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Silver-modified cobalt oxide (5% Ag/Co₃O₄) nanoparticles were successfully synthesized via a simple 
and cost-effective co-precipitation method. X-ray diffraction (XRD) confirmed the formation of 
crystalline spinel Co₃O₄ with an average crystallite size of 18.01 nm. FE-SEM analysis revealed nearly 
spherical morphology, while EDS verified the successful incorporation of Ag into the Co₃O₄ matrix. FT-
IR spectra showed characteristic Co–O stretching vibrations at 668.39 and 568.89 cm⁻¹. UV–DRS 
analysis indicated an optical band gap of 3.01 eV. The photocatalytic activity of the synthesized 
nanocomposite was evaluated through degradation of Eriochrome Black T (EBT) dye under visible light 
irradiation. Under optimized conditions (pH 6, catalyst dose 1 g/L), the catalyst achieved approximately 
75% dye degradation. The enhanced photocatalytic performance is attributed to improved light 
absorption and reduced charge carrier recombination due to Ag incorporation. These findings 
demonstrate that 5% Ag/Co₃O₄ nanoparticles are an efficient and promising photocatalyst for 
wastewater treatment applications. 
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1. Introduction 

Organic contaminants have been widely released into aquatic systems 
as a result of rapid urbanization and industrialization, raising serious 
health and environmental issues. The textile, leather, paper, plastic, and 
cosmetic industries release synthetic dyes, which are especially dangerous 
among these pollutants because of their complex aromatic compounds, 
high stability, and resistance to typical biological disintegration. In 
addition to giving water bodies a vibrant hue, these dyes also block light, 
upsetting aquatic ecosystems and endangering living things by causing 
mutagenic, carcinogenic, and poisonous effects. In light of this, creating 
practical, economical, and ecologically safe methods for getting rid of these 
persistent pollutants has taken on significant research importance [1-5]. 

The capacity of semiconductor-based photocatalysis to fully mineralize 
organic contaminants into innocuous end products like CO₂ and H₂O under 
light irradiation has made it a viable advanced oxidation technique for 
wastewater treatment. The high surface-to-volume ratio, adjustable band 
gap, superior chemical stability, and robust redox potential of metal oxide 
nanomaterials have garnered a lot of interest in this subject. They are 
appropriate for a variety of uses, including as gas sensing, catalysis, 
electrochemical energy storage, optoelectronics, and environmental 
remediation, due to their dynamic electronic structure, which enables to 
display metallic, semiconducting, or insulating characteristics [6-9]. 

Co₃O₄ is one of the transition metal oxides that has been studied the 
most because of its special structural, electrical, and catalytic 
characteristics. The p-type semiconductor Co₃O₄ has a conventional spinel 
crystal structure, with tetrahedral and octahedral positions occupied by 
Co²⁺ and Co³⁺ ions respectively. Because of its mixed valence state, which 
speeds up electron transport and increases redox activity, Co₃O₄ is a useful 
material for gas sensors, lithium-ion batteries, supercapacitors, 
electrochromic devices, and heterogeneous catalysis. Furthermore, Co₃O₄ 
has a large theoretical capacity, low cost, good chemical stability, and 

environmental compatibility. Because of these characteristics, it could be 
used in photocatalytic applications [10-13]. 

However, some intrinsic disadvantages, such as the quick 
recombination of photogenerated electron-hole pairs, the comparatively 
small surface area, and the limited absorption of light in the visible 
spectrum, limit the practical photocatalytic efficacy of pure Co₃O₄. 
Numerous modification techniques, including morphological control, 
composite synthesis, and metal ion doping, have been investigated in an 
effort to get beyond these restrictions and improve its photocatalytic 
efficacy. Noble metal alteration has shown to be the most successful of 
these strategies. Because silver (Ag) nanoparticles (NPs) create a Schottky 
barrier at the metal–semiconductor interface, their incorporation into the 
Co₃O₄ matrix can greatly increase the efficiency of charge separation. 
Additionally, Ag NPs have surface plasmon resonance (SPR), which 
increases the absorption of visible light and encourages the production of 
reactive oxygen species that break down dyes. Additionally, Ag increases 
the number of active sites and promotes interfacial electron transport, 
which raises the total photocatalytic activity [14-18]. 

Co₃O₄ nanostructures have been created using a variety of physical and 
chemical techniques, including sol–gel, hydrothermal, solvothermal, 
combustion, polyol, thermal decomposition, and polymer-assisted 
synthesis. Despite the fact that these techniques yield materials with 
regulated morphology and good crystallinity, they frequently call for 
expensive precursors, high temperatures, lengthy reaction times, or 
complex equipment. As an alternative, the co-precipitation approach is a 
straightforward, inexpensive, scalable, and energy-efficient procedure 
that may generate uniform nanoparticles with a regulated composition 
under comparatively mild processing conditions. This approach is ideal for 
large-scale production and practical applications because it doesn't 
require surfactants, high pressure, or complicated experimental 
equipment [19-22].  

EBT is an anionic azo dye that is frequently used in analytical chemistry 
as a complexometric indicator and in textile dyeing. EBT is difficult to 
break down using traditional treatment techniques and lingers in 
wastewater for a long time because of its high-water solubility and stable 
azo (-N=N-) bond. As a result, it is commonly employed as a model 
pollutant to assess the photocatalytic effectiveness of recently created 
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catalysts. Highly reactive species including hydroxyl radicals (•OH) and 
superoxide radicals (O₂•⁻), which target the chromophoric groups of the 
dye molecule and cause its mineralization, are produced during the 
photocatalytic breakdown of EBT [23-25]. 

Recent research has shown that a number of operational parameters, 
including the reaction medium's pH, catalyst dose, initial dye 
concentration, and irradiation duration, have a significant impact on the 
photocatalytic efficiency of metal oxide nanoparticles. These elements 
affect the catalyst's surface charge, light penetration, adsorption–
desorption equilibrium, and reactive species production. Therefore, in 
order to maximize the degradation efficiency and comprehend the 
photocatalytic mechanism, a methodical examination of these factors is 
necessary [26,27]. 

In this study, simple co-precipitation technique has been provided for 
the economical synthesis of silver-modified cobalt oxide NPs. XRD, FE-
SEM, FTIR, EDS, and UV-DRS were used to characterize the structural, 
morphological, compositional, and optical characteristics of the 
synthesized NPs. The produced 5% Ag/Co₃O₄ NPs' photocatalytic activity 
was assessed for the destruction of EBT dye when exposed to visible light. 
The degradation kinetics were examined, and the influences of significant 
reaction parameters like pH, catalyst dosage, and beginning dye 
concentration were methodically examined. This study is novel since it 
developed a simple, surfactant-free, and financially feasible synthesis 
method for Ag-modified Co₃O₄ NPs with improved photocatalytic 
performance. This work offers important insights into how adding silver 
might enhance charge separation and photocatalytic efficiency, which 
makes the material a viable option for wastewater treatment applications. 

 

2. Experimental Methods 

2.1 Materials 

Chemicals such as sodium bicarbonate, cobalt carbonate hexahydrate, 
silver nitrate, PEG-400, and deionized water were bought from Sigma 
Laboratory in Nashik and utilized without additional purification. 

 
2.2 Synthesis of Nanomaterials 

2.2.1 Synthesis of Co3O4 NPs 

Cobalt carbonate hexahydrate was used in the precipitation process to 
create Co3O4 NPs. To create a 0.2 M concentration, the precursor was 
dissolved in 100 milliliters of deionized water. The 0.2 M NaHCO3 solution 
was gradually added while being vigorously stirred until the pH reached 
11. At 80 °C, the alkaline solution was agitated using a magnetic stirrer 
until a grey precipitate formed. Until a neutral condition was achieved, the 
resulting grey precipitate was filtered and repeatedly cleaned using 
deionized water and 100% ethanol. The cleaned precipitate was then 
dried in an oven set to 80 °C for the entire night. Lastly, to produce the 
Co3O4 NPs, the crude precipitate was calcined for three hours at 450 °C. 

 
2.2.2 Synthesis of 5% Ag-doped Co3O4 NPs 

A beaker containing pre-synthesized Co₃O₄ nanoparticles (95% Co₃O₄ 
NPs dispersed in 100 mL of deionized water) was mixed with AgNO₃ 
corresponding to 5 mol% in order to obtain 5% Ag-doped Co₃O₄ 
nanoparticles. Subsequently, 4 mL of PEG-400 was added dropwise as a 
stabilizing agent. The resulting mixture was stirred at 80 °C for 6 h. The 
obtained Ag-doped Co₃O₄ nanoparticles were then filtered, washed 
several times with deionized water, and dried overnight at 80 °C. Finally, 
the dried product was calcined at 450 °C for 3 h to obtain crystalline Ag-
doped Co₃O₄ nanoparticles. 
 

3. Results and Discussion 

3.1 Characterization Studies 

3.1.1 X-Ray Diffraction Study (XRD) 

XRD is an analytical technique mainly used for phase determination of 
a crystalline material and give knowledge about unit cell dimension. The 
analysed material is finely ground, homogenized and average bulk 
composition is determined. X-ray diffractometers contain of three basic 
elements like an X-ray tube, a sample holder and X-ray detector. The 
average crystallite size is calculated using a Debye Scherrer’s equation 
[28], D = kλ/β Cosθ, 𝐷  is the mean size of the ordered (crystalline) 
domains, which may be smaller or equal to the grain size, which may be 
smaller or equal to the particle size; 𝐾 is a dimensionless shape factor, with 
a value close to unity. The shape factor has a typical value of about 0.9, but 
varies with the actual shape of the crystallite;  λ is the X-ray wavelength; 
β  is the full width at half maximum intensity (FWHM), after subtracting 
the instrumental line broadening, in radians; and θ is the Bragg angle. 

 
Fig. 1 XRD spectrum of 5% Ag/Co3O4 NPs 

 
By using the above Debye Scherrer equation [29] and XRD graph (Fig. 

1), it has been calculated average crystallite site is 18.01 nm. In the case of 
Co3O4 NPs, the diffraction peaks observed in the Fig. 1 corresponds to the 
planes (111), (220), (311), (222), (400), (422), (511), (440), and (533). 
These planes are located at angles 2θ = 19.177, 31.424, 37.029, 38.696, 
46.322, 56.238, 59.526, 65.451, and 77.478. The observed peaks 
correspond to the pure Co3O4 phase with a zinc blende phase and match 
well with the standard JCPDS file No. 09-0418 [30]. In the case of Ag NPs, 
the diffraction peaks observed in the Fig. 1 corresponds to the planes 
(111), (200), and (220). These planes are located at angles 2θ = 38.070, 
45.057, and 65.890. The observed peaks correspond to the pure Co3O4 
phase with a zinc blende phase and match well with the standard JCPDS 
file No. 04-0783 [31]. 
 
3.1.2 Field Emission - Scanning Electron Microscopy (FE-SEM) 

Scanning electron microscopy is widely used to study the 
morphological features and surface characteristics of catalyst. The 5% 
Ag/Co3O4 nanocomposites were analysed by SEM. Fig. 2 shows sphere like 
morphology of 5% Ag/Co3O4. The agglomerates were purely due to the 
magnetic induction between the particles. 
 

 
Fig. 2 FE-SEM analysis of 5% Ag/Co3O4 NPs 

 

 
Fig. 3 EDS spectrum of 5% Ag/Co3O4 NPs 

 
3.1.3 Energy Dispersive Spectroscopy (EDS) 

The elemental composition of the synthesized 5% Ag/Co₃O₄ 
nanoparticles was examined by energy-dispersive X-ray spectroscopy 
(EDS), and the corresponding spectrum is presented in Fig. 3. The 
spectrum clearly confirms the presence of cobalt, oxygen, and silver 
without any detectable impurity peaks, demonstrating the high purity of 
the prepared sample. Quantitative analysis reveals that Co and O are the 
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major constituents with weight percentages of 71.05% and 24.77%, 
respectively, while Ag is present in a smaller amount (4.18 wt%), which is 
consistent with the intended dopant concentration. The corresponding 
atomic percentages (Co: 43.17%, O: 55.44%, Ag: 1.39%) further support 
the formation of the cobalt oxide framework with successful incorporation 
of silver. 

In the EDS spectrum, the characteristic peaks of cobalt are observed at 
approximately 6.9 and 7.6 keV, which are attributed to the Co Kα and Co 
Kβ transitions associated with Co²⁺ and Co³⁺ species in the spinel Co₃O₄ 
lattice. The strong oxygen signal appearing around 0.5 keV corresponds to 
the O Kα emission, confirming the oxide nature of the material. In addition, 
the appearance of a distinct peak at ~3.0 keV is assigned to the Ag Lα 
transition, providing clear evidence for the presence of silver in the 
modified sample. The absence of additional peaks related to other 
elements indicates that the doping process did not introduce any 
secondary phases or contaminants. 

The relative intensity of the Ag peak compared with those of Co and O 
suggests that silver is present in a low concentration and is well dispersed 
on the Co₃O₄ matrix rather than forming a separate bulk phase. Such a 
homogeneous distribution of Ag is beneficial for catalytic and surface-
dependent applications, as it can enhance the number of active sites and 
improve electron transfer characteristics. Overall, the EDS results confirm 
the successful formation of phase-pure 5% Ag/Co₃O₄ nanoparticles with 
effective incorporation of Ag into the cobalt oxide system, in good 
agreement with the nominal composition. 
 
3.1.4 Fourier Transform Infrared Spectroscopy (FTIR) 

The FT-IR spectrum of the synthesized 5% Ag/Co₃O₄ nanoparticles 
(Fig. 4) exhibits the characteristic vibrational bands of the spinel Co₃O₄ 
structure, confirming the formation of the metal–oxygen framework. Two 
prominent absorption bands are observed at 663.39 and 568.89 cm⁻¹, 
which are attributed to the intrinsic stretching vibrations of cobalt–oxygen 
bonds in the spinel lattice. The higher wavenumber band at 663.39 cm⁻¹ 
corresponds to the Co²⁺–O stretching vibration at the octahedral site, 
while the band at 568.89 cm⁻¹ is associated with the bridging O–Co–O 
vibration, typically assigned to the Co³⁺–O stretching mode at the 
tetrahedral site. These bands are the fingerprint features of Co₃O₄ and 
indicate the preservation of the cubic spinel structure after silver 
incorporation. 
 

 
Fig. 4 FTIR spectrum of 5% Ag/Co3O4 NPs 

 

3.1.5 UV-DRS Study 

The optical properties of the synthesized 5% Ag/Co₃O₄ nanoparticles 
were investigated using UV–visible diffuse reflectance spectroscopy in the 
wavelength range of 200–800 nm, and the corresponding spectrum is 
shown in Fig. 5(a). The material exhibits strong absorption in the UV 
region with a noticeable extension toward the visible region, indicating its 
ability to harvest a broad range of the solar spectrum. The observed 
absorption edge is mainly associated with the charge transfer transitions 
between O²⁻ and Co³⁺ ions in the spinel Co₃O₄ lattice. A distinct 
photoluminescence emission peak at 290 nm is observed, which originates 
from the free excitonic recombination process. The presence of emission 
in the visible region further suggests the existence of defect states and 
surface energy levels introduced by Ag incorporation, which can act as 
trapping centers for photogenerated charge carriers and thereby influence 
the recombination dynamics. Such an extended absorption behavior and 
defect-mediated electronic transitions are beneficial for photocatalytic 
and photo-assisted applications. The optical band gap energy of the 5% 
Ag/Co₃O₄ nanoparticles was estimated using the Tauc relation, and the 
corresponding plot of (αhν)² versus photon energy (hν) is presented in 
Fig. 4(b). By extrapolating the linear portion of the curve to the energy axis, 
the band gap was determined to be 3.01 eV, confirming the 
semiconducting nature of the material. The slight modification in the band 

structure compared to pristine Co₃O₄ can be attributed to the electronic 
interaction between Ag and the Co₃O₄ matrix, which leads to the formation 
of intermediate energy levels and improved charge transfer 
characteristics. This narrowing/adjustment of the band gap facilitates 
enhanced visible-light absorption and suppresses the rapid recombination 
of photogenerated electron–hole pairs, thereby improving the overall 
photocatalytic efficiency of the Ag-modified Co₃O₄ system. 
 

 
Fig. 5 (a) The UV-DRS and optical band gap spectrum and (b) TAUC plot of 5% 
Ag/Co₃O₄ NPs 

 
3.2 Photo-Degradation Study of EBT Dye using 5% Ag/Co3O4 NPs 

3.2.1 Effect of pH 

The effect of pH on the photocatalytic degradation of EBT dye using 5% 
Ag/Co₃O₄ nanoparticles was systematically investigated in the pH range 
of 2–10 at an initial dye concentration of 10 mg/L with a catalyst dosage 
of 1 g/L for an irradiation time of 60 min, and the results are presented in 
Fig. 6. The degradation efficiency was found to be strongly dependent on 
the solution pH, with the maximum removal achieved at pH 6. At highly 
acidic and alkaline conditions, a noticeable decrease in photocatalytic 
activity was observed. This variation in degradation efficiency can be 
attributed to changes in the surface charge of the catalyst, the degree of 
ionization of the dye molecules, and the generation of reactive oxygen 
species under different pH conditions. 

At lower pH values, the catalyst surface becomes positively charged due 
to protonation, which leads to reduced interaction with the dye molecules 
and limits the formation of hydroxyl radicals, thereby lowering the 
degradation efficiency. In contrast, in highly alkaline media, the excess OH⁻ 
ions may act as scavengers for photogenerated holes and hydroxyl 
radicals, resulting in a decreased photocatalytic performance. The 
enhanced degradation at near-neutral pH (pH 6) is attributed to the 
optimum electrostatic interaction between the catalyst surface and the 
dye molecules, along with efficient generation of reactive species such as 
•OH radicals. Therefore, pH 6 was considered the optimum condition for 
the photocatalytic degradation of EBT dye using 5% Ag/Co₃O₄ NPs. 
 

 

Fig. 6 Effect of pH on photocatalytic degradation of EBT dye using 5% Ag/Co₃O₄ NPs 

 

3.2.2 Effect of Initial Dye Concentration 

The effect of the initial Eriochrome Black T (EBT) dye concentration on 
the photocatalytic degradation efficiency of 5% Ag/Co₃O₄ nanoparticles 
was investigated by varying the dye concentration in the range of 5–20 
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mg/L under the optimized pH condition (pH = 6), and the results are 
presented in Fig. 7. It was observed that the degradation efficiency 
decreased with an increase in the initial dye concentration. The maximum 
degradation was achieved at the lowest dye concentration, while a gradual 
decline in photocatalytic performance was recorded at higher 
concentrations. This behavior indicates that the photocatalytic process is 
strongly influenced by the availability of active sites on the catalyst surface 
as well as the penetration of light into the reaction medium. 

At lower dye concentrations, the number of dye molecules is relatively 
small compared to the available active sites on the catalyst surface, 
allowing efficient adsorption and subsequent generation of reactive 
oxygen species for effective degradation. However, at higher 
concentrations, a larger number of dye molecules compete for the limited 
active sites, leading to surface saturation and reduced formation of 
hydroxyl and superoxide radicals. In addition, the increased dye 
concentration causes a shielding effect, which limits the transmission of 
incident light to the catalyst surface and thereby decreases the generation 
of photogenerated electron–hole pairs. Consequently, the photocatalytic 
degradation efficiency decreases with increasing initial dye concentration, 
confirming that lower dye concentrations are more favorable for efficient 
photocatalytic activity of 5% Ag/Co₃O₄ nanoparticles. 
 

 
Fig. 7 Effect of initial dye concentration on photocatalytic degradation of EBT dye 
using 5% Ag/Co₃O₄ NPs 

 

3.2.3 Effect of Catalyst Dose 

The effect of catalyst dosage on the photocatalytic degradation of 
Eriochrome Black T (EBT) dye was examined by varying the amount of 5% 
Ag/Co₃O₄ nanoparticles from 0.2 to 1.0 g/L while keeping other 
operational parameters constant, such as pH, initial dye concentration, 
and irradiation time. The results, presented in Fig. 8, clearly show that the 
degradation efficiency increases with increasing catalyst dose and reaches 
a maximum at 1.0 g/L. The enhancement in photocatalytic activity with 
higher catalyst loading is mainly attributed to the increase in the number 
of available active sites and the larger effective surface area, which 
promotes greater adsorption of dye molecules and more efficient 
generation of reactive oxygen species under light irradiation. 

At lower catalyst dosages, the number of active sites is limited, resulting 
in reduced interaction between the catalyst and dye molecules and 
consequently lower degradation efficiency. As the catalyst amount 
increases, more photons are absorbed and a higher number of electrons–
hole pairs are generated, leading to improved formation of hydroxyl and 
superoxide radicals responsible for dye degradation. However, beyond an 
optimum dosage, further increase in catalyst concentration may cause 
particle agglomeration and light scattering, which can reduce the 
penetration of light into the reaction medium and lower the photocatalytic 
efficiency. Therefore, 1.0 g/L was considered the optimum catalyst dose 
for the effective degradation of EBT dye using 5% Ag/Co₃O₄ nanoparticles. 
 

 
Fig. 8 Effect of catalyst dose on photocatalytic degradation of EBT dye using 5% 
Ag/Co₃O₄ NPs 

4. Conclusion 

Nanoparticles of 5% Ag/Co₃O₄ were successfully synthesized by a cost-
effective co-precipitation method. The structural, morphological, and 
optical properties of the prepared nanoparticles were characterized using 
XRD, FE-SEM, FT-IR, EDS, and UV–DRS techniques. The XRD results 
confirmed the crystalline nature of the material with an average crystallite 
size of 18.01 nm. FE-SEM analysis revealed that the synthesized 
nanoparticles possess a nearly spherical morphology. The successful 
incorporation of Ag into the Co₃O₄ lattice was verified by EDS analysis. FT-
IR spectra exhibited characteristic absorption bands at 663.39 and 568.89 
cm⁻¹, corresponding to Co–O and O–Co–O stretching vibrations of the 
spinel Co₃O₄ structure. UV–DRS analysis indicated an optical band gap of 
3.01 eV for the 5% Ag/Co₃O₄ nanoparticles. 

The photocatalytic activity of the synthesized catalyst was evaluated 
through the degradation of EBT dye under optimized conditions. 
Maximum degradation efficiency was achieved at pH 6 using a catalyst 
dose of 1 g/L, resulting in nearly 75% dye removal. The effects of 
operational parameters such as initial dye concentration, catalyst dosage, 
and solution pH were systematically investigated. The enhanced 
photocatalytic performance is attributed to the synergistic effect of Ag 
incorporation, which improves light absorption and suppresses the 
recombination of photogenerated charge carriers. These results 
demonstrate that 5% Ag/Co₃O₄ nanoparticles are an efficient and 
promising photocatalyst for dye degradation in wastewater treatment. 
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