; Proceedings of 8" International Conference on Mechanical Engineering and Renewable Energy 2025
2 Scikn
' 10-12 December, 2025, Chattogram, BANGLADESH

SciEn Conference Series: Engineering Vol. 4, 2026, pp 636-641 https://doi.org/10.38032/scse.2026.4.293

NiO and Co-Doped NiO Multifunctional Nanomaterials: Biogenic Fabrication for
Enhanced Photocatalytic Activity.

Shah Sadia Rahman Joya“, Md. Estabrak Ahammod Sakib, Md. Lael Hasan, Hridoy Roy, and Md.
Farhan Muskan

Department of Ceramic & Metallurgical Engineering, Rajshahi University of Engineering & Technology, Rajshahi-6204.

ABSTRACT

Biogenically synthesized NiO and Co-doped NiO nanoparticles were fabricated using Rosella fruit extract as a natural
reducing and capping agent. Structural analysis confirmed a cubic lattice with successful Co incorporation, resulting in a
reduction of crystallite size from 10.73 nm to 8.93 nm and an increase in dislocation density. SEM imaging revealed
agglomerated cubic morphologies, while EDS certified the elemental purity of Ni, O, and Co. UV-Visible spectroscopy
showed a red-shifted absorption edge and band gap narrowing from 3.15 eV to 2.72 eV, favoring electron excitation. FTIR
spectra confirmed the presence of metal-oxygen bonding and functional groups associated with the extract. Photocatalytic
testing demonstrated the enhanced performance of Co-NiO, with 95.58% degradation of methylene blue, correlating with
structural refinement and optical band tailoring. These findings demonstrate the effectiveness of Co substitution in modulating
the microstructure and optoelectronic properties of NiO nanoparticles for advanced photocatalytic applications.
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1. Introduction

Organic pollutants or dyes are among the most harmful
sources of water contamination. [1]. Several technologies
have been applied to filter water, including the use of
instruments based on inexpensive adsorbents, with a
particular focus on nano-sized metal oxide photocatalysts
[1], [2], [3]. These photocatalysts are widely studied and
used for promoting the deprivation of organic dyes, such as
Methylene Blue (MB) and Rhodamine B dye. Moreover,
metal oxide nanoparticles possess unique chemical and
physical properties that have attracted significant attention in
the field of science [4], [5].

Transition metal oxide nanoparticles, such as MnO, CoO,
FeO, CuO, ZnO, and NiO, are wide-bandgap
semiconductors. They are electrically insulating, exhibit
excellent  electrochemical  stability, and display
antiferromagnetic behavior [6], [7], which makes them
unique in science with diverse applications including Li-ion
batteries, supercapacitors, optoelectronic devices, gas
sensors, solar cells, electrochromic displays, magnetic
materials, catalysts, and biomedical devices [6], [8]. Among
them, NiO nanoparticles have gained considerable attention
due to their low cost, high durability, excellent chemical
stability, and ease of fabrication [8], [9]. In addition, NiO is
a p-type semiconductor with a wide band gap in the range of
3.6-4.0 eV, which makes it highly suitable as a catalyst [10],
[11], [12].

Doping is a common technique to enhance the properties
of pure metal oxide nanoparticles and to discover new
materials for technological applications. Transition metals
such as Mn, Fe, Ni, Ti, Cu, Co, and Zn are suitable dopants
for improving these properties [13]. Among them, Co is

particularly suitable for doping into NiO nanoparticles due
to its similar ionic radius, high solubility, and favorable
luminescence activity [8], [13].

Several methods have been used for the fabrication of
metal oxide nanomaterials, including sol-gel, hydrothermal,
solvothermal, chemical combustion, biogenic synthesis, co-
precipitation, solid-state reaction, laser-assisted chemical
methods, and microwave-assisted synthesis [7], [8], [14].
Among these, biogenic synthesis has become more popular
because it is cost-effective, eco-friendly, and non-toxic [15].
Roselle fruit (Hibiscus sabdariffa L.) has been used as a
green source during synthesis, providing flavonoids,
anthocyanins, and pectin, which act as capping and reducing
agents [16].

Previous studies have highlighted the versatile
applications of doped NiO nanoparticles. For instance, 10%
Co-doped NiO nanoparticles synthesized via co-
precipitation exhibited remarkable efficiency in wastewater
treatment [17]. Similarly, Ce-doped NiO nanoparticles (1%
and 3%) prepared by co-precipitation achieved significant
degradation of Rhodamine B dye, reaching efficiencies of
85.99% and 94.06%, respectively [5]. In another
investigation, CoxNi;-O (x = 0, 0.01, 0.03, 0.05, and 0.10)
nanoparticles were explored to reveal novel functional
properties, marking one of the first comprehensive reports in
this domain [8]. Furthermore, CoxNi;-,O (x = 0.0, 0.1, 0.2,
0.3, 0.4) nanoparticles demonstrated room-temperature
ferromagnetic behavior [18], while CoxNi;—O (x = 0, 0.03,
0.07, 0.10, 0.13, 0.15) nanoparticles exhibited distinct
fluorescence characteristics [6].

In this study, 5% cobalt (Co) was doped into NiO and
fabricated via a biogenic synthesis approach. The structural,
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morphological, and optical properties of the nanoparticles
were evaluated through X-ray diffraction (XRD), scanning
electron microscopy (SEM), and UV-visible spectroscopy,
respectively. The functional groups were identified using
Fourier transform infrared (FTIR) spectroscopy. The
primary objective of this study was to enhance the
photocatalytic activity of the nanoparticles, thereby
contributing to the mitigation of environmental pollution.

2. Experimental Details
2.1. Materials

Nickel nitrate hexahydrate (Ni(NOs),'6H:0, Purity:
98.5%, Origin: Merck, India) as a source of Ni, cobalt
chloride hexahydrate (CoCl,-6H,0, Purity: 99.99%, Origin:
Merck, Germany) as a source of Co, and NaOH hydroxide
(NaOH, Purity: 99.0%, Origin: India) were used for
producing the nanomaterials. Di-ionized water was used for
the solution formulation throughout the research. All raw
materials used in this experiment were of analytical grade.
2.2. Preparation of Nanoparticles

Green objects (Rosella fruits) were collected from the
local area of Rajshahi, thoroughly washed with distilled
water, and boiled in 250 mL of deionized water at 60°C for
30 minutes. The resulting extract was then cooled at room
temperature and filtered through Whatman No. 1 filter paper
to obtain a final solution of the extract.

During NiO nanoparticle fabrication, 100 mL of a0.5 M
nickel nitrate hexahydrate solution was prepared by
dissolving the nickel nitrate hexahydrate in deionized water.
50 mL of extract was added dropwise to the nickel salt
solution and magnetically stirred at 65 °C for 60 minutes,
resulting in a visible color change and the formation of NiO
nanoparticles. After that, the solution was centrifuged,
washed twice with a 15% ethanol solution, dried overnight
at 100°C, and then calcined at 450°C for 1.5 hours to obtain
the desired NiO nanoparticles. For Co-doped NiO
nanoparticles, 0.5M salt was taken in the section of 5% of
cobalt chloride hexahydrate (0.595 g), and 95% of nickel
nitrate hexahydrate (13.775 g) was dissolved in 100 mL of
distilled water. Following this, a similar procedure was
employed for NiO nanoparticle fabrication. In both cases, a
2 M NaOH solution was used to adjust the pH value to 10.

3. Result and Discussion
3.1. Structural Analysis

The structural properties and crystallite size of the
samples were depicted using XRD analysis. Fig. 1 represents
the structural pattern of both pure and Co-doped biogenically
synthesized NiO nanoparticles. Sharp and intense peaks
were observed within the 26 range of 30'- 80. The diffraction
peaks corresponding to the (111), (020), (022), (131), and
(222) planes confirm the formation of nanoparticles [18],
[19], [20], and indicate a face-centered cubic (FCC) structure
with space group Fm-3m (225) [8], [17], [21]. All diffraction
peaks of both pure and Co-doped NiO nanoparticles are well
indexed with the standard JCPDS card no. 96-101-0096,
with no evidence of secondary phases [8], indicating
successful substitution of Co ions into the Ni ion lattice site
without structural distortion [18], [22]. This is attributed to
the nearly identical ionic radii of the Ni ion (0.69 A) and Co
ion (0.72 A) [23].

Co-doping directed to a reduction in crystallite size,
indicating restricted lattice growth [18] as calculated by the
Debye-Scherrer equation [7].

pcosé

Where D is the crystalline size, k is the Scherrer constant
(0.98), 1 is the wavelength (1.5403 nm), 8 denotes the full
width at half maximum (FWHM) and 6 = Bragg angle. The
dislocation density of both nanoparticles was calculated
using the corresponding equation (2) [5], showing an
increase with decreasing crystallite size [5].

S= (2
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Where D is the crystallite size of the particles, and
d is the dislocation density. Table 1 summarizes all the
structural parameters of the nanoparticles.

= (111)
oSeED (020)
(022)

-

rﬁ‘;

p

.

rﬁ

t[l.‘vl)
222)

L

Co- doped NiO

Intensity (a.u.)

& ﬁ
Pure NiO
T T T T T T T T T T
30 35 40 45 50 55 60 65 70 75 80

20 (degree)
Fig.1 Structural pattern of the synthesized nanoparticles

Table 1 Structural parameters of synthesized NPs

Nanomaterials

Parameters Pure NiO | Co-doped NiO
Crystallite Size, D (nm) 10.73 8.93
Dislocation Density, 6

(x10% nm?) 86.85 125.40
Lattice Parameter (A°) 4.1790 4.1800

Cell Density (g/cm?3) 6.79 6.80

Unit Cell Volume (A3 73.03 72.78

3.2. Morphological Analysis

Surface morphology and elemental composition of the
synthesized nanoparticles were scrutinized using scanning
electron microscopy (SEM) and energy dispersive X-ray
spectroscopy (EDS). Fig. 2(a-b) shows the surface
morphology of both pure and Co-doped NiO nanoparticles,
revealing non-spherical [14], large cubic shapes with
agglomerated [6] and non-uniform particle size [5], [24].
Such agglomeration is attributed to the nanoscale crystallite
size and high surface-to-volume ratio [8], [14]. The grain
size distribution presented in Fig. 2(a-b) demonstrates a
reduction from 27.91 nm to 21.48 nm upon Co doping,
indicating the suppression of lattice growth [5], [14]. Fig.
2(c-d) depicts the EDS spectra of pure NiO and Co-doped
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NiO nanoparticles, where no extraneous peaks
corresponding to foreign elements were detected. This
analysis confirms the presence of Ni, O, and Co, verifying
the successful incorporation of Co into the NiO lattice [5].
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Fig.2 a) Morphological graph of Pure NiO, b)
Morphological graph of Co-doped NiO, c¢) EDS graph of
Pure NiO, and d) EDS graph of Co-doped NiO

3.3. Optical Analysis
The UV-visible absorption spectra of pure and Co-doped
NiO nanoparticles are presented in Fig. 3a. A strong

absorption peak at 264 nm and 268 nm, which exhibited a
red shift upon the incorporation of Co into the pure NiO
lattice structure [8]. The energy band gap of both
nanoparticles was calculated using the following Tauc
relation [25];

(ahd) = [A(hY — Eg)]" @)

Where a is the absorption coefficient, Eq is the band gap,
A is a constant, v is the transition frequency, and n assumes
values of 1/2, 3/2, 2, or 3, for direct allowed, direct
forbidden, indirect allowed, and indirect forbidden
transition, respectively. The band gap was found to decrease
from 3.15 eV to 2.72 eV (Fig. 3b), facilitating the excitation
of electrons into the conduction band [5], [26], [27]. This
reduction can be attributed to the substitution of Co ions
within the NiO lattice [6], [8]. These values are consistent
with previously reported results.

3.4. FTIR Analysis

To identify the chemical bonds and functional groups in
the synthesized nanoparticles, FTIR spectra were recorded in
the range of 4000 cm to 500 cm, as shown in Fig. 4. The
sharp absorption peaks at 573 cm™, 626 cm™, and 691 cm™
confirm the successful formation of NiO and Co-doped NiO
nanoparticles [17]. The band at 626 cm™ corresponds to
metal-oxygen stretching vibrations at the tetrahedral site,
while the peak at 573 cm™ is attributed to metal-oxygen
stretching at the octahedral sites [17]. A strong absorption
peak at 3670 cm™ is assigned to the O-H stretching vibration
[8], [21], [28], indicating the presence of hydroxyl groups
that may act as a reducing agent [17]. Additional peaks at
1496 cm™ and 1263 cm arise from the CH; stretching
vibration of aromatic compounds [5], [29] and the
asymmetric vibration of O=C=0, respectively [17], [29].
The band at 887 cm™ is associated with aromatic C-H
bending vibrations and intercalated C-O species [6], [17],
[30].
3.5. Photocatalytic Activity Analysis

Figure 5(a—b) demonstrates the photocatalytic
degradation of Methylene Blue (MB) as a function of
irradiation time. As shown, appreciable dye degradation
begins after 30 minutes, with the concentration of MB
gradually decreasing as the degradation rate increases,
accompanied by a visible lightening of the solution color.
The degradation efficiency was calculated at the
characteristic wavelength of 665 nm using the relation [17]:

Degradation (%) = L= % 100 4

Co

Where Cp and C; are the dye concentrations at the initial
and irradiation time t, respectively, the band gap energies of
3.15 eV (pure NiO) and 2.72 eV (Co-doped NiO)
expressively influenced the photocatalytic activity. The
reduced band gap in Co-doped NiO facilitated enhanced
light absorption, leading to a maximum degradation
efficiency of 95.58%, which is higher than that of pure NiO
(89.43%) [Fig. 5(a—b)]. This improvement can be attributed
to the smaller particle size of Co-doped NiO, which provides
a larger surface area and more active sites for dye adsorption
[10], [17], [31]. Upon UV irradiation, electrons are excited
from the valence band to the conduction band, leaving
behind holes. These holes interact with water molecules to
generate hydroxyl (¢OH) radicals, which act as potent
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oxidizing agents in the degradation process. The higher
density of charge carriers in Co-doped NiO promotes the
generation of more hydroxyl radicals, thereby accelerating
dye degradation [32].
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4. Conclusion

This research validated the successful bio-genic
synthesis of NiO and Co-doped NiO nanoparticles using
Hibiscus sabdariffa fruit extract. Structural analysis
confirmed a cubic lattice with a reduced crystallite size upon
Co incorporation, while optical studies revealed a narrowing
of the band gap from 3.15 to 2.72 eV. The Co-doped NiO
nanoparticles  exhibited  exceptional  photocatalytic
efficiency, achieving 95.58% degradation of methylene blue,
attributed to enhanced light absorption, smaller particle size,
and improved charge carrier dynamics. These findings
highlight the potential of biogenically synthesized Co-doped
NiO nanomaterials as cost-effective and eco-friendly
photocatalysts for wastewater treatment and environmental
remediation.
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: Dislocation density, nm

: Unit cell volume, A3
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: Transition Frequency, Hz

: Band Gap, eV
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