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This study explores the fabrication, characterization, and photodegradation efficiency of Cu-doped Co3O4 (0–50 mol%) 
incorporated into a carbon nano flake (CNF) composite for the removal of brilliant green dye. The synthesized materials 
have been analyzed using XRD, SEM-EDAX, TEM, UV-DRS, and XPS, confirming an FCC crystalline structure with 
irregular spherical grains. Under UV light irradiation, Cu-doped Co3O4and Cu-doped Co3O4@CNF achieved 91.8% and 
98.4% dye removal within 40 min. The improved efficiency is attributed to the effective role of Co3O4 nanoparticles in 
reducing electron-hole recombination, enhancing photocatalytic activity and promoting the degradation of organic pollutants 
in wastewater treatment applications. 
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Water serves as a vital necessity for all life forms 
inhabiting our planet. However, the existence of water 
pollutants poses a significant hazard to organisms 
residing in both aquatic and terrestrial environments. 
Among the myriads of environmental pollutants, dyes 
emerge as a prominent contributor to pollution, 
endangering the well-being of aquatic and terrestrial 
biota alike1. Brilliant green (BG) is a cationic dye 
generally employed as a biotic tinge, poultry feed 
additive, wound healing agent and animal drug to 
prevent the growth of intestinal parasites, fungi and 
mold2. BG dye exhibits high toxicity not only to 
humans but also to aquatic ecosystems and gram-
positive bacteria. Consequently, it is crucial to 
degrade toxic synthetic dyes such as BG before they 
are released into the environment. 

Hence, scientists have been actively involved in 
devising efficient, cost-effective, and eco-friendly 
approaches to detect and evacuate harmful dyes. Various 
physicochemical and microbiological treatment 
techniques, including photocatalysis3, nanofiltration4, 
microwave5, 6, adsorption7, electrocoagulation8, Fenton9, 
and bio methods, have been explored for the efficient 
purification water contaminated with dye molecules. 
Among these methods, photocatalysis has proven to be 
particularly effective and economical. 

A number of studies have demonstrated that 
transition metal oxide nanoparticles are effective for 
treating wastewater containing harmful dyes10-14. This 
is attributed to their expansive surface area and 
semiconductor characteristics15. Transition metal 
based materials, viz., cobalt and cobalt oxide16,17, iron 
and iron oxide18, copper and copper oxide NPs19, etc. 
have been extensively studied. Notably, Co and 
Co3O4 have showcased remarkable versatility, being 
utilized extensively as gas sensors, catalysts, 
pigments, advanced energy storage materials and 
magnetic compounds20, 21. 

A wide range of fields have shown great interest in 
cobalt oxides, which are among the most important 
transition metal oxides. Photocatalytic dye 
degradation can be achieved with cobalt oxide 
nanoparticles, which are excellent semiconductor 
materials with enough band holes22-25. As electron-
hole pairs recombine rapidly during photocatalysis, 
dye degradation is sometimes limited. To address this 
and improve the catalytic performance of these 
materials, researchers have explored doping with 
graphene, polymers, carbon, metals and carbon 
contained materials like g-C3N4, CNF and CNT. 
These additives typically modify the absorption 
spectrum of metal oxides, facilitating a shift from the 
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limited UV range to a broader visible range26, 27.  
The incorporation of metal dopants into cobalt oxide 
provides an effective method of improving and 
regulating its morphology. Advances in applications 
like the photocatalytic eviction of various pigments 
can be achieved by doping metal like Cu28, 29. 

Hence, a multitude of techniques has been 
documented in this domain for the fabrication of 
Co3O4 nanoparticles, encompassing sol-gel, thermal 
decomposition, reduction/oxidation routes, chemical 
spray pyrolysis, hydrothermal, microemulsion, hard 
templating, solvothermal, mechanochemical, 
chemical combustion methods and metal-organic 
chemical vapour deposition30. Each of these physical 
and chemical methods requires specific 
instrumentation and often entails harsh conditions. 
However, we present a simple precipitation method 
that offers greater ease, simplicity, and effectiveness 
in synthesizing Co3O4 nanoparticles. 

In this study, we propose the development of 
photocatalysts by doping various concentrations of 
copper onto cobalt oxide nanoparticles. All the 
materials are prepared by a simple co-precipitation 
method. These nanoparticles were then supported by 
CNF particles. The structural, morphological, and 
elemental and optical properties were examined using 
XRD, SEM-EDAX, TEM, UV-DRS, and XPS. 
Moreover, we carried out a comprehensive 
examination of the catalytic performance of the 
produced materials, considering diverse parameters 
including pH, time, dosage, and concentration of dye. 
These results lay the groundwork for future 
investigations into the economical synthesis and 
application of nanomaterials for dye eviction via 
photodegradation. 

 
Experimental section 

Cobalt acetate tetrahydrate (Co(CH3COO)2·4H2O), 
copper sulphate pentahydrate (CuSO4.5H2O), Urea 
(CH4N2O), Glucose (C6H12O6), double distilled water, 
sodium hydroxide (NaOH) and brilliant green dye. 
This study utilized high-purity analytical-grade 
chemicals. 

 
Fabrication of Co3O4 nanoparticles 

Cobalt oxide nanoparticles were fabricated through 
a straightforward soft chemical technique. Initially,  
a 0.1 M solution of (Co(CH3COO)2·4H2O) (100 mL) 
was stirred for minimum 20 min. To this copper 
acetate solution, a 0.2 M of NaOH (100 mL) and  
10 mL of CTAB solution was added, and then 

continuously mixed for 3 h. A light reddish precipitate 
formed, which was extensively rinsed with a 9:1 (v/v) 
water/ethanol solution to eliminate any contaminants. 
The obtained residue was dehydrated at 80°C for 
about 1 h, and then calcined at 400°C for 5 h to 
remove hydroxyl groups, ultimately yielding the final 
product. For the preparation of doped nanoparticles, a 
similar process was used, with the addition of 
(CuSO4·5H2O) at concentrations of 10 to 50 mol% 
alongside (Co(CH3CO2)2·4H2O). The materials were 
named as Co3O4 doped with 10 mol% Cu(CuCo1), 
Co3O4 doped with 20 mol% Cu (CuCo2), Co3O4 
doped with 30 mol% Cu (CuCo3), Co3O4 doped with 
40 mol% Cu (CuCo4) and Co3O4 doped with 50 mol% 
Cu (CuCo5)26. The flow chart to prepare Cu-doped 
Co3O4 nanoparticles is shown in Fig. 1. 

 
Preparation of carbon nano flake (CNF) particles 

Glucose and urea in a 1:1 ratio were dispersed in 
water and mixed well at 50°C for about 10 min until a 
gel-like substance formed. The formed gel was 
introduced into a furnace maintained at 500°C, 
producing a black, porous foam-like material. The 
foam was then finely crushed to get refined powder of 
carbon nano flake (CNF) particles, which were later 
used for the synthesis of metal doped nanocomposite 
material26. 

 
Preparation of Cu-doped Co3O4@CNF nanocomposite 

A facile co-precipitation technique was  
employed to synthesize Cu-doped Co3O4@CNF 
nanocomposites. Solutions of 0.07 M 
(Co(CH3COO)2·4H2O) and 0.03M CuSO4·5H₂O, each 
in 100 mL volumes, were prepared independently and 
then combined in a 500 mL beaker. The mixture was 
stirred for 20 min on a stir plate, during which 10mL 
of CTAB surfactant solution was introduced. After 
adding the CNF particles, stirring continued for  
15 min more. Subsequently, a 0.04 M sodium 
hydroxide solution was gradually added with 
continuous stirring, which was maintained for an 

 
 

Fig. 1 — Flow chart to prepare Cu-doped Co3O4 nanoparticles 
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additional three hours. The resulting black precipitate 
was thoroughly washed with water/ethanol to 
eliminate impurities. The obtained material was first 
dried in an oven at 80°C, followed by calcination at 
300°C for five hours to eliminate OH radicals, 
ultimately producing the final compound identified as 
40 mol% Co3O4@CNF (CuCo4@CNF)26. 

 
Characterization of prepared photocatalysts 

The crystalline structure of the synthesized material 
was analysed using Powder XRD with a Bruker D8 
Advance ECO system equipped with CuKα radiation 
(λ = 1.54056 Å). The surface morphology was studied 
through SEM using a ZEISS-EVO 18, while the 
atomic composition and purity were assessed via  
XPS using a PHI 5000 Versa Probe III. UV-Vis 
diffuse reflectance spectroscopy (DRS) measurements 
were performed using a Shimadzu UV-2450 
spectrophotometer, whereas the degradation 
efficiency of the solutions was evaluated with a 
Shimadzu UV-1800 spectrophotometer. Additionally, 
a Heber multi-lamp photoreactor (model HML-MP 
88) emitting at 365 nm was used to facilitate the 
decomposition of organic contaminants26. 
 
Photocatalytic degradation of BG dye using synthesized 
catalysts 

The effectiveness of the synthesized photocatalysts 
in degrading BG dye was assessed using a Heber 
multi-lamp photoreactor. In the degradation study,  
50 mg of the catalyst was introduced into 100 mL  
of a 10 ppm BG dye solution contained in a  
200 mL beaker. To confirm adsorption-desorption 
equilibrium, the mixture was continuously stirred in a 
dark environment for 30 min before initiating the 
photocatalytic reaction. The degradation process was 

then carried out in a reaction chamber under UV light 
exposure. To monitor the concentration changes of 
BG, approximately 3 mL of the reaction mixture was 
collected every 5 min, followed by centrifugation. 
The change in absorbance at 625 nm was monitored 
using a UV-visible spectrophotometer to track the 
degradation process. After the irradiation period, the 
catalyst was recovered and analyzed to evaluate its 
stability. The extent of dye removal was determined 
using the corresponding degradation formula outlined 
in Eq. (1)31. 
 

% of dye degradation = (Co – Ct) / (Co) X 100  …(1) 
 

In this context, Co refers to the initial 
concentration, while Ct represents the dye solution 
concentration at a specific time t. 

 
Results and Discussion 
 

Characterisation of the nanocomposites 
Analyses of X-ray diffraction were carried out on 

prepared nanoparticles to investigate their crystalline 
structure. Fig. 2a shows the XRD pattern obtained on 
Cu doped Co3O4.The Co₃O₄ displayed sharp, narrow 
peaks at 2θ angles of 18.90, 31.14, 36.68, 38.51, 
44.68, 55.75, 59.31, and 65.10, correlate to the 
diffraction planes (111), (220), (311), (222), (400), 
(422), (511), and (440). It is evident from these peaks 
that the material satisfies to the Fd3m space group and 
has a FCC spinel structure. A diffraction peak from 
CoO or any other phase is not observed, thus 
confirming that phase-pure Co3O4 is formed. In 
accordance with the JCPDS No. 76-1802 standard, 
this approach is appropriate32.Therefore, it can be 
inferred that Cu ions are directly incorporated into the 
Co3O4 lattice without disrupting its crystal structure. 
However, in the CuCo5 sample, an additional peak 

 
 

Fig. 2 — X-ray diffraction patterns of (a) pure Co3O4 and various amount of Cu doped Co3O4 and (b) CNF, CuCo4 and CuCo4@CNF
nanocomposite 
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appeared, possibly suggesting the presence of excess 
copper at higher concentrations. The average 
crystallite size was measured using Debye-Scherrer’s 
Eq. (2).  
 

D= K λ / β cos θ     …(2) 
 

Here, λ represents the wavelength, β denotes the 
full width at half maximum (FWHM), and θ is the 
diffraction angle. The average crystallite sizes for 
pure Co3O4, CuCo1, CuCo2, CuCo3, CuCo4, and 
CuCo5 were determined to be 7.31 nm, 12.92 nm, 
11.07 nm, 5.28 nm, 10.19 nm, and 7.31 nm, 
respectively. Sharp diffraction peaks were observed in 
Fig. 2a for all synthesized materials. However, in Fig. 
2b, slightly broader peaks appeared in CuCo4@CNF, 
suggesting that Cu-doped Co3O4 is distributed on the 
surface of the carbon nanoflakes, leading to reduced 
peak intensity. The medium crystallite size of the 
synthesized CuCo4@CNF was found to be 12.72 nm. 

SEM coupled with EDS was employed to analyse 
the surface pattern of pure Co3O4, pure CNF, as well 
as various percentages of Cu-doped Co3O4 and  
Cu-doped Co3O4@CNF nanocomposites and the 
images were illustrated in Fig. 3(a-i).  

SEM analysis of the samples revealed that they 
have evenly distributed irregular sphere shaped 
grains. There was no difference in the morphology of 
all samples, but some nanocomposites exhibited 
agglomeration, likely since smaller particles clustered 
together31. The thin, flake-like structure of CNF is 
clearly shown in Fig. 3(g-h). The thin, flake-like 
structure of CNF is distinctly visible in Fig. 3 (g-h). In 
Fig. 3 (i), SEM images of the Cu-doped Co3O4@CNF 
nanocomposite illustrate the distribution of Cu-doped 
Co3O4 nanoparticles across the flake-like matrix of 
CNF particles. 

Quantitative chemical composition analysis 
through EDAX for pure Co3O4, CNF, and different 
ratios of Cu-doped Co3O4 and Cu-doped Co3O4@CNF 
nanocomposites confirmed the evenly distribution of 
Cu, Co, O, and C elements (Fig. 4). Additionally, 
colour mapping analysis of the CuCo4@CNF 
nanocomposite demonstrated the even dispersion of 
atoms across the surface of the CNF-based 
nanocomposite. Additionally, the weight percentages 
of copper, cobalt, oxygen and carbon in all the 
synthesized nanoparticles were determined through 
EDAX analysis. It is shown in Table 1. 

 
 
Fig. 3 — SEM photographs of (a) Pure Co3O4, (b) CuCo1, (c) CuCo2, (d) CuCo3, (e) CuCo4, (f) CuCo5, (g) Pure CNF (1µm),
(h) Pure CNF (200nm), and (i) CuCo4@CNF 
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Fig. 5 shows the transmission electron microscopy 
(TEM) analysis of the CuCo4@CNF, which reveals  
well-dispersed nanoparticles with an average size of 
7.64 nm, as observed in both high- and low-
magnification. The selected area electron diffraction 
(SAED) pattern confirms the polycrystalline nature of 
the material, with distinct crystalline rings 
characteristic of copper-doped cobalt oxide phases, in 
line with previous studies on such nanostructures.  

The particle size distribution is relatively narrow, with 
most particles ranging from 6–9 nm, suggesting 
effective control during synthesis and potential for 
enhanced catalytic activity. The overall results 
indicate that the copper and cobalt oxides are 
successfully doped and uniformly anchored on the 
CNF matrix. 

Fig. 6 presents the XPS spectra of the 
CuCo4@CNF nanocomposite. As illustrated in  

 
 

Fig. 4 — (a) EDAX of CuCo4@CNF, (b) Detailed colour map of CuCo4@CNF, Colour mapping image of, (c) CuCo4@CNF,
(d) Carbon element, (e) Oxygen element, (f) Cobalt element and (g) Copper element 
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Fig. 6a, the patterns indicate the occurrence of C, O,  
Cu and Co. Fig. 6b presents two significant peaks  
in the O 1s spectrum: the peak at 529.5 eV  relates  to  
surface-adsorbed oxygen, while the peak at 531.2 eV 
is attributed to metal-O bonds33, 34. The XPS spectra 
of the Cu 2p core level for the nanocomposites are 
indicated in Fig.6c. In Fig. 6c, the Cu 2p core level 
XPS spectrum of the doped sample exhibits Cu 2p 

signals at 933.8 eV and 954 eV, relating to Cu 2p3/2 

and Cu 2p1/2, respectively. Further, peaks at 942.3 eV 
and 962.4 eV are linked to strong Cu2+ satellite 
signals35. Fig. 6d illustrates the Co 2p spectrum, 
where peaks at 780.1 eV and 795.5 eV relate to Co 
2p₃/₂ and Co 2p₁/₂, respectively. These peaks can be 
further deconvoluted to reveal the Co³⁺ state at 786.3 
eV and the Co²⁺ state at 803.8 eV36, 37. Additionally, 

Table1 — Elemental detailing of prepared materials 

S. No Name of the sample 
Cobalt (Co) Copper (Cu) Oxygen (O) Carbon (C) 

Wt (%) At (%) Wt (%) At (%) Wt (%) At(%) Wt (%) At (%) 
1 Pure Co3O4 75.9 46.1 - - 24.1 53.9 - - 
2 CuCo1 64.9 37.5 7.7 4.1 27.4 58.3 - - 
3 CuCo2 58.4 34.0 14.4 7.8 27.2 58.2 - - 
4 CuCo3 58.2 38.0 21.5 13.0 20.4 49.0 - - 
5 CuCo4 42.6 24.3 28.4 15.0 28.9 60.7 - - 
6 CuCo5 37.0 21.9 36.5 20.1 26.5 58.0 - - 
7 Pure CNF - - - - - - 100.0 100.0 
8 CuCo4@CNF 38.1 17.5 23.3 9.9 26.0 37.9 44.0 12.7 

Note: Wt* (Weight), At* (Atomic) 
 

 
 

Fig. 5 — (a-b) TEM image of CuCo4@CNF, (c) SAED pattern of CuCo4@CNF and (d) histogram of CuCo4@CNF 
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Fig. 6e highlights the binding energies for C 1s, 
originating from the CNF particles. 

The optical characteristics of the synthesized 
materials were analyzed through UV-DRS 
spectroscopy, as illustrated in Fig. 7. These 
characteristics provide valuable information on 
magnetic excitations, impurity levels, and related 
phenomena38. The Eg of the prepared photocatalyst 
was found out by Tauc’s Equation as follows. 
 

αhν = A (hν − Eg)n     …(3) 
 

Here, Eg represents the bandgap, hνh\nuhν denotes 
the photon energy, and A is a constant used in the 
calculation. The parameter n defines the type of 
electronic or optical transition occurring within the 
material, with possible values of 1/2, 2, 3/2, or 332, 39. 
The bandgap Eg values were determined from the 
plots of (αhν)1/2 versus hν, yielding 2.17 eV, 2.15 eV, 
2.14 eV, 2.12 eV, 2.09 eV, 2.11 eV, and 2.06 eV for 
Pure Co3O4, CuCo1, CuCo2, CuCo3, CuCo4, CuCo5, 
and CuCo4@CNF, respectively. It was observed that 
the bandgap underwent a slight shift due to the 
influence of Cu concentration, with the maximum 
bandgap occurring at 0% and 50 Mol% of Cu 
concentration. This behaviour is attributed to the 
distortion induced by Cu ions, which create impurity 
energy levels within the bandgap of Co3O4

40, 41. 
 

Photocatalytic performances of the nanocomposites 
The catalytic performance of all synthesized 

nanocatalysts was evaluated by monitoring the 

decolourization of BG dye under UV light 
illumination, as shown in Fig. 8. The study was 
conducted under controlled conditions using a  
100 mL BG dye solution with a concentration of  
10 ppm at pH 9, with 50 mg of catalyst. As the dye 
solution remained under UV light illumination for an 
extended period, the absorption peak reduced from 
625 nm to 565 nm. The photo removal of BG dye was 
carried out using Cu-doped Co3O4 and its composite 
with CNF. The degradation efficiencies were as 
follows: Pure Co3O4 achieved 72.2% within 50 
minutes, CuCo1reached 74.5%, CuCo2 achieved 
83.4%, CuCo3 reached 86.6%, CuCo4 showed 
91.8%, and CuCo5 attained 89.8% within 50 minutes, 
as presented in Fig. 8. These findings reveal that the 
CuCo4 exhibits the highest photocatalytic efficiency 
(91.8%) within 50 min. Further research is needed for 
the full decolourization of the BG dye solution, 
leading to additional experiments with CuCo4@CNF 
binary nanocomposites. 

 
Impact of CNF on the photocatalytic breakdown of BG dye 

Carbon nanoflakes significantly enrich the 
photocatalytic decolouration of dye pollutants by 
improving adsorption, charge separation, light 
absorption, and overall catalyst stability. These 
enhancements lead to higher degradation efficiency 
and more effective treatment of organic pollutant. 
CNFs can act as a support material that disperses  
the   active    catalytic  sites  (Cu-doped Co3O4)  more  
 

 
 

Fig. 6 — (a-e) XPS spectra of CuCo4@CNF nanocomposite 
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Fig. 7 — Tauc plot for all the prepared materials 
 
effectively, preventing aggregation and ensuring 
major active sites are existing for the photocatalysis. 
The small particle size of CNF increases its surface 
area and provides more active adsorption sites, which 
enhances the adherence of BG dye molecules to the 
catalyst surface. This strong adsorption brings the dye 
molecules into closer proximity with the catalytic 

sites, thereby improving charge transfer efficiency 
and facilitating their direct interaction with the 
photogenerated reactive species. Consequently, the 
degradation process is accelerated due to the reduced 
diffusion distance and enhanced pollutant–catalyst 
contact. If CNF combines with catalytic material like 
CuCo4, CNFs can create synergistic effects that 
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enhance the overall photocatalytic performance, and it 
enhances the structural stability and durability of the 
photocatalyst. The CuCo4@CNF nanocomposite 
achieved 98.4% decolourization of the BG dye 
solution within 40 min of UV light exposure, as 
depicted in Fig. 9a and 9b26. 

BG dye undergoes photocatalytic degradation 
under UV light illumination with a CNF-based 
nanocomposite, optimized by varying key factors 
such as catalyst dosage, solution pH, and dye 
concentration. The photocatalytic technique was 

optimized by adjusting the catalyst loading from 10 to 
50 mg for the BG dye, as presented in Fig. 10a. The 
decolouration percentage of BG dye by the CNF-
based nanocomposite at different catalyst doses  
(10-50 mg) for a 10-ppm dye concentration was 
studied. The photocatalytic removal of BG dye 
accelerated with the enhancing amount of catalyst.  
As more active sites became available, the 
decolouration of BG dye improved, as shown in  
Fig. 10a. In addition to producing more •OH radicals, 
the increased number of active sites on the 

 

Fig. 8 — UV-visible absorption spectra of BG dye measured using different photocatalysts under UV light illumination 
 

 
 

 

Fig. 9 — (a) UV-visible absorption spectra of BG dye using CuCo4@CNF and (b) degradation percentage of BG dye by the prepared 
photocatalysts 
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photocatalyst enhances dye degradation because these 
sites provide more locations for pollutant molecules to 
adsorb and react. A higher density of active sites 
improves the probability of interaction between the 
photogenerated charge carriers (e⁻/h⁺ pairs) and the 
dye molecules, which accelerates the generation of 
reactive oxygen species and promotes their transfer to 
the pollutants. As a result, both radical availability 
and direct surface reactions are maximized, leading to 
more efficient dye degradation. Therefore, a catalyst 
amount of 50 mg was sufficient for the degradation 
process. Increasing the catalyst weight beyond the 
optimal level either led to saturation or slightly 
hindered the degradation rate. This was because 
higher catalyst amounts caused increased turbidity in 
the solution, which reduced light penetration42. 

pH plays a critical role in photocatalytic reactions, 
as contaminated water can vary between acidic and 
basic conditions. A series of experimentations were 
carried out with pH levels between 2 to 10, as 
illustrated in Fig. 10b. The initial pH was regulated 
using hydrochloric acid for acidic range and sodium 
hydroxide for alkaline range. Enhancing the pH from 
2 to 8 led to a significant increase in degradation 
percentage under UV irradiation because pH strongly 
influences both the surface charge of the photocatalyst 
and the ionization state of the dye molecules.  
At acidic pH 2, strong protonation reduces the 
electrostatic attraction between the catalyst surface 
and the dye, limiting adsorption and radical attack. In 
contrast, at near neutral to mildly alkaline conditions 
8, the catalyst surface carries more negative charge, 
which promotes stronger electrostatic interaction with 
the cationic BG dye. This improved adsorption brings 
the dye molecules closer to the reactive sites and 
enhances the formation of •OH radicals due to higher 

availability of hydroxide ions (OH⁻) in solution. 
Together, these factors result in more efficient 
photocatalytic degradation as illustrated in Fig. 10b. 
These findings indicate that pH 8.0 is the optimal 
condition for the photocatalytically eliminating  
BG dye. 

The influence of the starting concentration of BG 
dye on the photocatalytic process was assessed by 
adjusting its concentration between 10 and 50 ppm 
under optimized conditions, as presented in Fig. 11a. 
The fixed catalyst amount maintains the same 
quantity of active sites. In the presence of high dye 
concentrations, BG molecules will accumulate on 
catalyst surfaces. However, they will be quenched as 
UV radiation excites these excited molecules. The 
quenching probability increases with higher initial 
dye concentration because more dye molecules act as 
“targets” for the photogenerated reactive, enhancing 
the likelihood of electron or radical transfer. 
However, while the initial reaction rate may be higher 
at elevated concentrations, the overall degradation 
percentage can decrease. This is because the number 
of dye molecules may exceed the available active 
sites and reactive species on the catalyst surface, and 
higher concentrations can also reduce UV light 
penetration. In contrast, at lower dye concentrations, 
nearly all dye molecules have access to active sites 
and reactive species, resulting in a higher overall 
degradation percentage despite a slower initial rate. In 
the CuCo4@CNF nanocomposite, the band gap 
decreased primarily due to the decrease in doping43. 

Under optimal conditions with UV irradiation, 50 
mg of the nanocomposites were evaluated for 
reusability under 40 min of irradiation time per cycle. 
A pulverized nanocomposite material was permitted 
to settle down by gravitational force after being 

 
 

Fig. 10 — (a) Variation of catalyst loading and (b) modification of pH 
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photocatalyzed degraded, then separated and collected 
for testing of its reusability. The reclaimed 
nanocomposites were reused five times under the 
same investigational levels. The decolouration 
efficiency of BG dye using CuCo4@CNF was 98.4% 
after the first run, 96.2% after the second run, 93.5% 
after the third run, 91.9% after the fourth run, and 
89.2% after the fifth run was shown in Fig. 11b. The 
nanocomposite exhibits better stability and maintains 
its activity after five cycles due to its robust structural 
integrity and strong interaction between the active 
nanoparticles and the supporting matrix. The support 
material prevents aggregation and leaching  
of the nanoparticles during repeated use, preserving 
the active surface sites. Additionally, the 
nanocomposite’s surface properties facilitate efficient 
charge separation and reduce photocorrosion under 
UV irradiation, allowing consistent generation of 
reactive species over multiple cycles. Together,  
these factors ensure sustained photocatalytic activity 
and reusability. Experimental results indicated a  
slight decline in the elimination percentage of BG dye 
with each recycling cycle of the nanocatalysts, 
attributed to their gradual loss of reusability.  
It is suggested that the CuCo4@CNF catalysts do not 
undergo photo erosion during photocatalytic 
degradation44. 

 
Kinetic studies 

The rate constant was found out using the Eq. 
4derived from the plot of ln (Ct/C0) Vs exposure time: 

 
ln (Ct/C0) = -kt      …(4) 
 

 
 
Fig. 12 — Kinetic fittings of BG dye decolouration with various 
catalysts. 
 
where C0 represents the initial concentration of BG 
dye, and Ct denotes the concentration at a given 
reaction time t. The kinetic plot (Fig. 12) exhibited  
a strong linear correlation coefficient (R²), confirming  
that the decolorization of BG dye by CuCo4@CNF 
under UV light follows a pseudo-first-order kinetics 
model. 

The rate constant (k) values were determined to 
0.02764 min-1, 0.02897 min-1, 0.03736 min-1, 0.03683 
min-1, 0.05134 min-1, 0.05045 min-1 and 0.07665 min-1 
for pure Co3O4, CuCo1, CuCo2, CuCo3, CuCo4, CuCo5 
and CuCo4@CNF respectively. The higher rate constant 
reflects the superior performance of the synthesized 

 
 

Fig. 11 — (a) BG dye removal at varying dye concentrations and (b) reuse potential of CuCo4@CNF nanocomposite 
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photocatalyst because it indicates faster dye degradation 
under the same conditions. This is attributed to more 
efficient charge separation, enhanced reactive species 
generation, and better accessibility of active sites. 
Consequently, the increased rate constant directly 
corresponds to improved photocatalytic activity. 

 
Photocatalytic chemistry and mechanism 

The degradation of organic dyes can be 
accomplished photocatalytically with the help of a 
photocatalytic system, which absorbs enough light 
and converts that light into reactive oxygen 
species.To investigate the contribution of various 
reactive species in the photocatalytic reaction, 
disodium ethylenediaminetetraacetate (EDTA) was 
introduced to capture holes (h+), benzoquinone (BQ) 
was used as a superoxide radical (•O2

-) scavenger, and 
isopropyl alcohol (IPA) was added to trap hydroxyl 
radicals (•OH). Notably, in the absence of scavengers, 
98.4% removal efficiency was achieved, because all 
the photogenerated reactive species are freely 
available to interact with the dye molecules. Without 
scavengers, there is no inhibition or competition for 
these species, allowing maximum electron or radical 
transfer to the pollutant. This unhindered reaction 
leads to efficient dye degradation and explains the 
observed high removal efficiency, as indicated in  
Fig. 13. The photocatalytic elimination of BG was 
reduced with IPA and EDTA, suggesting that photo 
induced holes generated during UV light absorption 
by the catalyst serves a key function in producing of 
h+ and OH-radicals. These radicals are the main 
contributors to the efficient removal of the organic 
dye molecules45, or they may be formed through the 
reaction between adsorbed H2O molecules and h+46. 

 
 

Fig. 14 — Diagrammatic illustration of the photocatalytic 
degradation mechanism of BG dye using CuCo4@CNF 
 
Plausible mechanism 

Fig. 14 shows the plausible mechanism for 
photocatalytic degradation of BG dye using CNF-
based nanocomposite materials46. The reaction 
sequences are described below: 
 

Co3O4 + Light → Co3O4 (h+
VB) + Co3O4 (e-

CB)  …(5) 
 

Co2.60Cu0.40O4-δ@CNF + Light → CNF (e-)  …(6) 
 

(e-
CB) + O2 → •O2

-     …(7) 
 

(h+
VB) + OH → •OH     …(8) 

•OH + •O2
- + BG → Degradation products  …(9) 

 

Under UV light exposure, electrons in 
CuCo4@CNF transition from the valence band (VB) 
to the conduction band (CB), leading to the generation 
of positive holes (h+) in the VB and electrons (e-) in 
the CB. The VB and CB of Co3O4/CuO facilitate the 
formation of hydroxyl (•OH) and superoxide (•O2

-) 
radicals due to the presence of strong oxidizing and 
reducing agents. It is essential to point out that CNF 
captures the photogenerated electrons, giving rise to 
the production of ROS in the CNF photocatalyst, such 
as O2 and OH radicals. In an environment of 
ultraviolet light, ROS is the major source for the 
elimination of the BG dye molecule. It may be 
possible that the CNF composite material, which has a 
lower bandgap than other synthesized materials, is 
better suited to use UV light to break down BG dye 
than other prepared samples. Consequently, the CNF 
composite has a smaller bandgap, which reduces  
the recombination proportion of holes and electrons. 
By reacting with dye molecules, ROS produces 
degradable products such as CO2 and water  
(Eqs (5-9))26, 55. The efficiency of cobalt oxide-based 
materials in the photocatalytic degradation of 
different organic dyes is presented in Table 2.  

 
 

Fig. 13 — Photocatalytic elimination of BG dye in the presence of 
scavengers using the optimized CuCo4@CNF photocatalyst 
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Conclusion 
Pure cobalt oxide, copper-doped cobalt oxide, and 

carbon nanoflake-based Co3O4 nanoparticles were 
effectively fabricated through an uncomplicated soft 
chemical approach. The prepared samples underwent 
extensive analytical characterization. The materials 
incorporating CNF displayed a distinct flake-like 
structure and outstanding optical properties, with a 
bandgap energy of 2.06 eV. These nanocomposites 
were found to be effective in wastewater purification. 
All synthesized nanomaterials were successfully 
applied to eliminate BG dye molecules from water. 
Among them, the CNF-based Cu-doped cobalt oxide 
nanocomposite exhibited higher degradation 
efficiency (98.4% within 40 min) in degrading 
brilliant green compared to pure Co3O4 and Cu-doped 
Co3O4 nanoparticles, attributed to the reduced 
bandgap and CNF having higher surface area. To 
efficiently degrade the dye, it is more beneficial to use 
lower dye concentrations and higher catalyst doses at 
the start of the process. 
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