microscopy (FESEM), energy-
dispersive X-ray spectroscopy (EDS), and UV-visible
spectroscopy, respectively. Detailed XRD peak pro-
file analysis, employing both the Debye—Scherrer and
Williamson—Hall methods, was conducted to deter-
mine the crystallite size and lattice strain. Further-
more, the antibacterial activity of the synthesized CuO
NPs against Escherichia coli and Staphylococcus au-
reus was evaluated using the broth dilution method.

I Experimental

i Materials

The copper (II) nitrate trihydrate, Cu(NOj)o (with a pu-
rity of 99.5%), was obtained from Loba Chemie. The
Sodium hydroxide (NaOH) pellets were acquired from
QREC. All the remaining chemicals have been utilized
without further modification. The experiments have uti-
lized deionized (D.1.) water.

ii Preparation of Mitragyna speciosa (Korth.)
Havil leaf powder

The Mitragyna speciosa (Korth.) Havil leaves used
in this study were grown in Pathum Thani Province,
Thailand. The collected Mitragyna speciosa (Korth.)
Havil leaves were carefully selected to ensure they were
free from bruises and insects. The collected Mitragyna
speciosa (Korth.) Havil leaves were soaked in tap water
to remove contaminants and then dehydrated at room
temperature. After that, the Mitragyna speciosa (Ko-
rth.) Havil leaves were torn into small pieces and sub-
jected to dry in a hot air oven at 50 °C for 72 h before
being finely powdered using a mortar in the laboratory.

ili Preparation of the Mitragyna speciosa (Korth.)
Havil leaf extract

Preparation of the Mitragyna speciosa (Korth.) Havil
leaf extract started with 25 grams of Mitragyna speciosa
(Korth.) Havil leaf powder dissolved in 100 ml of D.L.
water and stirred constantly using a magnetic stirrer at
60 °C for 30 min. The extracted Mitragyna speciosa
(Korth.) Havil leaf was cooled to room temperature and
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subsequently filtered through Whatman No. 1 filter pa-
per. The resultant filtrate can be used immediately or
stored at 4 °C for later use.

iv  Synthesis of CuO NPs

The general method for synthesizing CuO NPs involves
dissolving 1.0 M of Cu(NO;)2 in 100 ml of D.I. wa-
ter. Subsequently, 50 mL of Mitragyna speciosa (Ko-
rth.) Havil leaf extract was introduced to the solution
and stirred for 1 h. Subsequently, the pH was adjusted
to 8 by adding a 1 M NaOH solution. The formation
of CuO NPs could be seen as a shift from blue to green
in the admixture. The admixture was left at an ambient
temperature for 24 h. Following this duration, a visible,
dark brown residue could be observed without the use
of any optical device. The residues were acquired using
centrifugation at 6000 rpm for 15 min. Subsequently,
they were dried in a hot air oven at 105 °C for 24 h.
The dark brown residue was calcinated at 400 °C for 2
h in a muffle furnace.

v Characterization

The optical properties of the synthesized CuO NPs were
examined using a UV-visible spectrophotometer (UV-
vis, PG Instruments - Model T60) within the wave-
length spectrum of 200-1100 nm. The morphology and
element composition of synthesized CuO NPs were an-
alyzed using a JEOL-JSM7800F field emission scan-
ning electron microscope (FESEM) and Oxford X-Max
20 energy dispersive X-ray spectroscopy (EDS) com-
bined with FESEM. Additionally, the microstructural
properties of the synthesized CuO NPs were determined
using an X-ray powder diffractometer equipped with
Cu-Ka radiation (XRD, Bruker AXS - Model D8 Ad-
vance). XRD patterns were recorded with a 0.02° step
size over a 26 range of 30-90°. The analysis revealed
details about the sample’s phase, purity, crystallite size,
and lattice strain, with crystallite size and strain deter-
mined using the Scherrer equation and Williamson-Hall
plot.

vi The antibacterial efficacy of the synthesized
CuO NPs

The antibacterial efficacy of the synthesized CuO NPs
was evaluated using the conventional broth dilution
method (CLSI M07-AS8), which included monitoring

100

80

60

(chv)? (eVim)*

40 4

20 |

= T T
1 157ev 5 3 a

Absorbance (a.u.)

Energy (eV)

200 300 400 500 600 700 800 900 1000 1100
Wavelength (nm)

Figure 1: UV-vis spectrum and Tauc plot of synthesized CuO
NPs

the visible growth of microbes in agar broth. The mini-
mum inhibitory concentration (MIC) of the synthesized
CuO NPs in BHI broth was determined by a range of
dilutions from 0 mg/mL to 100 mg/mL. The bacterial
concentration was changed to 4 x 10% CFU/ml, cor-
responding to 0.5 McFarland’s standard. The control
sample was incubated in an inoculation broth for 18 h
at 37 °C. The MIC endpoint refers to the minimum in-
hibitory concentration of the synthesized CuO NPs at
which no visible growth is observed in the tubes. The
MIC values were established by measuring the optical
turbidity of the tubes both before and after incubation.

IIT Results and discussion

The UV-vis spectrum of the synthesized CuO NPs,
shown in Fig. 1, displays a maximum absorption peak
at approximately 480 nm, indicating successful synthe-
sis and surface plasmon resonance. The optical band
gap (I;) was calculated by extrapolating the linear re-
gion of the (h)? vs h plot to the point where (ah)? =
0, yielding an E; value of 1.57 eV. This value falls
within the typical band-gap range reported for nanos-
tructured CuO (1.2-1.7 eV).

The FESEM image (Fig. 2a) reveals an average par-
ticle size below 100 nm, confirming the successful syn-
thesis of CuO NPs. The elemental composition was
analyzed via EDS, with the spectrum and percentage
composition presented in Fig. 2b. The EDS results de-
tected only copper (Cu) and oxygen (O), with no impu-
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Figure 2: (a) FESEM image and (b) EDS spectrum of synthe-
sized CuO NPs

rities, verifying the purity and successful synthesis of
CuO NPs using Mitragyna speciosa (Korth). Havil leaf
extract.

Phytochemicals present in M. speciosa leaf extract
include flavonoids, polyphenols, tannins, and alkaloids.
These phytochemicals play a crucial role during CuO
nanoparticle formation as natural reducing, coordinat-
ing, capping, and stabilizing agents. Their abundant
hydroxyl, carbonyl, and amino functional groups do-
nate electrons to reduce Cu?t and form CuO nuclei,
while also coordinating with copper ions to generate
transient Cu-ligand complexes that regulate nucleation
intensity. During particle growth, these phytochemicals
adsorb onto the nanoparticle surfaces through hydrogen
bonding, van der Waals interactions, and metal-ligand
coordination, forming an organic passivation layer that
suppresses uncontrolled crystallite fusion and aggrega-
tion. This capping layer provides both steric and elec-
trostatic stabilization, resulting in a controlled size of
CuO nanoparticles [33,34].

The XRD pattern of the synthesized CuO NPs is
shown in Fig 3. The observed diffraction peaks at 32.4°,
35.5°, 38.7°, 48.8°, 53.5°, 58.3°, 61.6°, 66.2°, 68.02°,
72.4°, and 75.1°, which correspond to the (002), (-111),
(111), (-202), (112), (020), (202), (-113), (022), (-311)
and (113) planes of monoclinic CuO (JCPDS 89-2529),
respectively [35,36]. The formation of CuO can be in-
dicated by the presence of diffraction peaks between
260 = 35-39°. The average crystallite size of the syn-
thesized CuO NPs can be calculated using the Debye-
Scherrer formula as illustrated in Eq. (1):

kA
~ Bcosh
where D represents the average crystallite size in
nanometers (nm), A is the X-ray wavelength (0.15406

nm), § is the full width at half maximum (in radian),
and 6 is the Bragg angle (in degree). After convert-
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Figure 3: XRD pattern of synthesized CuO NPs

ing the FWHM values from degrees to radians and ex-
cluding reflections with extremely narrow FWHM dom-
inated by instrumental broadening, the average crystal-
lite size of the CuO NPs was found to be approximately
82.02 nm. This value is consistent with the particle size
observed in the FESEM images.

Debye-Scherrer exclusively addresses the influence
of crystallite size on peak broadening in XRD diffrac-
tions. This analysis fails to account microstructure
strains in nanocrystals, including grain boundaries,
stacking faults, triple junctions, and point defects. The
Williamson-Hall (W-H) plot is commonly used to es-
timate crystallite size and microstrain of materials.
This method represents the microstructural property
when microstrain and crystallite combined affect the
reflection broadening in the XRD pattern. The size-
dependent part relies on the 1/ cos(#), and the strain-
induced part depends on the tan(f). The presence of
both small crystallite size and microstrain results in a
differentiation of reflection broadening as a function of
tan 6 dependence. The Stokes and Wilson formula is
expressed by Eq. (2), representing the strain within the
crystals:

Bstrain = 4etand (2)

The total broadening of the X-ray diffraction peak
(Brrt) is a result of both size broadening (Ss;..) and
strain broadening (s¢qin ), Which are additive compo-
nents, as expressed in the following Eq. (3):
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Figure 4: Williamson-Hall (W-H) plot of synthesized CuO
NPs

Bhkl = Bsize + Bstruin (3)

From the Scherrer and Stokes formula, Eq. (3) can
be written as:

= 4 4
Bk Deoso | etand )
Rearranging Eq. (4) gives:
2
Bhri cosl = 5] + 4esin @ ®)

The W-H equations (Eq. 5) are represented graph-
ically with 4sin 6 on the x-axis and Spg; cos6 on the
y-axis (Fig. 4). Crystallite size is obtained from the y-
intercept, while lattice strain (¢) is calculated from the
slope of the linear fit.

The investigation reveals that the average crystallite
size is 97.85 nm, while the lattice strain within the syn-
thesized CuO NPs is determined to be 0.792 x 1073,
The crystallite sizes obtained from the Scherrer and
W-H methods are comparable, supporting the reliabil-
ity of the microstructural parameters. The presence of
a small but non-negligible lattice strain indicates that
structural imperfections and defects are present in the
CuO lattice, as expected for nanoparticles synthesized
under relatively mild conditions.

The synthesized CuO NPs revealed antimicrobial ef-
ficacy against E. coli ATCC 25922 and S. aureus ATCC
25923. The MIC values of the synthesized CuO NPs
against E. coli and S. aureus were determined to be
3.98 x 10* and 10.00 x 10* pg/mL, indicating that

high concentrations of the synthesized CuO NPs are re-
quired to inhibit bacterial growth. The study revealed
that MBC for E. coli and S. aureus was 10 x 10* pig/mL.
These results indicated that the bactericidal concentra-
tion was also relatively high, with E. coli being slightly
more susceptible to the synthesized CuO NPs than S.
aureus. This difference in sensitivity could be attributed
to the variations in cell wall structure between S. au-
reus and E. coli bacteria, with the thicker peptidogly-
can layer in S. aureus potentially providing greater re-
sistance to the action of the synthesized CuO NPs.

The antibacterial mechanism of the synthesized CuO
NPs involves several key processes. The primary mech-
anism by which the synthesized CuO NPs exert their
antibacterial effect is by generating reactive oxygen
species (ROS). When the synthesized CuO NPs en-
counter bacterial cells, they can catalyze the conversion
of molecular oxygen in the surrounding environment
into various ROS. These ROS are highly reactive and
can cause damage to bacterial cell components, includ-
ing lipids, proteins, and DNA, leading to cell death. It
is important to note that the antibacterial mechanisms
of the synthesized CuO NPs are a complex interplay
of multiple processes, and their effectiveness can de-
pend on factors such as nanoparticle size, morphology,
concentration, and the specific bacterial species targeted
[37,38]. Although activity was observed, the MIC val-
ues were relatively high, most likely due to the larger
particle size compared with ultrasmall CuO NPs. Fu-
ture work will focus on optimizing synthesis parameters
to reduce particle size and enhance activity.

IV  Conclusions

This study demonstrates a successful and environmen-
tally benign synthesis of CuO nanoparticles using M.
speciosa leaf extract, in which phytochemicals act si-
multaneously as reducing, chelating, capping, and sta-
bilizing agents. The corrected structural and optical
analyses confirmed the formation of phase-pure mon-
oclinic CuO with crystallite sizes of approximately 82—
98 nm and an optical band gap of 1.57 eV, consistent
with the nanoscale properties of CuO. FESEM obser-
vations further revealed quasi-spherical nanoparticles
(50-80 nm) with surface texturing arising from phyto-
chemical capping. The antibacterial tests revealed sig-
nificant activity against Gram-positive (S. aureus) and
Gram-negative (E. coli) bacteria. This green synthesis
method provides a sustainable and efficient alternative
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to conventional methods, thereby contributing to the de-
velopment of environmentally responsible nanotechnol-
ogy. Future work should focus on optimizing synthe-
sis conditions to further reduce particle size, improving
antibacterial performance, investigating long-term col-
loidal stability, and evaluating broader applications in
photocatalysis, sensing, and biomedical systems. The
insights gained here establish M. speciosa as a promis-
ing plant-based platform to produce green nanomateri-
als and encourage its integration into next-generation,
eco-friendly nanotechnology frameworks.
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