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 Cobalt oxide nanoparticles (CoO NPs) were synthesized via green 
synthesis using Nigella sativa seed extract as a natural reducing and 
stabilizing agent. This approach enables environmentally friendly 
production of ultrafine nanoparticles while incorporating bioactive 
plant compounds. The CoO NPs were characterized using XRD, XRF, 
UV–Vis, FTIR, and TEM. XRD confirmed CoO formation with 
diffraction peaks at 2θ = 31.247°, 36.712°, 42.5°, 44.771°, 59.359°, 
61.536°, 65.227°, 74.31°, and 76.111°, which are indexed to the (100), 
(111), (200), (102), (110), (103), (220), (311), and (222) planes of face-
centered cubic (fcc) CoO. XRF showed cobalt as the main element 
(71.36 wt%) with minor P, S, K, Ca, Fe, Zn, Cu, Mn, and Ti. UV–
Vis exhibited peaks at 320 nm and 344 nm, TEM revealed nearly 
spherical particles (1.72 nm with a standard deviation of 0.55 nm), 
and FTIR confirmed Co–O bonds (700–663 cm⁻¹) along with organic 
functional groups from the extract. The formation mechanism involves 
phytochemical-mediated bioreduction, surface stabilization, and 
producing well-dispersed CoO NPs. Overall, all characterization 
techniques consistently confirm the successful formation of highly 
crystalline, pure, and well-dispersed CoO nanoparticles with 
nanoscale dimensions. The combined results demonstrate that Nigella 
sativa extract effectively acts as both reducing and stabilizing agent, 
leading to stable CoO NPs suitable for potential applications in 
catalytic and functional material systems. 
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Introduction 

Nanotechnology has emerged as a transformative research field over the past few decades, 
enabling precise manipulation of materials at the nanoscale and yielding unique physical, 
chemical, and biological properties [1]. Among various nanomaterials, cobalt oxide nanoparticles 
(CoO NPs) have attracted significant attention due to their remarkable catalytic activity [2], 
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magnetic properties [3], high electrical conductivity [4], and antimicrobial effects [5]. These 
properties make CoO NPs highly promising for applications in energy storage, electronics, 
catalysis, and biomedical devices [6]. Despite their great potential, conventional synthesis 
methods such as hydrothermal synthesis, chemical precipitation, sol–gel, and chemical wet 
methods often involve hazardous chemicals and extreme reaction conditions, posing risks to both 
the environment and human health [7, 8].  

Green synthesis has gained recognition as a sustainable and environmentally friendly alternative 
for nanoparticle production [9]. This approach utilizes phytochemicals derived from plant 
extracts as natural reducing and stabilizing agents [10], eliminating the need for toxic reagents 
while offering precise control over particle size, shape, and morphology [11]. In addition, green 
synthesis is cost-effective, safer for both humans and the environment, and allows the 
incorporation of the plant’s bioactive properties into the nanoparticles, enhancing their functional 
performance [12]. Previous studies have successfully applied green synthesis to a variety of 
nanoparticles, including zinc oxide nanoparticles [13] and silver nanoparticles [14] Nigella sativa 
seed extract. 

Nigella sativa seed, commonly known as black cumin seed, is a medicinal plant rich in bioactive 
compounds such as thymoquinone, flavonoids, and phenolics [15]. These phytochemicals act as 
efficient reducing agents for metal ions and simultaneously serve as capping molecules, 
stabilizing the formed nanoparticles and preventing excessive growth and aggregation. 
Moreover, the strong antioxidant properties of black cumin seed extract facilitate the formation 
of stable and ultrafine CoO NPs  [16]. Incorporating these natural compounds into nanoparticle 
synthesis not only promotes environmentally friendly practices but also imparts the biological 
functionality of the plant into the final nanomaterial, enhancing its overall performance and 
potential applications. 

Although green synthesis of CoO nanoparticles (CoO NPs) has been widely reported due to its 
environmental friendliness and simplicity, previous studies still show limitations in 
comprehensive characterization. Most reports focus mainly on synthesis confirmation and basic 
structural analysis, while detailed evaluation of particle size distribution, morphology, surface 
chemistry, and optical properties is often limited or not fully correlated with the role of 
phytochemical constituents. In particular, the interaction between plant-derived bioactive 
compounds and their influence on nanoparticle formation, stabilization, and surface 
functionalization remains insufficiently understood. Therefore, this study aims to address these 
gaps by employing Nigella sativa seed extract as a plant-mediated reducing and capping agent, 
with comprehensive characterization using UV–Vis, XRD, FTIR, XRF, and TEM to systematically 
evaluate the physicochemical properties, structure material, morphology, composition, and 
optical behavior of the synthesized CoO NPs. 

Experimental Method 

Black cumin (Nigella sativa) seed extract was used as a reducing agent, while cobalt(II) nitrate 
hexahydrate (Co(NO3)2·6H2O) (Merck, analytical grade) served as the precursor. The extract was 
prepared by heating 5 g of crushed seeds in 100 mL of distilled water at 80 °C for 30 min. Cobalt 
nitrate (0.2 M) was then added to the extract in a fixed precursor-to-extract ratio of 1:1 (v/v), 
which was selected to ensure sufficient availability of phytochemical reducing and capping 
agents to fully interact with Co2+ ions, thereby promoting effective reduction and stabilization 
of the formed nanoparticles. The mixture was stirred at 80 °C for 30 min, followed by aging at 
room temperature for 24 h. The precipitate was collected by filtration, dried at 80 °C for 10 h, 
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and identified as CoO nanoparticles (CoO NPs). Characterization was carried out using X-ray 
fluorescence (XRF), X-ray diffraction (XRD), ultraviolet–visible spectroscopy (UV–Vis), 
transmission electron microscopy (TEM), and Fourier-transform infrared spectroscopy (FTIR). 

 

 
 

 
Figure 1. Schematic synthesis of CoO nanoparticles (CoO NPs) using Nigella sativa extract, (a) 
extraction, (a) heating, (c) precursor addition, (d) aging, (e) filtration, and (f) drying processes. 

 
The physicochemical properties of CoO NPs were characterized using X-ray fluorescence (XRF, 
ED-XRF Horiba Scientific MESA-50), X-ray diffraction (XRD, Bruker D8 Advance, Cu Kα 
radiation, λ = 1.5406 Å, current 30 mA, and 2θ = 20-80°), ultraviolet–visible spectroscopy (UV–
Vis, Orion AquaMate 6100, 190–1100 nm), Fourier-transform infrared spectroscopy (FTIR, 
Bruker Alpha II, 600–4000 cm⁻¹, ATR ZnSe), and transmission electron microscopy (TEM, 
HT7700). Elemental composition, crystal structure, optical properties, functional groups, and 
morphology with particle size distribution were analyzed accordingly. All data were collected 
as spectra and micrographs and interpreted descriptively, with comparison to relevant literature 
to evaluate the synthesis efficiency and nanoparticle quality. 

Result and Discussion 

The characterization of cobalt oxide nanoparticles (CoO NPs) synthesized via a green route using 

Nigella sativa seed extract was performed to elucidate their elemental composition, crystal 

structure, optical properties, functional groups, and morphological characteristics. The green 

synthesis approach employing plant extract plays a critical role in nanoparticle formation 

through phytochemical-mediated reduction and stabilization processes. The characterization 

techniques applied in this study included X-ray fluorescence (XRF), X-ray diffraction (XRD), 

ultraviolet–visible spectroscopy (UV–Vis), transmission electron microscopy (TEM), and Fourier-

transform infrared spectroscopy (FTIR), as presented in Figures 2–5. 
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XRF Analysis 

Based on Figure 2, the XRF spectrum exhibits a dominant peak at approximately 6.9 keV with an 

intensity exceeding 30,000 counts, corresponding to the characteristic Kα emission of cobalt (Co). 

This result confirms that cobalt is the primary elemental constituent of the synthesized 

nanoparticles. The high intensity of the cobalt peak indicates that Co²⁺ ions derived from the 

cobalt nitrate precursor were successfully incorporated into the nanoparticle structure through a 

reduction process facilitated by phytochemical compounds present in the Nigella sativa seed 

extract. To further support this observation, the quantitative elemental composition obtained 

from XRF analysis is presented in Table 1, demonstrating that cobalt possesses the highest weight 

percentage among the detected elements. The high cobalt content further suggests that Co is the 

dominant metallic species in the system, which is consistent with the formation of CoO as the 

main phase as confirmed by XRD analysis. 

 
Figure 2. X-ray fluorescence (XRF) spectrum of CoO nanoparticles (CoO NPs) 

 

In addition to cobalt, several minor elemental signals were detected, including phosphorus (P), 

sulphur (S), potassium (K), calcium (Ca), titanium (Ti), manganese (Mn), iron (Fe), copper (Cu), 

and zinc (Zn) [9]. These elements originate from the natural mineral content of Nigella sativa seeds 

and are commonly observed in plant-mediated synthesis routes [17]. Their relatively low 

concentrations, as summarized in Table 1, indicate that they function as trace elements associated 

with the plant extract rather than contributing to the formation of unwanted crystalline 

impurities. Therefore, the XRF results confirm the elemental dominance of cobalt while reflecting 

the complex biochemical composition of the green synthesis system. 
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Table 1. XRF-derived elemental composition of CoO NPs 

Elements Concentration 

(wt%) 

X-ray Line Intensity 

Co 71.36 Kα 31059.29 

K 8.77 Kα 1651.32 

S 6.21 Kα 167.76 

Ca 4.87 Kα 124.38 

Fe 3.34 Kα 2788.14 

P 2.97 Kα 27.21 

Zn 1.30 Kα 1162.19 

Cu 0.46 Kα 415.95 

Mn 0.40 Kα 292.89 

Ti 0.29 Kα 76.59 

 

UV–Visible Spectroscopy Analysis 

UV–Visible spectroscopy was employed to investigate the optical properties and electronic 

transitions associated with the synthesized CoO nanoparticles (CoO NPs) [18]. Nigella sativa seed 

extract contains various bioactive compounds, including flavonoids, phenolic compounds, and 

quinone derivatives [19], which can act as reducing and capping agents during the synthesis 

process. These molecules possess oxygen-containing functional groups, such as carbonyl (C=O) 

and aromatic C=C groups, which are commonly involved in metal–ligand interactions and 

surface coordination [20, 21]. 

The UV–Vis spectrum of the CoO NPs shows absorption features at approximately 320 nm and 

344 nm. To better understand these features, the spectrum should be considered in comparison 

with the corresponding plant extract. In general, the observed absorption bands may be 

associated with electronic transitions originating from both the organic phytochemicals in the 

extract and their interaction with cobalt species during nanoparticle formation. The absorption 

band around 320 nm can be related to π–π* transitions of aromatic systems and n–π* transitions 

of carbonyl-containing compounds present in the plant extract, which may also participate in 

coordination with metal ions [22]. The broad feature around 344 nm may be attributed to surface-

related electronic states and possible interactions between cobalt species and capping molecules 

adsorbed on the nanoparticle surface. 



 Indonesian Physical Review. 9(2): 398-412  

403 
 

 
Figure 3. UV–Vis spectra of CoO nanoparticles (CoO NPs) 

 

The absorption peaks observed at 320 nm and 344 nm in Figure 3 are consistent with literature 

reports on CoO nanoparticles interacting with organic ligands (phenolic and flavonoid), where 

characteristic absorption bands are typically found in the ranges of 337–345 nm and 343–360 nm 

[23]. This agreement indicates that the UV–Vis spectral features obtained in this study are 

consistent with the optical properties of organically stabilized CoO nanoparticles, thereby 

confirming the successful green synthesis of CoO NPs using Nigella sativa seed extract. 

XRD Analysis 

X-ray diffraction (XRD) analysis was conducted to investigate the crystal structure and phase 

composition of the synthesized cobalt oxide nanoparticles (CoO NPs). The diffraction pattern, as 

shown in Figure 4, exhibits distinct peaks at 2θ = 31.247°, 36.712°, 42.5°, 44.771°, 59.359°, 61.536°, 

65.227°, 74.31°, and 76.111°, which are indexed to the (100), (111), (200), (102), (110), (103), (220), 

(311), and (222) planes of face-centered cubic (fcc) CoO, in good agreement with JCPDS card No. 

96-152-8839 [24-26], confirming the formation of crystalline CoO nanoparticles. The crystallite 

size was estimated using the Scherrer (Eq. 1): 

𝐷 =
𝐾𝜆

𝛽 cos 𝜃
      (1) 

where 𝐾 is the shape factor (0.9), 𝜆 is the X-ray wavelength (1.5406 Å), 𝛽 is the full width at half 

maximum (FWHM), and 𝜃 is the Bragg angle [27]. The average crystallite size obtained was 0.938 

nm, indicating the formation of highly confined crystalline domains with significant surface 

contribution, which is beneficial for electrochemical applications. 
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Figure 4. X-ray diffraction (XRD) diffractogram of cobalt nanoparticles (CoO NPs) 

 

To further elucidate the crystallographic properties of the synthesized CoO NPs, structural 

parameters including lattice constant (a), unit cell volume (Vcell), and theoretical X-ray density 

(ρXRD) were determined based on the rock-salt (NaCl-type, fcc) structure of CoO, consistent with 

the indexed diffraction pattern. The interplanar spacing (d) was calculated using Bragg’s law (Eq. 

2) and subsequently used to determine the lattice parameter through the standard cubic 

relationship. 

 

𝑛λ = 2𝑑 sin θ  (2) 

 

where λ = 1.5406 Å and n = 1 [28]. The obtained d-values were then used to determine the 

lattice parameter using the cubic relation: 

 

𝑎 = 𝑑√ℎ2 + 𝑘2 + 𝑙2                 (3) 

The average lattice parameter was calculated to be 4.29 Å, slightly higher than the 

literature values of 4.2676 Å and 4.258 Å, as reported by [29] and [30]. This deviation is likely 

related to the reduced crystallite size of the synthesized nanoparticles, which induces lattice 

distortion due to enhanced surface effects, and may also be influenced by possible lattice strain 

and defect formation, including oxygen vacancies, generated during the rapid nucleation process 

under green synthesis conditions [31, 32]. The unit cell volume for the cubic system was 

calculated using (Eq. 4): 

𝑉𝑐𝑒𝑙𝑙 = 𝑎3  (4) 

resulting in a value of 79.01 Å³. The theoretical X-ray density was determined using (Eq. 5): 

ρ𝑋𝑅𝐷 =
𝑍⋅𝑀

𝑁𝐴⋅𝑉𝑐𝑒𝑙𝑙
  (5) 
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The theoretical X-ray density was calculated using Z = 4 for the rock-salt (NaCl-type) fcc 

structure, M (CoO) = 74.93 g mol−1, and NA = 6.022 × 1023 mol−1
[33]. The obtained density was 

6.3 g/cm3, which is slightly lower than the value reported in the Materials Project database for 

cubic CoO (space group Fm3̄m, mp-19079), i.e., 6.5 g/cm3. This deviation is likely attributed to 

nanoscale effects in the synthesized material, where reduced crystallite size increases the surface-

to-volume ratio and surface energy contribution, and may also induce lattice distortion and defect 

formation, leading to an apparent modification of the X-ray density, as commonly observed in 

nanosized transition metal oxides synthesized via green routes [34]. 

Overall, the XRD results confirm that the synthesized CoO NPs predominantly crystallize in a 

well-defined fcc CoO phase. The slight variations in lattice parameter, unit cell volume, and X-

ray density, together with the presence of a weak secondary diffraction feature, further support 

the influence of nanoscale effects and defect formation induced by the green synthesis approach. 

Table 2. Structural parameters and theoretical XRD density of CoO nanoparticles (CoO NPs) 

D (nm) a (Å) vcell (Å3) vcell (cm3) ρxrd (g cm-3) 

0.938 4.29 79.01 7.901 × 10-23 6.30 

 

TEM Analysis 

The morphological characteristics of the synthesized CoO nanoparticles (CoO NPs) were 

examined using TEM at a magnification of 60,000× and an accelerating voltage of 120 kV. The 

TEM images reveal that the nanoparticles are nearly spherical in shape and relatively uniformly 

distributed, although slight agglomeration is observed. The agglomeration is commonly reported 

for metal oxide nanoparticles due to their high surface energy [35]. Particle size analysis indicates 

that the CoO NPs have diameters below 5 nm, with an average particle size of 1.72 nm and a 

standard deviation of 0.55 nm. The particle size distribution histogram shows that most 

nanoparticles fall within the 1–3 nm range, with a dominant population around 1.5–2.0 nm, 

indicating effective control over nucleation and growth during the synthesis process. 

    

(a)                                (b) 

Figure 5. (a) TEM image of cobalt oxide nanoparticles (CoO NPs) and (b) corresponding particle 

size distribution histogram 
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A comparison of the average particle size obtained in this study with previously reported CoO 

nanoparticles is presented in Table 2. reported CoO nanoparticles with an average size of 65.4 nm 

[36], while [37] and [38] reported smaller particle sizes of 14.4 nm and 10 nm, respectively. 

Notably, the CoO NPs synthesized in this study exhibit a significantly smaller average particle 

size, highlighting the effectiveness of the green synthesis approach using Nigella sativa seed 

extract. The presence of phytochemical compounds acting simultaneously as reducing and 

capping agents plays a crucial role in suppressing particle growth and preventing excessive 

aggregation, resulting in ultrafine nanoparticles. The ultrafine particle size obtained in this study 

implies a high specific surface area, which is highly desirable for various functional material 

applications, including catalysis, sensing, and electrochemical devices [39, 40]. 

Table 3. Comparison of average particle size of CoO NPs obtained from different studies 

Synthesis Methods 
Average 

Particle Size (nm) 
Ref. 

Chemical method 65.4 [36] 

Chemical/solution-based method 14.4 [37] 

Modified chemical synthesis 10.0 [38] 

Green synthesis-based Nigella sativa seed extract 1.72 This study 

 

FTIR Analysis 

FTIR spectroscopy was employed to identify the surface functional groups of the synthesized 

cobalt oxide nanoparticles (CoO NPs) and to confirm the formation of Co–O metal–oxygen bonds. 

As presented in Table 4 and Figure 6, the FTIR spectrum exhibits characteristic absorption bands 

corresponding to both residual organic moieties and inorganic metal–oxygen vibrations. The 

absorption bands observed at 2921 cm-1 and 2851 cm-1 were assigned to the asymmetric and 

symmetric stretching vibrations (vas and νs) of aliphatic -CH₂ and -CH₃ groups, indicating the 

presence of residual phytochemical compounds such as alcohols and hydrocarbons derived from 

Nigella sativa extract [41]. The band at 1708 cm-1 corresponds to C=O stretching vibration 

(ν(C=O)), typically associated with carbonyl groups in flavonoids, fatty acids, and quinone 

derivatives [42]. Meanwhile, the peak at 1020 cm-1 is attributed to C-O stretching vibration (ν(C–

O)), confirming oxygen-containing organic species on the nanoparticle surface [43]. Importantly, 

the absorption bands at 700 cm-1 and 663 cm-1 are attributed to metal-oxygen stretching vibrations 

(v1 and ν2 modes) of Co-O bonds within the cobalt oxide lattice [23]. These two distinct vibrational 

modes are characteristic of Co-O bonding in cobalt oxide systems and confirm the successful 

formation of crystalline CoO nanoparticles. 
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Figure 6. FTIR spectrum of cobalt oxide nanoparticles (CoO NPs) 

 

The coexistence of organic functional groups and Co–O vibrational modes suggests that 

phytochemical constituents act as both reducing and capping agents, thereby enhancing 

nanoparticle stability and dispersion. In particular, flavonoids, phenolic compounds, fatty acids, 

and quinone derivatives from the Nigella sativa extract are likely responsible for surface 

coordination and capping of the nanoparticles. Minor shifts in peak positions compared to 

literature values may be attributed to particle size effects, surface coordination with these organic 

ligands, and morphological variations, further supporting the successful plant extract-mediated 

reduction of stabilized CoO NPs [26, [4]. 

 
Table 4. Functional groups in the FTIR spectrum of CoO NPs 

Wavenumber (cm-1) 
Vibrational 

Mode 
Functional Group Assignment 

2921 νas (C–H) -CH₂ / -CH₃ Asymmetric stretching of 

aliphatic hydrocarbons 

2851 νs (C–H) -CH₂ / -CH₃ Symmetric stretching of 

aliphatic hydrocarbons 

1708 ν(C=O) Carbonyl group Flavonoids, fatty acids, 

quinone derivatives 

1020 ν(C–O) C-O bond Oxygen-containing organic 

compounds 

700 v1 (Co-O) Metal–oxygen bond Co–O lattice vibration  

663 V2 (Co-O) Metal–oxygen bond Co–O lattice vibration  
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Proposed Formation Mechanism of CoO NPs 

The formation of CoO nanoparticles using Nigella sativa seed extract occurs through an eco-

friendly plant extract-mediated reduction and stabilization mechanism, in which phytochemicals 

such as flavonoids, phenolic compounds, quinone derivatives, and fatty acids act as natural 

reducing and capping agents. Co²⁺ ions from cobalt nitrate are initially reduced to highly reactive 

Co⁰ species, which serve as nucleation sites for particle formation and subsequently aggregate to 

form cobalt clusters [45]. Simultaneously, the adsorption of organic molecules on the particle 

surface limits excessive growth and prevents agglomeration, yielding nanoparticles with 

controlled size. Controlled oxidation of these Co⁰ species, under mild thermal treatment and 

exposure to ambient oxygen, ultimately produces stable CoO nanoparticles, demonstrating an 

efficient and environmentally friendly synthesis route without the need for hazardous chemical 

reducing agents. 

 

Figure 7. Proposed mechanism for the plant extract-mediated reduction and stabilization of CoO 

nanoparticles mediated by Nigella sativa seed extract 

 

Conclusion 

Cobalt oxide nanoparticles (CoO NPs) were successfully synthesized via a green approach using 

Nigella sativa seed extract as a natural reducing and capping agent. XRF analysis confirmed cobalt 

as the dominant element (71.36 wt%), while TEM images revealed nearly spherical nanoparticles 

with an average size of 1.72 nm and a narrow size distribution. XRD patterns indicated a well-

defined CoO phase structure, and UV–Vis spectra showed characteristic absorption peaks at 320 

nm and 344 nm, corresponding to ligand-to-metal charge transfer and surface electronic 

transitions influenced by organic capping molecules. FTIR analysis confirmed the presence of 

organic functional groups from the extract (C=O and C–O) and Co–O bonds, demonstrating that 

phytochemicals effectively stabilized and capped the nanoparticles. The proposed formation 

mechanism involves Co²⁺ reduction to Co⁰ species, nucleation and cluster growth, surface 

capping by phytochemicals, and controlled oxidation to form stable CoO nanoparticles. Overall, 

the results indicate that green synthesis using Nigella sativa produces ultrafine, and stable CoO 

NPs with desirable physicochemical properties, providing an eco-friendly route suitable for 

applications in catalysis, electronics, and biomedical fields. 
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