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A B S T R A C T

CoOx and MnOx metal oxide composites were fabricated via co-precipitation varying the Co:Mn 
(CM) weight ratio as 4:1, 2:1, 1:1, 1:2 and 1:4, and they hydrothermally coupled with 30 wt% of 
graphene oxide (GO). XRD analysis revealed the presence of Co3O4 and CoO, and Mn2O3 and 
Mn3O4 phases in pure CoOx and MnOx metal oxides, respectively. The irregularly shaped metal 
oxide nanocomposites comprised Co3O4, Mn2O3 and Mn3O4 phases and were immobilized on GO. 
The band gap values of the composites varied in the range of 1.86 – 2.22 eV. The highest pho
tocatalytic activity with a rate constant of 3.5 × 10− 3 min− 1 was obtained with CMG (1:4). The 
total removal of MB increased by 55.8 % when CM (1:4) were coupled with GO. The rate of 
photocatalysis was dramatically increased in the presence of S2O8

2- and was decreased in the 
presence of EDTA and isopropyl alcohol. The effect of catalyst dosage was determined by varying 
the weight to 25, 50, 75, and 100 mg, and the dye concentration was varied in the range of 25, 50, 
75 and 100 mg/L. The presence of Pb2+ and Rhodamine B decreased the photocatalytic activity, 
while it remained the same in the presence of Cl- and PO4

3- as co-pollutants. The photocatalytic 
activity of CMG (1:4) was reduced to 72 % upon using the catalyst for five cycles. All the syn
thesized nanocomposites exhibited greater sensitivity to the Gram-positive strain than the Gram- 
negative strains.

1. Introduction

Untreated wastewater from residential, industrial, and commercial sources contributes to water scarcity and quality depletion in 
aquatic ecosystems. It contains pollutants like pesticides, heavy metals, pharmaceutical waste, dyes, and fertilizers (Rizvi et al., 2024; 
Iqbal et al., 2024). A wide array of technologies has been developed for dye removal from wastewater to reduce their detrimental 
environmental effects such as adsorption (Rashid et al., 2021), sedimentation (D. Stickland et al., 2008), filtration: microfiltration 
(Anis et al., 2019), ultrafiltration (Siagian et al., 2021), nanofiltration (Abdel-Fatah, 2018; Mulyanti and Susanto, 2018) and reverse 
osmosis (Trishitman et al., 2020) with different types of membranes, chemical treatment: coagulation and filtration (Zhao et al., 2021; 
Teh et al., 2016), oxidation: chemical oxidation (Ma et al., 2021), UV-assisted oxidation (Khajouei et al., 2022), sunlight based 
photocatalysis (Thambiliyagodage et al., 2022), fenton’s reagent (Bello et al., 2019), photolysis sonolysis (Patidar and Srivastava, 
2021), ozone or potassium permanganate (Wang and Chen, 2020), electrochemical: electro-oxidation (Nair et al., 2023), 
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electro-coagulation (Camcioglu et al., 2014) and electro-degradation (Saba et al., 2021), and biological treatment (Al-Tohamy et al., 
2022) including aerobic and anaerobic treatment. The advanced oxidation process (AOP) is a sustainable and viable technology for 
treating water to remove bio-recalcitrant organic pollutants and inhibit pathogen growth that conventional methods cannot effectively 
address (Hübner et al., 2024; Saravanan et al., 2021a). The principle of AOP is based on the in-situ generation of reactive oxygen 
species such as OH●, O2

-●, H2O2, and O3, which can degrade pollutants acting as potent oxidizing agents (Kumari and Kumar, 2023 
May). When interacting with organic pollutants, they produce carbon radicals, which may convert into organic peroxyl radicals (ROO) 
when combined with O2. All of the radicals undergo additional reactions that result in the generation of other reactive species, such as 
hydrogen peroxide and superoxide ions, which can cause chemical damage and, in some cases, the mineralization of water 
(Garrido-Cardenas et al., 2019). Some examples of advanced oxidation techniques are photocatalysis, Fenton, photo-Fenton, ozona
tion, and electrochemical oxidation. These techniques can efficiently remove dyes without the generation of sludge. This method uses 
different semiconductor-based photocatalysts, like iron oxide (Fe2O3, 2.2 eV) (Bhuiyan et al., 2020; Aslam et al., 2018), ilmenite 
(FeTiO3, 2.8 eV) (Subha et al., 2022), vanadium oxide (V2O5, 2.8 eV) (Ghosh et al., 2018), bismuth oxide (Bi2O3, 2.8 eV) (Dai et al., 
2014), zinc oxide (ZnO, 3.2 eV) (Roy and Chakraborty, 2021) and titanium dioxide (TiO2, 3.2 eV) (Mendis et al., 2023). These catalysts 
have been modified to improve the effectiveness of photocatalytic activity (Natarajan et al., 2018). Titanium dioxide is an effective 
photocatalyst because of its high quantum yield, stability, and low toxicity. Because of its band gap value of 3.0 eV, the activity of TiO2 
is primarily restricted to the UV region of the electromagnetic spectrum. The process necessitates using an expensive catalyst activation 
method using artificial light sources, with ultraviolet light being the most commonly used source (Garrido-Cardenas et al., 2019; 
Zawadzki, 2022). Different photocatalysts have been employed to degrade different dyes. Cu-doped TiO2/g-C3N4 (Mendis et al., 2023) 
and TiO2–Fe3O4 coupled with graphitic carbon composites (Natarajan et al., 2018) have been used to photodegradation methylene 
blue. ZnO has been used as the photocatalyst for the degradation of azo dyes (Orange II and Direct Yellow 12) (Zawadzki, 2022; 
Gouvêa et al., 2000) and some reactive dyes (Remazol Black B and Remazol Brilliant Blue R) (Gouvêa et al., 2000) under UV light. 
Furthermore, novel photocatalysts have been used for the degradation of dyes: ms-BiVO4 for the degradation of Rhodamine B and 
Methylene Blue (Guo et al., 2010), dysprosium (Dy) doped WO3 for the degradation of Rhodamine B (Liu et al., 2007), molybdenum 
oxides (Bi2MoO6 (Martínez-de la Cruz and Obregón Alfaro, 2010), Bi2Mo2O9 (La Cruz and Lozano, 2010), ZrMo2O8 and NiMoO4 

(Ghorai et al., 2008)) for the degradation of Methyl Orange, S-N/WO3 for the degradation of MB (Younas et al., 2024), ℽ-Fe2O3/ac
tivated carbon for the degradation of methyl orange (Faheem et al., 2024).

Eliminating microorganisms from water bodies is becoming increasingly popular worldwide to ensure safe and clean drinking 
water. Water can be contaminated by bacteria, viruses, and protozoans from sources like industrial sludge, urban sewage, and agri
cultural effluents (Amin et al., 2014). These water-bone pathogenic bacteria are responsible for infectious diseases and can lead to 
gastrointestinal illness outbreaks (Cabral, 2010; Pandey et al., 2014). The standard chlorine chemical disinfection is carcinogenic and 
costly, producing harmful by-products like chlorite and chlorate. Ozone and UV disinfection do not leave residual products, but ozone 
generates organic reaction products, and UV disinfection requires longer exposure times. Low-cost filtration systems like sand and 
ceramic effectively remove pathogenic bacteria and reduce COD, BOD, and TSS in wastewater. However, effluents cannot be 
considered sterile due to the presence of pathogenic microorganisms from permeation zone contamination (Al-Gheethi et al., 2018).

As discussed above, numerous metal oxides have been investigated for use as heterogeneous photocatalysts in wastewater treat
ment. Presently, many researchers have focused on the utilization of carbonaceous materials to improve the photocatalytic perfor
mance of semiconductor photocatalysis (Thambiliyagodage et al., 2020). Among them, carbon nanotubes, graphene and 
graphene‑based materials, and carbon quantum dots have been employed. However, graphene and its derivatives have become one of 
the most promising options (Jamjoum et al., 2021). Due to their excellent electronic properties, graphene and its derivatives act as 
electron sinkers and electron mediators in nanocomposite materials with metal oxide photocatalysts. They can enhance photocatalytic 
activity when the catalyst surface is covered with reaction products, preventing surface interaction with incoming pollutant molecules. 
Furthermore, graphene derivatives can narrow band gap, preventing nanoparticle agglomeration and improving photocatalytic 
effectiveness (Singh et al., 2020). Numerous studies have reported the photocatalytic degradation of Graphene oxide (GO) and reduced 
graphene oxide (rGO) nanocomposites. Rhodamine B (RhB), Methylene Blue (MB), and diphenhydramine were all efficiently degraded 
by the GO–TiO2 and rGO–TiO2 composites (Zhang et al., 2017). The BiVO4–rGO composite also demonstrated a notable amount of 
ciprofloxacin degradation activity (Shi et al., 2021). WO3–graphene composites showed efficacy against MB and RhB 
(Thambiliyagodage et al., 2020), while ZnO, in combination with GO and rGO, also degraded Methylene Blue (Qin et al., 2017).

Several available photocatalysts limit their usage only to UV radiation, significantly increasing costs. This is especially because 
solar light only contains around 5 % of UV radiation; as a result, light energy must be supplied by an external source. Furthermore, it 
would be highly beneficial if the photocatalyst could have effective photocatalytic activity in visible light. According to our knowledge, 
the coupling of Mn and Co oxides with graphene oxide for enhanced photocatalytic activity under visible light has not been reported in 
detail. Further, the antibacterial activity of synthesized nanocomposites on gram-negative and positive bacteria has not been studied 
before. Here, we report the photocatalytic activity of synthesized nanocomposites by combining the metal oxide in different ratios and 
coupling with graphene oxide under visible light and the effect of the composites on the growth of the test organisms Staphylococcus 
aureus, Escherichia coli, Klebsiella pneumoniae and Pseudomonas aeruginosa.

2. Methodology

2.1. Chemicals and materials

CoCl2, MnSO4, H2SO4 (99.8 %), H3PO4 (37.5 %), and H2O2 (30 %) were procured from Sigma Aldrich (UK). NaOH pellets and 
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KMnO4 were purchased from Sisco Research Laboratories (Pvt) Ltd, India. Methylene blue (98 %), Rhodamine B, Phenolphthalein, 
Methyl orange, Muller Hinton Agar (MHA), and Luria Bertani Broth (LB broth) were purchased from HiMedia Leading Biosciences 
Company (Maharashtra, India). Graphite was obtained from Bogala, Sri Lanka. In all the experiments, deionized water (DI), with 
resistivity greater than 18.0 MΩ cm (Millipore Milli-Q system), was used. Chemicals were of analytical grade and utilized without 
further purification.

2.2. Synthesis

2.2.1. Synthesis of the nanocomposite
The initial step of the process was done via coprecipitation to synthesize CoOx and MnOx in the ratios of 1:1, 1:2, 1:4, 2:1, and 4:1 

using the salts CoCl2, and MnSO4, in the presence of 1 M NaOH. The resulting oxide solutions were hydrothermally treated at 180 ◦C for 
15 hours to obtain the nanocomposites, which were eventually rinsed with deionized water to get rid of the SO4

2- and Cl- ions and obtain 
a neutral pH, followed by drying at 60 ◦C to remove moisture. The resulting product was annealed at 600 ◦C for 2 hours at atmospheric 
conditions. The synthesis procedure was adapted from a modified version of a reported protocol (Thambiliyagodage et al., 2024).

2.2.2. Synthesis of graphene oxide
The optimized Hummer’s method was utilized to synthesize graphene oxide using natural graphite powder. Graphite powder and 

KMnO4 were blended in a 1:3 ratio and combined with an acid mixture containing conc. H2SO4 (99.8 %) and conc. H3PO4 (37.5 %). 
After treating the powder with the acid combination, the mixture was stirred at 55 ◦C for 24 hours. The temperature of the solution was 
allowed to reach room temperature before 30 % H2O2 was added, and it was stirred for five minutes. After obtaining the solid, it was 
rinsed with deionized water until a neutral pH was reached. Finally, the material was dried at 60 ◦C until all the moisture was 
evaporated and stored for further use (Usgodaarachchi et al., 2022).

2.2.3. Fabrication of the nanocomposite
The CoOx and MnOx nanomaterials (CoO: MnO, 1:1, 1:2, 1:4, 2:1, 4:1) were then coupled with 30 % graphene oxide via hydro

thermal treatment at 180 ◦C for 12 hours, followed by drying to remove moisture and stored for further analysis (Thambiliyagodage 
et al., 2024).

2.3. Photocatalytic activity

Photocatalytic activity of the synthesized nanocomposites was evaluated for the degradation of the methylene blue under sunlight. 
In the experiment, 25 mg of the nanocomposites were shaken in 25 mL of 25 mg/L aqueous solutions for 18 h until the adsorption- 
desorption equilibrium was reached. The solutions were then decanted and resuspended in 50 mL of 10 mg/L MB and kept in the 
dark for 30 min. The solutions were subsequently exposed to sunlight, and during that period, aliquots were withdrawn at 15-minute 
intervals to analyze the samples by taking absorbance readings using a UV–visible spectrophotometer. To study the effect of scav
engers, IPA (4 mM) and EDTA (4 mM) were added just before exposing the solutions to sunlight. The effect of persulfate ions was 
studied by performing photocatalytic experiments in the presence of 1, 2, 4, and 8 mM of persulfate ions. The effect of catalyst dosage 
was determined by varying the catalyst’s weight to 25, 50, 75 and 100 mg, and the effect of the concentration of MB was also studied by 
varying the MB concentration to 5, 10, 25 and 50 mg/L. The experiments were conducted between 11.00 a.m. and 3.00 p.m. in May 
2023, where the lux value varied in the 80,000–1200,000 lux range during the experiments (Thambiliyagodage et al., 2024).

2.4. Antibacterial activity

2.4.1. Preparation of media
The bacterial growth culture media were prepared by mixing Muller Hinton agar and Luria Bertani broth with deionized water, 

followed by complete sterilization in the autoclave.

2.4.2. Bacterial culture preparation
The gram-negative E. coli, P. aeruginosa, K. pneumoniae, and gram-positive S. aureus, serving as the test organisms, were procured 

from the Medical Research Institute, Sri Lanka. The above microbial cultures were sub-cultured by introducing to the Luria Bertani 
broth medium and subsequently allowed to grow for 24 hours before the assay. The concentrations of the cultures were then adjusted 
and diluted to attain a microbial suspension containing 5 × 105 colony-forming units (CFUs)/mL using a UV–visible spectrophotometer 
for subsequent analysis (Jayanetti et al., 2024).

2.4.3. Agar well diffusion method
Synthesized nanocomposites were weighed (20, 40, and 60 mg) and sonicated in Dimethyl sulfoxide (DMSO) for 1 h. The Mueller 

Hinton Agar plates were inoculated by spreading the 5 × 105 colony-forming units (CFUs)/mL adjusted microbial inoculum over the 
entire MHA surface via streaking. Wells were punched aseptically with a sterile cork borer, and about 70 μL of the nanocomposite 
solution of desired concentrations (20, 40, and 60 mg in 1 mL of DMSO) were introduced into the wells. One well each in a plate was 
additionally treated with a standard antibiotic (amoxicillin) as the positive control and dimethyl sulfoxide (DMSO) as the negative 
control. Three duplicates were made for every sample and every kind of bacterium. The prepared agar plates were then incubated for 
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about 18 h at 37 ◦C, and the inhibition zones were measured in mm.

3. Material characterization

The scanning electron microscopic (SEM) images were obtained to study the morphology of the materials using a Carl ZEISS EVO 
18 RESEARCH instrument. A transmission electron microscope (TEM) (JEOL–JEM-2100) operating with 200 kV characterized the 
morphology of the synthesized nanocomposites in detail at the nanoscale. X-ray diffraction analysis (XRD) patterns were acquired 
using the D8 Advance Bruker system, with Cu K α (λ=0.154 nm) anode, varying the 2θ from 5◦ to 80◦ at a scan speed of 2 ◦/min. X-ray 
photoelectron spectroscopy (XPS) analyzed the nanomaterials’ surface chemistry. The Thermo Scientific ESCALAB Xi+X-ray photo
electron spectrometer acquired the survey spectra and higher-resolution spectra of the synthesized catalysts. The samples’ diffuse 
reflectance spectra (DRS) were analyzed using a Shimadzu 1800 UV/ Visible spectrophotometer armed with a precision Czerny-Turner 
optical system. Measurements were done using a bandwidth of 1.0 nm and a wavelength range of 400–750 nm. The absorbance of the 
samples was measured using a Shimadzu UV-1990 double-beam UV–visible spectrophotometer.

4. Results and discussion

4.1. XRD

The crystallography of the prepared nanocomposites was determined by analyzing the sample with X-ray diffractometer (Fig. 1). 
The XRD pattern of the CoOx nanoparticles shows the presence of both the CoO and Co3O4 phases. Peaks at 31.19◦, 36.75◦, 38.25◦, 
44.73◦, 55.47◦, 59.36◦, 65.37◦, 73.48◦, 76.67◦, 77.70◦ which correspond to the (220), (311), (222), (400), (422), (511), (440), (620), 
(533) and (622) atomic planes of Co3O4, respectively (JCPDS No. 74–1656), and the peaks at 36.37◦, 42.24◦, 61.28◦, 73.39◦, 77.24◦

represent the (111), (200), (220), (311), and (222) atomic planes of CoO, respectively (JCPDS No. 78–0431). The interlayer distance of 
the (311) plane of Co3O4, 0.25 nm, is attributed to the crystallite size of 28.26 nm, while the interlayer distance of 0.21 nm with a 
crystallite size of 31.73 nm corresponds to the (200) plane of CoO. The number of crystal planes in those two oxides is 113 and 151, 
respectively. The XRD pattern of Mn shows the presence of both Mn2O3 and Mn3O4 phases. The peaks at 23.33◦, 32.54◦, 38.42◦, 
45.39◦, 49.57◦, 55.39◦, and 65.99◦ are attributed to (211), (222), (400), (332), (431), (440), (622) atomic planes of Mn2O3, 
respectively (ICDD No. 76–0150), and the peaks at 29.18◦, 33.17◦, 36.28◦, 60.09◦ which are assigned to (112), (103), (211), and (224), 
of Mn3O4, respectively (ICDD No. 080–0382). The interlayer distance of the (440) plane of Mn2O3 is 0.17 nm, and the crystallite size is 
calculated to be 30.80 nm. The interlayer distance of the (103) of Mn3O4 is 0.27 nm, corresponding to the crystallite size of 28.13 nm. 
The number of crystal planes in those oxides are 132 and 104, respectively. It was observed that the highest intense peak of CoO (200) 
was not present in any of the metal oxide nanocomposites abbreviated as CM, suggesting the absence of a CoO phase in them. However, 
Co3O4, Mn2O3, and Mn3O4 oxides were present in all the composites. The XRD pattern of GO exhibits the characteristic peak at (001) at 
10.44◦. The d spacings, crystallite size and the number of crystalline planes of each oxide in each nanocomposite prepared are 
tabulated in Table 1.

Fig. 1. The XRD patterns of (a) CoOx, MnOx, GO, CoOxG, MnOxG (b) CM composites (c) CMG composites.
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4.2. UV-Visible spectroscopic analysis

The optical absorption behaviour of the synthesized photocatalysts was determined by obtaining the UV–visible spectra. The 
absorption spectra of the synthesized nanocomposites showed visible range absorption, as shown in Supplementary Fig. 1 where the 
absorption edges lie greater than 540 nm in all the samples. Tauc plots were composed to determine the band gaps using the formula 
below. 

(αhv)n = A(hv-Eg)                                                                                                                                                                        

Where hv, A, Eg and α represent the photon energy, absorption coefficient, band gap energy and a constant, respectively. n = 2 denotes 
the direct transitions, and n = 1/2 indicates indirect transitions. The plots indicating the direct transitions are shown in the Supple
mentary Fig. 2, and the plots showing the indirect transitions are exhibited in Fig. 2. The behaviour of the plots suggests that the 
fabricated nanocomposites follow indirect transitions. The band gap values of CoOx and MnOX were quite similar, 1.86 and 1.88 eV, 
respectively. It was noted that the band gap decreased with increasing Co content in CoOx:MnOx composite, where a band gap of 
~2.22 eV was obtained for CM 1:1, 1:2, 1:4, whereas for both CM 2:1 and 4:1, the band gap was calculated to be 1.93 eV. The band gap 
of CoOx and MnOX coupled with GO was found to be 1.92 eV, and the band gap of CM coupled with GO was also obtained at 1.92 eV in 
all samples. The size and shape of the nanomaterial also affect a photocatalyst’s band gap in addition to the semiconductor’s band 
alignment. Band gap and particle size are usually inversely linked. The size of the nanoparticles significantly impacts the band gap, 
where the band gap values increase as the particle size decreases. The band gap between the valence and conduction bands widens 
when the particle’s size decreases because electrons in the conduction band and holes in the valence band are more constrained. The 
shape of the nanomaterials affects the band gap values. The volume-to-surface area ratio is impacted by changes in the nanomaterials’ 
size and shape, which, in turn, influences the number of surface atoms and, ultimately, the cohesive energy. As a result, the band gap 
varies at the nanoscale due to the change in size and shape. Thus, several factors contributed to the band gap values that were found.

4.3. XPS analysis

XPS analyzed the surface of the synthesized nanomaterials to study the surface environments. The survey spectra of CM (1:4) and 
CMG (1:4) shown in Fig. 3(a) and (b), respectively, indicate the presence of C, O, Co and Mn in the samples. The higher resolution XPS 
spectrum of C 1 s of CM (1:4) shown in Fig. 3(c) was deconvoluted to four peaks at 283.8, 284.5, 285.6 and 286.7 eV, which are 
assigned to the metal-C (Co/Mn-C), sp2 hybridized C-C, C-O and O––C-O. The same chemical bonds were present in CMG (1:4), 
represented by the peaks at 282.6, 284.5, 286.1 and 287.9 eV (Fig. 3(d)) (Greczynski and Hultman, 2020). The higher resolution 
spectrum of O 1 s of (CM 1:4) (Fig. 3(e)) was deconvoluted to five peaks at 529.2, 529.7, 530.3, 531.1 and 532.7 eV, which are 
attributed to O in Co3O4, Mn2+-O, Mn3+-O, H2O/OH, and Mn4+-O, respectively (Tian et al., 2020; Zhang et al., 2020). The higher 
resolution spectrum of O 1 s of CMG (1:4) (Fig. 3(f)) indicates the presence of Co3+ -O, Mn2+-O, H2O/OH, and Mn4+-O by the peaks 
appearing at 528.1, 529.8, 531.1 and 532.7 eV, respectively. The higher resolution spectrum of Co 2p of CM (1:4) (Fig. 3(g)) shows the 
spin-orbital coupling splitting the spectrum mainly into two peaks corresponding to 2p3/2 and 2p1/2. It represents the presence of Co3+

on the surface of the nanomaterial with 2p3/2 and 2p1/2 positioning at 781.4 and 797.1 eV, respectively, and their corresponding 
satellite peaks at 786.9 and 802.8 eV, respectively. In addition to Co3+, the presence of Co4+ was apparent in the higher resolution 
spectrum of Co 2p of CMG (1:4) (Fig. 3(h)) by the peak at 783.5 eV (Haunold and Rupprechter, 2021). The higher resolution spectrum 
of Mn of CM (1:4) exhibited in Fig. 3(i)) was split mainly into two peaks as 2p3/2 and 2p1/2, due to the spin-orbital coupling. The figure 

Table 1 
Crystallographic parameters of the synthesized nanomaterials.

Sample Crystal Plane 2θ (◦) Crystallite size (L) (nm) d spacing (nm) Number of crystalline planes (L/d)

CoOx Co3O4(311) 36.64 28.36 0.25 113
CoO (200) 42.53 31.73 0.21 151

MnOx Mn3O4 (103) 33.15 28.13 0.27 104
Mn2O3 (440) 55.37 30.80 0.17 181

CM (1:1) Co3O4 (311) 36.5 33.28 0.25 133
Mn3O4 (103) 32.99 24.29 0.27 90
Mn2O3 (440) 53.39 32.94 0.17 194

CM (1:2) Co3O4 (311) 36.46 31.19 0.25 125
Mn3O4 (103) 32.90 24.90 0.28 89
Mn2O3 (440) 54.30 26.76 0.17 157

CM (1:4) Co3O4 (311) 36.42 31.79 0.25 127
Mn3O4 (103) 32.75 30.12 0.27 112
Mn2O3 (440) 54.39 25.97 0.17 153

CM (2:1) Co3O4 (311) 36.51 28.85 0.25 115
Mn3O4 (103) 33.13 29.51 0.27 109
Mn2O3 (440) 55.19 34.56 0.17 203

CM (4:1) Co3O4 (311) 35.96 24.85 0.25 99
Mn3O4 (103) 33.85 28.79 0.26 111
Mn2O3 (440) 54.27 28.23 0.17 166
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further shows the presence of Mn2+, Mn3+ and Mn4+ by the 2p3/2 peaks centred at 640.7, 641.7 and 643.1 (Dai et al., 2021). XRD 
analysis did not reveal the presence of any Mn oxides at its + 4 oxidation state. Therefore, it can be assumed that the surface of the 
metal oxide nanomaterials contains Mn4+, but it has not been crystallized, or though MnO2, oxide of Mn which corresponds to + 4 
oxidation state, is present, the concentration is low to be detected by XRD. The same chemical environment was observed in the higher 
resolution spectrum of Mn of CMG (1:4) (Fig. 3(j)).

4.4. Morphological analysis

SEM and TEM images were collected to study the morphology of the synthesized nanocomposites. The oxidised graphite lamella 
structure, which is crumpled and wrinkled, is seen in the GO image (Fig. 4(a)). The margins of the newly formed individual GO sheets, 
including their kinked and crumpled structure, are easily distinguished from the folded uniform graphene sheets. Where oxidation 
happens at the edges and surface of the graphite flakes, wrinkles are created by oxygenated groups that are present on the graphite 
oxide (GO). The interlayer distance rises due to additional oxygenated groups between the sheets as oxidation continues to the middle 
of the carbon. The SEM image of CoOx and MnOX (Fig. 4(b) and (c)) shows irregular nanoparticles which are interconnected at the 
edges, resulting in aggregation due to the Oswald ripening that occurs during the hydrothermal treatment. Irregularly shaped 
nanoparticles of CoOx and MnOX were distributed on GO matrix, as shown in SEM images Fig. 4(d) and (e), respectively. The SEM 
images of CM 1:1, 1:2, 1:4, 2:1, and 4:1 given in Fig. 4(f), (g), (h), (i), and (j), respectively, show that irregularly shaped nanostructures 
are abundantly present with some heavily aggregated metal oxides which have formed macrostructures of different shapes. The SEM 
images of CMG 1:1, 1:2, 1:4, 2:1, and 4:1 shown in Fig. 4(k), (l), (m), (n), and (o) reveal the presence of aggregated nanostructures of 
the CoOx and MnOX in which the GO sheets are not apparent as they are covered with metal oxides. This is due to the low percentage of 
GO present (30 % by weight) compared to the metal oxides in a given sample. The TEM image of CMG 1:4 (Fig. 4(p)) was collected to 
study the morphology of the nanocomposites in more detail, where the heterogeneous distribution of aggregated nanoparticles on GO 
sheets was apparent. Hence, it is evident that the metal oxide nanostructures are not uniformly distributed on the GO matrix. HRTEM 
images of CMG 1:4 are shown in Fig. 4 (Q) and (R), in which the atomic layer arrangement is clearly shown with d spacings of 
0.5007 nm and 0.4900 nm, respectively.

4.5. Photocatalysis

Kinetics of adsorbing MB to the synthesized materials were studied using 20 mg of the material with 25 mg/L of MB solution 
shaking under dark conditions. The variation of A/A0 with time of GO, CoOx, MnOX, CoOxG and MnOXG is shown in Fig. 5(a), while 
that of CM and CMG are shown in Fig. 5(b) and (c), respectively. All the samples reached the equilibrium on or before 5 hours due to 
the saturation of the adsorption sites. CoOx and MnOX have not significantly adsorb MB, where a reduction of 3.4 % and 1.0 % 
absorbance resulted even after 5 hours of incubation.

GO adsorbs a considerable amount of MB due to the oxygen-rich functional groups present on the surface. The adsorption is greater 
than that of metal oxides but lesser than that of metal oxide-GO composites. GO has more active sites to adsorb than the pure metal 

Fig. 2. Tauc plots showing the indirect transitions of (a) CoOx, MnOx, GO, CoOxG, MnOxG (b) CM composites (c) CMG composites.
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oxides but the metal oxide-GO composites have more active sites than GO. The same behaviour was observed with the metal oxide 
composites, where a reduction in absorbance of 7.7, 5.7, 5.9, 7.1 and 3.8 % were obtained with CM 1:1, 1:2, 1:4, 2:1, and 4:1, 
respectively. This is due to the limited adsorption sites available on the surface of the metal oxide composites. The adsorption dras
tically increased with the incorporation of GO to the synthesized metal oxides and metal oxide composites, where an increase of 52.3 % 
and 43.5 % in adsorption resulted in CoOx and MnOX after coupling with GO and an increase of 34.5, 56, 55.8, 53.3 and 26.6 % were 
obtained with CM 1:1, 1:2, 1:4, 2:1, and 4:1, respectively, after performing the same. The same behaviours of the adsorption of MB to 
the synthesized materials are further supported by the adsorption capacities calculated using the second-order kinetics model. The 
adsorption capacities of CoOx, MnOX, and CoOxG (0.09247 and 0.08968 mg/g, respectively) increased to 0.20495 and 0.15513 mg/g 
upon coupling with GO. The same behaviour was observed in CM samples, where the adsorption capacity greatly enhanced once 
coupled with GO. For example, the adsorption capacity of CM 1:1 (0.09587 mg/g), which shows the highest adsorption capacity 
among the CM samples, increased to 0.15852 mg/g, which is a 40 % increase in the adsorption capacity. Hence, it is evident that GO 
plays a significant role in adsorbing MB due to the presence of oxygen-rich functional groups like COOH, OH, C––O, C-O-C, and 
lactones introduced via acid treatment.

The first-order kinetics plots of CoOx, MnOX, CoOxG and MnOXG are shown in Fig. 6(a), whereas the same of CM and CMG 
composites are exhibited in Fig. 6(b) and (c), respectively. The second-order kinetics plots of CoOx, MnOX, CoOxG and MnOXG are 
shown in Fig. 6(d), while those of CM and CMG composites are given in Fig. 6(e) and (f), respectively. Both kinetics models’ respective 
rate constant and R2 values are tabulated in Table 2. According to the R2 values, the adsorption of MB to the composites follows second- 

Fig. 3. Survey spectra of (a) CM (1:4) and (b) CMG (1:4), the higher resolution spectra of C 1 s of (c) CM (1:4) and (d) CMG (1:4), of O 1 s of (e) CM 
(1:4) and (f) CMG (1:4), of Co 2p of (g) CM (1:4) and (h) CMG (1:4), of Mn 2p of (i) CM (1:4) and (j) CMG (1:4).
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Fig. 4. SEM images of (a) GO, (b) CoOX, (c) MnOX, (d) CoOXG, (e) MnOXG, (f) CM 1:1, (g) CM 1:2, (h) CM 1:4, (i) CM 2:1, (j) CM 4:1, (k) CMG 1:1, 
(l) CMG 1:2, (m) CMG 1:4, (n) CMG 2:1, (o) CMG 4:1, (p) TEM image of CMG 4:1 (Q) and (R) HRTEM Images of CMG 1:4.
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order kinetics, suggesting the chemisorption of MB molecules to the adsorbent surface. As discussed above and shown in XPS analysis, 
GO bears oxygen-rich functional groups, which render a negative charge to the adsorbent surface and facilitate electrostatic interaction 
with positively charged MB molecules, forming strong bonds between adsorbent and adsorbates. The π-π interactions that occur be
tween the aromatic rings of GO and MB molecules further enhance the chemical interactions.

The reduction in absorbance during the photocatalysis in the presence of CMG (1:4) is shown in Supplementary Fig. 3. It is evident 
that with no appearance of any other peak and only the reduction of the peak of interest, MB reduction has occurred without forming 
any other isomers. The variation of A/A0 of the photocatalytic activity of CoOx, MnOX, CoOxG and MnOXG is shown in Fig. 7(a), and 
that of CM and CMG samples are exhibited in Fig. 7(b) and (c), respectively. In general, they indicate that the least reduction of 
absorbance and, hence, the least photocatalytic performance resulted in the presence of CM (4:1) in which only 29 % of MB was 
converted. In contrast, the highest photocatalytic conversion of 63 % MB was obtained in the presence of CMG (1:4).

MB doesn’t degrade upon exposure to sunlight without any catalyst, as shown in Fig. 8(a). The first-order kinetic plots showing the 
photocatalytic activity of GO, CoOx, MnOX, CoOxG, and MnOXG are shown in Fig. 8(a), and those of CM and CMG materials are shown 
in Fig. 8(b) and (c). Though GO could adsorb MB, it is catalytically inactive in degrading MB because GO cannot generate the free 
radicals required for photodegradation. The lowest rate of photodegrading the MB (1.7 x 10− 3 min− 1) resulted in the presence of CoOx 
and CoOxG, while the highest rate constant obtained in the presence of CMG 1:4. A significant difference in the rate constant resulted in 
coupling with GO except in the presence of CM (1:4) where the rate constant almost doubled compared to that of CM (1:4) (1.9 x 10− 3 

Fig. 5. The variation of A/A0 with time of (a) CoOx, MnOx, GO, CoOxG, MnOxG (b) CM composites (c) CMG composites.

Fig. 6. First-order adsorption kinetics of (a) CoOx, MnOx, GO, CoOxG, MnOxG, (b) CM composites, (c) CMG composites. Second-order adsorption 
kinetics of (d) CoOx, MnOx, GO, CoOxG, MnOxG, (e) CM composites (f) CMG composites.
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min− 1) in CMG (1:4) (3.5 x 10− 3 min− 1). The main reason for obtaining similar rate constants even after coupling with GO, which 
results in a higher reduction in absorbance with time and reveals higher removal of MB, is related to the number of adsorption sites 
present in GO. Once the catalyst is exposed to sunlight after shaking in the dark, the rate of photodegrading MB molecules results to be 
lower as the catalyst, the metal oxide or the metal oxide composite, initially degrades the already absorbed MB molecules. As the 
number of MB molecules adsorbed to GO increases, the time taken to degrade them would be higher. With time, once the adsorption 
sites are vacant with the photodegradation of the already adsorbed MB molecules, new MB molecules reach the active sites and start to 
adsorb, which will eventually be subjected to photodegradation. Hence, the overall photodegradation rate is low, but the total removal 
of MB molecules would be higher when the metal oxide and metal oxide composites are coupled with GO. This observation was quite 
apparent with all samples coupled with GO. Further, the photocatalytic activity of some of the samples remains the same, or there is no 
significant difference due to the resulting band gap values as discussed in DRS-UV-Vis analysis, where similar band gaps were obtained 
for different samples. Moreover, the aggregation of the particles shown, especially in SEM analysis, would lead to approximately 
similar surface area. The catalytic reaction takes place at the surface of the catalyst, which is the nanocomposite, and having similar 
surface areas would lead to similar activities though the ratios or the composition change (Che and Bennett, 1989). Furthermore, small 

Table 2 
Kinetic parameters of adsorption of MB to the adsorbents.

Compound 1st order Rate (min− 1) R2 2nd order Rate (min− 1) R2 Qe (mg/g)

CoOx 1.04 × 10− 2 0.938 1.14 × 10− 1 0.999 0.09247
MnOx 4.90 × 10− 2 0.964 9.19 × 10− 3 0.999 0.08968
CoxOG 1.37 × 10− 2 0.965 1.01 × 10− 2 0.991 0.20495
MnxOG 1.03 × 10− 2 0.964 6.44 × 10− 2 0.995 0.15513
CM (1:1) 8.1 × 10− 3 0.960 1.33 × 10− 1 0.999 0.09587
CM (1:2) 8.3 × 10− 3 0.851 1.02 × 10− 1 0.999 0.09424
CM (1:4) 4.1 × 10− 3 0.783 9.88 × 10− 2 0.999 0.09375
CM (2:1) 5.9 × 10− 3 0.972 8.81 × 10− 2 0.979 0.09249
CM (4:1) 6.3 × 10− 3 0.963 7.52 × 10− 2 0.999 0.09260
CMG (1:1) 1.39 × 10− 2 0.987 1.53 × 10− 2 0.997 0.15852
CMG (1:2) 1.52 × 10− 2 0.949 9.01 × 10− 3 0.984 0.24969
CMG (1:4) 1.48 × 10− 2 0.924 8.46 × 10− 3 0.980 0.24742
CMG (2:1) 1.47 × 10− 2 0.977 9.02 × 10− 3 0.988 0.23599
CMG (4:1) 1.84 × 10− 2 0.981 1.47 × 10− 2 0.999 0.13210

Fig. 7. The variation of A/A0 with a time of photocatalysis of (a) CoOx, MnOx, GO, CoOxG, MnOxG, (b) CM composites, (c) CMG composites.

Fig. 8. The first order kinetics plots of photocatalysis of (a) CoOx, MnOx, GO, CoOxG, MnOxG, (b) CM composites, (c) CMG composites.
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differences in the surface areas resulting from the aggregation of the nanoparticles and heterogeneous distribution of the nanoparticles 
on the GO surface would lead to no to small changes in the photocatalytic activity. Interestingly, the surface of the nanocomposites is 
oxidized with different oxidation states, as revealed by the XPS analysis, which leads to differences in the valence states and electron 
densities. Surface chemistry significantly impacts the photocatalytic activity (Konsolakis, 2016). Precisely, as shown in the XRD 
analysis, the crystallite size, interlayer spacings and number of crystalline planes differ without a trend. The crystal nature of the 
material plays a major role in catalysis, affecting reactivity and selectivity. Differences in the crystal’s nature affect the electronic stats, 
mean free path, and work function (Kang et al., 2024). Hence, different crystallographic parameters would have contributed to the 
obtained photocatalytic activity. Therefore, it is evident that the material morphology, crystal nature, surface chemistry, and band 
alignments characterized by many techniques affect the photocatalytic activity. The rate constants and the corresponding R2 values for 
the photodegradation of MB in the presence of the catalysts synthesized are tabulated in Table 3.

4.6. The effect of persulfate ions

The effect of the presence of persulfate on the photocatalytic activity was choosing the best-performing photocatalyst CMG (1:4) 
(Fig. 9). The photocatalytic activity was expected to increase in the presence of persulfate in the presence of persulfate ions due to the 
production of SO4

-● and OH● as follows, 

S2O8
2- + e- → SO4

-● + SO4
2-                                                                                                                                                              

SO4
-● + OH- → SO4

2- + OH●                                                                                                                                                           

S2O8
2- + hν → 2 SO4

-● -                                                                                                                                                                   

S2O8
2- + O2

-● → SO4
2- + SO4

-● + O2                                                                                                                                                   

The persulfate concentration was varied as 1, 2, 4 and 8 mM, where the rate constant for the photodegradation of MB increased 
from 3.8 x 10− 3 min− 1 to 2.1 x 10− 2, 3.0 x 10− 3, 3.3 x 10− 3, and 3.3 x 10− 3 min− 1 with increasing concentrations of the persulfate ions 
from 1 to 8 mM as stated above, respectively. It could be seen that the photocatalytic activity increased with increasing persulfate 
concentration due to the production of more and more radicals. The photocatalytic activity remains the same, though the persulfate 
concentration was doubled from 4 to 8 mM. A portion of the persulfate will contribute to producing free radicals once the concen
tration exceeds this threshold. The excess will reduce the time MB and free radicals can come into contact with, reducing photo
catalytic activity. Furthermore, as the following equations demonstrate, sulfate and hydroxyl radicals tend to quench at larger 
concentrations of persulfate ions. 

S2O8
2- + SO4

-● → SO4
2- + S2O8

-●                                                                                                                                                        

S2O8
2- + OH● → OH- + S2O8

-●                                                                                                                                                        

Furthermore, the following interaction between radicals becomes more significant at higher concentrations, lowering the avail
ability of free radicals and, consequently, any photocatalytic activity. 

SO4
-● + SO4

-● → 2SO4
2-                                                                                                                                                                    

OH● + OH● → H2O2                                                                                                                                                                    

SO4
-● + OH● → HSO4

- + ½ O2                                                                                                                                                        

Table 3 
Kinetic parameters of photocatalysis of the synthesized nanocomposites.

Compound 1st order K (min− 1) R2

CoOx 2.2 × 10− 3 0.955
MnOx 1.7 × 10− 3 0.980
CoOxG 1.7 × 10− 3 0.994
MnOxG 2.1 × 10− 3 0.997
CM (1:1) 1.7 × 10− 3 0.987
CM (1:2) 2.1 × 10− 3 0.984
CM (1:4) 1.9 × 10− 3 0.966
CM (2:1) 1.7 × 10− 3 0.979
CM (4:1) 1.4 × 10− 3 0.952
CMG (1:1) 1.7 × 10− 3 0.987
CMG (1:2) 2.7 × 10− 3 0.989
CMG (1:4) 3.5 × 10− 3 0.996
CMG (2:1) 2.6 × 10− 3 0.992
CMG (4:1) 1.4 × 10− 3 0.992
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4.7. The effect of scavengers

The effect of radical scavenging reagents EDTA (4 mM) and IPA (4 mM) was tested on the photocatalytic activity of best-performing 
CMG (1:4) (Fig. 10). The rate constant for the photodegradation of MB was reduced to 2.3 x 10− 3 and 1.7 x 10− 3 min− 1 in the presence 
of EDTA and IPA, respectively, which is a reduction of 40 % and 55 % compared to the rate constant of CMG (1:4) without any 
scavenging reagents (3.3 x 10− 3 min− 1). EDTA and IPA scavenge holes and OH●, respectively, limiting the reaction. It is worth noting 
that a similar concentration of persulfate ions (4 mM) increased the rate of the reaction by 88 %.

4.8. The effect of the weight of the photocatalyst

The effect of the catalyst dosage on the photocatalytic activity was determined using the CMG (1:4) catalyst (Fig. 11). The weight of 
the catalyst varied as 25, 50, 75 and 100 mg, where the rate constants were obtained as 3.5 × 10− 3, 3.4 × 10− 3, 4.6 × 10− 3 and 
1.9 × 10− 3 min− 1, respectively. There was no change in the rate constant when the catalyst dosage was increased from 25 mg to 
50 mg. The rate constant increased by 26 % with the increase of the catalyst weight from 50 mg to 75 mg. This is due to increased 
active sites with increasing catalyst weight. Further, the concentration of the radicals produced increased due to the increase in the 
production of the charge carriers by the catalyst with increasing weight of the catalyst. However, the reaction rate decreased with a 
further catalyst increase to 100 mg by 46 %. The amount of accessible active sites exposed to the reactant MB molecules is reduced 
when catalyst particles collide and obscure one another’s active sites. Additionally, the process that lowers radical generation 
eventually lessens MB oxidation and also limits the reach of photons produced by the visible light source. Furthermore, as indicated by 
reaction number, O2 is produced. It traps the catalyst’s surface, which limits the amount of MB molecules that can reach it and reduces 
the overall amount of MB that has been destroyed.

Fig. 9. The effect of persulfate ions on photocatalysis at varying concentrations.

Fig. 10. The effect of scavengers on photocatalytic activity.
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4.9. The effect of the MB concentration

The effect of the MB concentration on the photocatalytic activity was determined by varying the concentration of MB to 5, 10, 25 
and 50 mg/L (Fig. 12). The rate constant increased from 3.1 × 10− 3 to 4.0 × 10− 3 min− 1 once the concentration increased from 5 to 
10 mg/L. The rate constant almost remained the same (3.9 ×10− 3 min− 1) when the concentration of MB increased to 25 mg/L and 
reduced to 2.6 × 10− 3 min− 1 when the MB concentration increased to 50 mg/L. More molecules tend to adsorb on the catalyst surface, 
and more molecules tend to absorb the radicals as the concentration of MB increases. They eventually undergo photodegradation, 
which quickens the reaction’s rate. The possible active sites on a given weight of the catalyst are restricted, even when the number of 
molecules grows with a further increase in the concentration of MB. Although the concentration of MB was raised, more molecules 
competed for the same number of active sites. Because MB is a large molecule, there are still unoccupied active sites even as the number 
of molecules grows in proportion to the concentration. The steric hindrance that prevents available MB molecules from reaching the 
catalyst’s active sites reduces MB photodegradation.

4.10. The effect of co-pollutants

The effect of the co-pollutants on the photocatalytic activity was determined using Pb2+, PO4
3-, Cl-, and Rhodamine B as the model 

pollutants representing heavy metals, fertilizers and pesticides, salts, and dyes, respectively (Fig. 13). The rate constant of photo
degrading MB decreased to 2.01 × 10− 3 min− 1 from 3.8 × 10− 3 min− 1. Pb2+ are positive ions but very small compared to the positive 
but bulky MB molecules. Hence, they easily reach the negatively charged catalyst sites and adsorb on the surface. MB molecules, which 
are bulky in nature, compete with Pb2+ ions and retard the migration to the catalyst surface; hence, with a smaller number of MB 

Fig. 11. The effect of the weight of the catalyst on photocatalysis.

Fig. 12. The effect of the MB concentration on the photocatalysis.
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molecules being adsorbed to the surface of the catalyst, the rate of the reaction of photodegrading MB decreases. There is no significant 
change in the reaction rate in the presence of PO4

3- and Cl-. Both are negatively charged ions without attraction to the negatively 
charged catalyst surface. Further, though they might have coupled with positively charged MB molecules due to their negative charge, 
such interaction does not affect the photodegradation of MB. The reaction rate has dropped to 2.85 × 10− 3 min− 1 in the presence of 
Rhodamine B (RhB), another textile dye, due to the competitive nature of both bulky dyes to the catalyst surface. Meanwhile, RhB has 
also been degraded with a rate constant of 1.25 × 10− 3 min− 1. This supports our argument that the RhB molecules have also been 
adsorbed to the catalyst surface and degraded due to the radicals produced.

4.11. Mechanism

The band alignment of the heterostructure formed in the nanomaterials is essential to describe the photocatalysis mechanism. The 
band edge potentials of the conduction band (ECB) and the valence band (EVB) were calculated using the equations given below, 

ECB = X – EC – 0.5 Eg                                                                                                                                                                     

EVB = X – EC + 0.5 Eg                                                                                                                                                                    

X is the electronegativity of the semiconductor, which is the geometric mean of the electronegativity of the constituent atoms, and 
EC represents the energy of the free electrons on the hydrogen scale, approximately 4.5. The X values of CoO (Mei et al., 2021), Co3O4 
(Huang et al., 2019), Mn3O4 (Rahimi et al., 2017) and Mn2O3 (Ghaffari et al., 2020) are 5.58, 5.42, 5.57 and 5.68, respectively. ECB 
values of those oxides are 0.14, - 0.02, 0.14, and 0.24 eV/normal hydrogen electrode (NHE), respectively, and the EVB values of those 
oxides are 2.02, 1.86, 2.02, and 2.12 eV/normal hydrogen electrode (NHE), respectively.The CoOx sample contains the CoO and Co3O4 
organized, forming a heterostructure of type II band alignment separating the CB and VB charges, as shown in Fig. 14 (a). Upon 
exposure to sunlight, an electron at the VB is excited to the CB of both the CoO and Co3O4, leaving a hole in the VB of the respective 
oxide semiconductors. The potential differences of the respective bands facilitate the movement of the charges between the semi
conductors. The electron excited to the CB of Co3O4 moves to the CB of CoO, whereas a hole formed at the VB of CoO migrates to the VB 
of Co3O4, preventing the electron-hole pair recombination. Similarly, upon exposure to sunlight, an electron from each Mn3O4 and 
Mn2O3 gets excited to the CB, leaving a hole at the VB, and the electron excited to the CB of Mn3O4 moves to the CB of Mn2O3 while the 
hole created at the VB of Mn2O3 moves to the VB of Mn3O4 (Fig. 14 (b)). In the CM samples where the metal oxides are in a composite, 
but CoO is absent, as revealed by the XRD analysis, all three semiconductors, Co3O4, Mn3O4 and Mn3O4, are being excited when they 
are exposed to sunlight and electrons from their VB, are excited to the CB of the respective semiconductors. The potential of the VB of 
the semiconductors favours the migration of the holes from Mn2O3 to Mn3O4 and then to Co3O4, whereas the electrons at the CB of 
Co3O4 migrate to the CB of Mn3O4 and then to the CB of Mn2O3. This charge migration minimizes the electron-hole pair recombination, 
increasing the photocatalytic activity, as shown in Fig. 14 (c). When the metal oxide semiconductors are coupled with GO, the 
particular charges formed at the VB and the CB migrate on the conductive GO matrix, further separating the charges and facilitating the 
charge migration from one cluster of semiconductors to another (Fig. 14 (d)). Therefore, the incorporation of GO increases photo
catalytic activity. The potential of the reduction of O2 forming O2

-● is − 0.33 eV, and the potential of the CB of all three metal oxide 
semiconductors Co3O4, Mn3O4 and Mn2O3 being greater than that facilitates the reduction of O2 to O2

-●. The potential of the reduction 
of OH- to OH● is 1.99 eV, and the potential of the VB of Mn3O4 and Mn2O3 being greater than that facilitates the reduction of OH- to 
OH● whereas the reaction is not favoured at the VB of Co3O4 due to its potential being lesser than the reduction potential of OH- to 
OH●.

Fig. 13. The effect of co-pollutants on photocatalysis.
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4.12. Reusability

The reusability of the best-performing catalyst CMG (1:4) was investigated for five cycles, in which the catalyst was washed with 
ethanol and distilled water, followed by drying. The conversion of MB was observed to be reduced from 88 % to 72 %, as shown in 
Fig. 15. The activity is reduced at each cycle due to the unavailability of the active sites for the adsorption of MB on the catalyst and the 
graphene oxide, which is required for photocatalysis. This is due to the presence of chemisorbed MB molecules in the active sites as 
only loosely bound; more precisely, the physisorbed MB are removed upon washing with ethanol and distilled water. The porous 
structure is clogged with MB molecules, demarcating further adsorption and, hence, the photodegradation of MB molecules. The 

Fig. 14. Photocatalytic mechanism of degrading MB in the presence of (a) CoOx (b) MnOx (c) CoOx-MnOx and (d) CoOx-MnOx/GO.
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catalyst, which is weighed to be 20 mg, could be lost at each cycle at washing, further contributing to the reduction of conversion. 
Moreover, the metal oxide nanocomposite catalyst could be leached from the GO matrix during the reaction and washing of the 
catalyst, which could eventually lead to a low conversion of MB moving from one cycle to another. Hence, the catalyst can be reused for 
several cycles but with some activity loss.

The photocatalytic activity of the best-performing catalyst (CMG (1:4)) was compared with similar catalysts reported in the 
literature (Table 4). It is worth noting that, supporting the novelty of this work, a similar catalyst was not found. However, the activity 
was compared to similar catalysts, where it was found that the photocatalytic activity was dependent on the dye concentration, the 
weight of the catalyst used, the light source and the catalyst itself. However, it was noted that there are catalysts whose performance is 
better than that of the best-performing catalyst, whereas the photocatalytic activity of some other catalysts is lesser than CMG (1:4). 
Hence, the fabricated catalyst possesses considerable photocatalytic activity compared to similar catalysts reported in the literature.

4.13. Antibacterial activity

Samples including GO, CoOx, MnOx, CoOxG, MnOxG, CM (1:1), CM (2:1), CM (4:1), CM (1:2), CM (1:4), CMG (1:1), CMG (2:1), 
CMG (4:1), CMG (1:2) and CMG (1:4) have shown substantial antibacterial activity against Staphylococcus aureus, Escherichia coli, 
Klebsiella pneumoniae and Pseudomonas aeruginosa at 20, 40 and 60 mg/ mL. The zone of inhibition of all four samples against the test 
organisms is shown in Fig. 16.

Across all samples, at the lowest concentration tested 20 mg/ mL, the highest zone of inhibitions was recorded for CoOxG against 
Staphylococcus aureus, Escherichia coli, Klebsiella pneumoniae and Pseudomonas aeruginosa with 24.66 ± 0.33 mm, 21.00 ± 0.00 mm, 
21.66 ± 0.67 mm and 20.0 ± 1.15 mm zones of inhibition respectively. At 60 mg/ mL, the highest antibacterial activity was recorded 
for CoOxG against Staphylococcus aureus, Escherichia coli, Klebsiella pneumoniae and Pseudomonas aeruginosa with zone of inhibition 
values of 20.67 ± 0.33 mm, 19.00 ± 1.00 mm, 21.0 ± 0.58 mm and 22.67 ± 0.88 mm respectively. Similarly, at the highest con
centration tested, CoOxG provided the highest antibacterial activity for all samples except for Staphylococcus aureus, with a zone of 
inhibition of 20.67 ± 0.33 mm. Graphene oxide was incorporated into nanocomposites because it is widely used as an antibacterial 
agent for treating infections with multidrug resistance is increasing due to the distinctive physicochemical characteristics, such as large 
surface area, exceptional electrical and thermal conductivity, and compatibility with live biosystems. The two-dimensional (2D) layer 
of sp2-hybridized carbon atoms arranged in a honeycomb lattice, known as graphene, has shown significant use in the field of 
biotechnology. Graphene oxide-based nanocomposites have gained significant interest in many fields, including managing antimi
crobial resistance in pathogens over recent years (Chen et al., 2013). Successful improvement of the antibacterial properties of gra
phene oxides (GOs) may be accomplished by integrating many functionalisation methods, as demonstrated in the present work. 
Numerous studies indicate that the antibacterial efficacy of graphene oxide is likely attributed to its large surface area, exceptional 
thermal stability, specific physiochemical characteristics, excellent electrical conductivity, and remarkable mechanical strength (Chen 
et al., 2013). Recent research indicates that the strong antibacterial effectiveness of graphene oxide is attributed to its ability to disrupt 
cell membranes by generating reactive oxygen species and its very sharp edges (Kang et al., 2007). The superiority of graphene oxide in 
terms of bactericidal or inhibitory effects compared to other antibacterial materials may be effectively outlined by three specific 
features: (i) The antibacterial mechanism of graphene oxide is influenced by both physical degradation and chemical oxidation, results 
in a reduction in bacterial resistance. (ii) Graphene oxide exhibits modest cytotoxicity against mammalian cells at low doses. (iii) 
Compared to other carbon nanomaterials, its ease of processing, large-scale manufacturing, and cheap production cost ensure its 
effectiveness as an antibacterial agent (Liu et al., 2008).

Interestingly, the zone of inhibition was highest at a value of 24.66 ± 0.33 mm against Staphylococcus aureus for CoOxG out of all 

Fig. 15. The reusability study of the CMG (1:4) catalyst.
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newly synthesized nanocomposites at 20 mg/mL. As a transition metal oxide, cobalt oxide has distinctive features, including a large 
surface area resulting from its tiny size, strong magnetic behaviour, and exceptional catalytic activities (Dey and Dhal, 2019). Cobalt 
nanoparticles are well-recognised for their elevated melting point, resistance to oxidation, and unique magnetic characteristics 
(Barakat et al., 2009). It is found to be extensively used in industrial technologies like magnetic tape, chemical catalysis, gas sensing 

Table 4 
Comparison of the catalytic performance of the best performing catalyst with similar catalysts in literature.

Photocatalyst Dye Concentration Light source Rate constant/Conversion Reference

Co-Al LDH/GO MB 10 mg/L 10 W LED light 8.905 × 10− 1 min− 1 (Asif et al., 2022)
GCoO-NPs Acid Blue− 74 10 mg/L 450 W Xenon lamp 4.3 x10− 2 min− 1 (Samuel et al., 2020)
Co3O4–rGO MB 5 mg/L 50 W LED solar light 

simulator
1.7 x10− 2 min− 1 (Bankole et al., 2020)

MnFe2O4/rGO MB 10 mg/L 40 W UV lamp 5.8 x10− 2 min− 1 (Mandal et al., 2020)
Mn@Co3O4/rGO MB 10 mg/L Visible light 93.4 % (Maqsood et al., 2023)
Mn3O4 Alizarin red 2.0 µM Tungsten lamp 50 % (Rahaman and Ghosh, 2016)
rGO/Mn3O4 MB 10 mg/L Hg Lamp 21 % (Mousa et al., 2020)
Mn3O4 MB 10 mg/L UV lamp 38 % (Rizal et al., 2021)
CMG (1:4) MB 10 mg/L Sunlight 3.5 x10− 3 min− 1 (88 %) This study

Fig. 16. The variation of the zone of inhibition with varying dosage of the catalysts on the inhibition of (a) Staphylococcus aureus, (b) Escherichia coli, 
(c) Klebsiella pneumoniae and (d) Pseudomonas aeruginosa.
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equipment, coating, and light absorption, as well as in medical biotechnology for magnetic resonance imaging. A wide variety of 
applications, including energy, water treatment, medicinal, and antibacterial, have used Cobalt Oxide nanoparticles (Adino et al., 
2021). The antimicrobial characteristics of these nanoparticles are thought to stem from their capacity to produce reactive oxygen 
species (ROS) that may harm bacterial cell membranes and impede bacterial proliferation (Saravanan et al., 2021b). Reactive oxygen 
species (ROS) are oxygen-containing chemically reactive particles, such as hydrogen peroxide (H2O2), reactive superoxide anion 
radicals (O2-), and hydroxyl radicals (OH●). The generation of reactive oxygen species (ROS) is mostly seen in organelles, including 
the endoplasmic reticulum (ER), peroxisomes, and particularly in the mitochondria. In oxidative phosphorylation, oxygen is used to 
produce water by donating electrons via the mitochondrial electron transport chain (ETC). A portion of these electrons are absorbed by 
molecular oxygen to generate O2-, which may subsequently convert H2O2 and OH● groups (Boonstra and Post, 2004; Murphy, 2009).

The surplus production of reactive oxygen species (ROS) may lead to many physiological and pathological consequences, including 
genotoxicity, apoptosis, necrosis, inflammation, fibrosis, metaplasia, hypertrophy, and carcinogenesis (AshaRani et al., 2012). Further 
studies have shown that the toxicity of nanoparticles may augment the production of pro-inflammatory cytokines and stimulate in
flammatory cells, including macrophages, thereby promoting the creation of reactive oxygen species (ROS). The elevated production 
of reactive oxygen species (ROS) after exposure to nanoparticles (NPs) has also been shown to cause the alteration of cellular processes, 
leading to lethal outcomes in some instances (Patlolla et al., 2015).

The highest zone of inhibition recorded for MnOxG was 18.0 ± 0.58 mm against Staphylococcus aureus. All the Mn-incorporated 
samples have demonstrated substantial antibacterial activity against all four pathogens tested. Manganese is known to contain high 
levels of antimicrobial attributes. Manganese oxide nanoparticles have effective properties that combat antibacterial resistance 
through several mechanisms. Through their interaction with thiol groups of proteins, disruption of bacterial membranes, and 
disruption of DNA replication, nanoparticles are able to penetrate bacterial cells and function as a catalyst to deactivate enzymes 
necessary for microbial metabolism. Nanoparticles having a higher surface-to-volume ratio may demonstrate enhanced antibacterial 
efficacy by penetrating biofilms and bacterial cell walls, therefore inducing cytotoxicity due to their nanoscale dimensions (Jayanetti 
et al., 2024; Alavi and Rai, 2019). The synergistic effect of the combination of Copper and Manganese oxide nanomaterials has led to 
this increased antibacterial activity. The synergistic effect has enhanced the overall inhibition to optimize the molecular interactions 
between bacterial cells and nanocomposites and the bactericidal effects of the nanocomposite on the application site.

Furthermore, at all tested concentrations, namely 20, 40 and 60 mg/ mL, the lowest zone of inhibition recorded was below 11.00 
± 0.00 mm across all samples against Escherichia coli, Klebsiella pneumoniae and Pseudomonas aeruginosa. Staphylococcus aureus showed 
the least resistance towards samples tested, 11.00 ± 0.58 mm being the lowest zone of inhibition recorded for any sample. Therefore, it 
can be considered as the most sensitive pathogen out of the tested strains.

Overall, the metal oxide nanocomposites showed more sensitivity towards the Gram-positive strain Staphylococcus aureus compared 

Fig. 17. Illustration of the cell walls of Gram-positive and Gram-negative bacteria.
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to the Gram-negative bacteria Escherichia coli, Pseudomonas aeruginosa, and Klebsiella pneumoniae across all samples tested. Outlining 
the differences in the cell walls of Gram-positive and Gram-negative bacteria is essential since the main toxicological impact of 
antimicrobial drugs on bacteria occurs when they directly interact with the cell surface. Fig. 17 illustrates the structure of the cell walls 
of Gram-positive and Gram-negative bacteria. The bacterial surface, whether Gram-positive or Gram-negative, carries a negative 
charge. The peptidoglycan layer of gram-positive bacteria consists of alternating N-acetylglucosamine (NAG) and N-acetylmuramic 
acid (NAM) residues arranged in linear chains. The chains are interconnected by a configuration of 3–5 amino acids that covalently 
bind to create a seamless network. Gram-positive bacteria often possess negatively charged teichoic acids, which are characterized by 
significant phosphate groups extending from the cell wall to the surface. Gram-negative bacteria, in contrast, possess a far more 
intricate structure. Gram-negative bacteria possess an external membrane composed of phospholipids and partially phosphorylated 
lipopolysaccharides (LPS), along with a sparse peptidoglycan coating, which augment the negative surface charge of their cell en
velope (Bruslind, 2017). Moreover, metal ions have been reported to disrupt the integrity of the cell wall and cytoplasmic membrane in 
Gram-negative and positive bacteria (Jayanetti et al., 2024). Upon entering the bacterial cell, they induce denaturation of the ribo
somes, disrupting protein synthesis. Moreover, the presence of metal ions would disrupt the process of ATP synthesis since they 
deactivate respiratory enzymes located on the cytoplasmic membrane. The above-mentioned mechanisms are illustrated in Fig. 18.

5. Conclusions

CoOx and MnOx nanoparticles, composites of varying weight ratios as 4:1, 2:1, 1:1, 1:2 and 1:4, and composites coupled with 30 % 
(weight) GO were successfully fabricated. The composites were visible light sensitive, irregularly shaped nanoparticles of a combi
nation of Co3O4, Mn2O3 and Mn3O4, which are heterogeneously distributed on the GO matrix. Adsorption of MB to the synthesized 
nanomaterials followed pseudo second-order kinetics, suggesting the chemisorption of Mb to the adsorbents. The total removal of MB 
significantly increased with the incorporation of GO. The synthesized nanomaterials were photocatalytically active in degrading MB 
under sunlight. The presence of S2O8

2- increased the reaction rate, while the presence of scavengers like EDTA and IPA decreased the 
reaction rate. The reaction rate generally increased with the increasing weight of the catalyst and decreased with the increase in MB 
concentration. The best-performing catalyst successfully degraded MB for five consecutive cycles with some activity loss. The nano
materials were effective in creating an inhibitory effect on Escherichia coli, Klebsiella pneumoniae, Pseudomonas aeruginosa and Staph
ylococcus aureus being more sensitive to the Gram-positive strain than the Gram-negative strains in all tested samples.
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Garrido-Cardenas, J.A., Esteban-García, B., Agüera, A., Sánchez-Pérez, J.A., Manzano-Agugliaro, F., 2019. Wastewater treatment by advanced oxidation process and 
their worldwide research trends. Int. J. Environ. Res. Public Heal 17 (1), 170.

Ghaffari, Y., Gupta, N.K., Bae, J., Kim, K.S., 2020. One-step fabrication of Fe2O3/Mn2O3 nanocomposite for rapid photodegradation of organic dyes at neutral pH. 
J. Mol. Liq. 315, 113691.

Ghorai, T.K., Dhak, D., Dalai, S., Pramanik, P., 2008. Preparation and photocatalytic activity of nano-sized nickel molybdate (NiMoO4) doped bismuth titanate 
(Bi2Ti4O11) (NMBT) composite. J. Alloy. Compd. 463 (1–2), 390–397.

Ghosh, M., Liu, J., Chuang, S.S.C., Jana, S.C., 2018. Fabrication of hierarchical V2O5 nanorods on TiO2 nanofibers and their enhanced photocatalytic activity under 
visible light. ChemCatChem 10 (15), 3305–3318. Available from: 〈https://onlinelibrary.wiley.com/doi/full/10.1002/cctc.201800172〉. 
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