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ABSTRACT  

The rise of antibiotic resistance necessitates the development of advanced antibacterial agents. Here,  

a ZnO-Co3O4 nanocomposite with varying concentrations is synthesized via the sol-gel method.  

The structural and morphological features of the as-synthesized nanocomposite are characterized using  

X-ray diffraction, scanning electron microscopy, and Fourier-transform infrared spectroscopy techniques. 

The composite design enhances antibacterial performance compared to single oxides. The results revealed 

that ZnO-Co3O4 nanocomposites exhibit concentration-dependent morphology and antibacterial activity. 

Notably, ZnO-Co3O4 nanocomposites demonstrated superior antibacterial activity compared to pure ZnO. 

The addition of cobalt oxide decreased the size of the nanoparticles, thereby enhancing their antibacterial 

activity, particularly against Gram-positive bacteria, compared to Gram-negative bacteria. This enhanced 

activity is attributed to the increased production of reactive oxygen species and the improved penetration 

capability of the nanocomposite. 
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Introduction 

The overuse of antibiotics has led to the emergence of antimicrobial resistance, which poses 

a significant danger to global human health. As a result of the emergence of treatment 

resistance in pathogenic microorganisms, formerly manageable diseases are increasingly 

becoming fatal [1]. Consequently, innovative techniques and methodologies are urgently 

required to address the significant healthcare problem presented by the fast growth of 

antibiotic-resistant microorganisms [2]. Antibacterial agents are classified into two primary 

categories: organic and inorganic [3]. The primary concern with traditionally employed 

organic antibacterial agents is their poor stability under elevated temperatures and pressures, 

whereas inorganic antibacterial agents exhibit superior stability and resilience [4]. 

Recent advancements in nanotechnology provide innovative methods for the creation 

of inorganic antibiotics with better effectiveness. Numerous studies have shown that 

inorganic functional nanomaterials, including Ag, TiO2, MgO, CuO, and reduced graphene 
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oxide (RGO), can impede the development rate of multi-drug-resistant bacteria, including 

both Gram-positive and Gram-negative strains [5–9]. Among these nanomaterials, ZnO is 

distinguished by its inexpensive cost, great biocompatibility, and significantly enhanced 

antibacterial efficiency [10]. Moreover, ZnO is an extensively researched semiconductor 

characterized by a broad band gap energy of 3.37 eV and a high exciton binding energy of 

60 meV [11–14]. Additionally, bacteria easily adhere to the surface of ZnO nanosheets.  

The nanoparticles then get inside the bacterial cells and damage the cell wall and 

membrane, which stops the bacteria from growing [15]. Moreover, ZnO demonstrated 

effectiveness against several bacterial strains, including both Gram-positive and Gram-

negative bacteria, as documented by several research articles [16–19]. Their methodology 

involves disrupting bacterial cell membranes and generating ROS (reactive oxygen 

species) [20,21]. The generation of ROS, especially singlet oxygen and hydroxyl radicals, 

which are extremely reactive and aid in the oxidation of organic molecules as well as the 

utter destruction of bacteria and viruses, is the primary factor influencing the photodynamic 

antibacterial efficiency of ZnO nanostructures [22–24]. These ROS result from 

photogenerated electron-hole pairs that dissociate water molecules. Further, nanoscale 

ZnO enhances the formation of hydroxyl radicals due to its elevated surface area, leading 

to increased surface reactions [25–27]. Consequently, the antibacterial efficiency of ZnO 

nanostructures may be significantly improved by reducing the recombination rate of 

electron-hole pairs and activating them with visible light [28]. 

To overcome these drawbacks, combining ZnO with Cobalt oxide (Co3O4), which is 

a narrow-bandgap p-type semiconductor with antibacterial activity, can decrease the 

recombination rate of the carriers [29]. Although studies on Co3O4 nanoparticles are less 

extensive than those on ZnO, existing research demonstrates their effectiveness against 

infections such as Fusarium oxysporum, underscoring their potential for biological 

applications [30]. The combination of two metal oxides in a binary system can yield 

enhanced properties, such as superior thermal stability, higher electrical conductivity, and 

sensitive catalytic activity [31].  

In this work, we presented the synthesis of ZnO and ZnO-Co3O4 nanocomposites 

with different concentrations through the Sol-Gel method. The structural, morphological, 

and optical characteristics of ZnO and Co3O4 nanocomposites were examined. 

Morphologically small nanoparticles with a high cobalt oxide concentration ratio possess 

high penetration power in the bacterial cells. This nanocomposite shows excellent 

antibacterial activity against Gram-positive bacteria compared to Gram-negative bacteria.  

 

Materials and Methods  

Zinc Nitrate hexahydrate Zn (NO3)2 · 6H2O 98.0 % Cobalt Nitrate hexahydrate Co (NO3)2 

97 %, NaOH, Mueller-Hinton Agar, Staphylococcus aureus, Streptococcus pyogenes, 

Pseudomonas, Klebsiella, and distilled water were purchased from Shanghai Macklin 

Biochemical Co., Ltd. For the preparation of pure ZnO nanoparticles, the sol-gel method 

was used. 10.4 g of zinc nitrate hexahydrate was dissolved in 100 ml of deionized (DI) 

water and stirred for 15 min to obtain a homogeneous colorless solution. The zinc nitrate 

solution was kept on a hot plate, and the sodium hydroxide solution (4 g + 100 ml of DI) 

was added dropwise. During stirring, the zinc nitrate solution gradually changed to  
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a white gel. The gel was washed three times with DI water. The white gel was dried in an 

air oven at 120 °C. The synthesized samples were calcinated at 350 °C for 3.5 h to remove 

the moisture and improve the crystallinity.  

The zinc oxide- cobalt oxide nanocomposites were obtained by dissolving 13.4 g of 

zinc nitrate hexahydrate into 100 ml of DI water and stirring for 15 min. Further, 1.5 g of 

cobalt nitrate hexahydrate dissolved in 100 ml of DI water and stirred for 15 min resulted 

in a pink solution, followed by mixing of both solutions via a magnetic hot plate. The 

NaOH solution was then added dropwise into the mixed solution. The gel was washed 

three times with DI water and dried at 120 °C in an air oven. Next, the dried 

nanocomposites were calcinated at 350 °C for 3.5 h, changing color from white to grey. 

The same procedure was used for ZnO-Co3O4 (20 %) and ZnO-Co3O4 (40 %) with different 

concentrations of zinc nitrate hexahydrate and cobalt nitrate hexahydrate.  

5 g of Mueller-Hinton Agar was dissolved in 130 ml of distilled water for use as 

the test medium. The medium was sterilized in an autoclave for 15 min at 120 °C.  

The sterilized medium was poured into a sterile Petri dish, followed by freezing in the 

freezer. Five wells were made in sterile Petri dishes for checking bacterial zone inhibition, 

one for control and four for as-prepared samples. A 40 ml of bacterial suspension was 

applied to each Petri dish using soft cotton until it was evenly dispersed. A volume of 

70 ml of DI water and the as-synthesized nanocomposites at varying concentrations were 

added to five separate wells. The Petri dish was incubated overnight at 37 °C. 

Cobalt oxide Co3O4 produces ROS through many mechanisms, making it important 

in catalysis, ecological remediation, and biomedical applications. Oxygen vacancies on 

the Co3O4 superficial localized electrons, smoothing the activation of molecular oxygen 

(O2) into superoxide anions (O 2
•− ) and other ROS, enhancing its catalytic activity [32]. 

Moreover, Co3O4 nanoparticles interact with hydrogen peroxide (H2O2), forming hydroxyl 

radicals (OH−), which contribute to oxidative stress. The spin states of cobalt ions at Co3O4 

interfaces more strongly influence their ability to activate molecules like O2, affecting 

ROS generation. In the oxygen evolution reaction (OER), Co3O4 acts as a catalyst, 

facilitating the creation of ROS mediators like superoxide species [33]. Furthermore, its 

high surface reducibility enables continuous oxygen and water activation, ensuring 

continued ROS production for applications like contaminant degradation. These 

properties make Co3O4 a highly operative material for several oxidative processes [34]. 

ZnO-Co3O4 exhibits photocatalytic properties under light treatment, producing electron-

hole pairs (e-/h+) contributing to ROS creation. The conduction band electrons decrease 

oxygen (O2) to form superoxide anions (O 2
•−). The valence band holes oxidize water 

molecules (H2O) to produce hydroxyl radicals (OH−) [15]. 

Figure 1 shows a schematic diagram presenting the synthesis of the ZnO-Co3O4 

nanocomposite. The process begins with preparing individual zinc nitrate and cobalt 

nitrate solutions, which are mixed and stirred until homogeneous, followed by 

centrifugation. The precipitate is dried in an oven to eliminate residual solvent and 

calcined at high temperatures to form a crystalline ZnO-Co3O4 nanocomposite structure. 

The synthesized materials were analyzed using a Fourier transform infrared (FTIR) 

spectrometer (Perkin-Elmer Spectrum 100 Series), a scanning electron microscope (Jeol 

JSM-6510 LV), and X-ray diffraction (Bruker AXS D8 FOCUS Diffractometer) with Cu Kα  

(λ = 1.54056 Å) radiation. 
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Fig. 1. Synthesis of ZnO and ZnO-Co3O4 nanocomposites 

 

Results and Discussion 

X-ray diffraction analysis 

The crystallinity was confirmed through XRD (X-ray diffraction) spectra (2θ: 30–80°) of 

pure ZnO and ZnO-Co3O4 nanocomposites, shown in Fig. 2(a), with all peaks 

corresponding to ZnO (01-080-0075). The diffraction peaks for pure ZnO are observed at 

31.47, 34.4, 36.3, 47.5, 56.5, 62.9, 67.9, and 76.8°, corresponding to the (100), (101), (002), 

(102), (110), (200), (103), and (102) planes, respectively. The average crystalline size was 

calculated using the Debye-Scherrer formula [35]: 

𝐷 =  𝐾
𝜆

𝐵
𝑐𝑜𝑠𝛳,               (1) 

where D denotes a crystallite size, K represents the Scherrer constant, λ stands for the  

X-ray wavelength, and B is the full width at half maximum in radians [36]. The crystalline 

sizes (average) for pure ZnO and ZnO-Co3O4 nanocomposites (10, 20, 40 %) are 51.5, 46.5, 

41.5, and 36.3 nm, respectively. ZnO exhibits a hexagonal lattice structure with 

parameters a = b = 3.25 Å and c = 5.3 Å. No peaks were observed from cobalt oxide, 

confirming that the pure and well-crystallized ZnO was consistent with the literature [36].  

Figure 2(b) illustrates the FT-IR (Fourier-transform infrared spectroscopy) spectrum 

of ZnO-Co3O4 (10, 20, and 40 %) nanocomposites. The 3791 and 1340 cm-1 absorption 

spectra correspond to O-H stretching vibrations from water molecules during 

fabrication [37]. The peak at 831 cm-1 corresponds to Co-O stretching within the 

tetrahedral coordination of Co2+, while the peak at 653 cm-1 is related to Co-O stretching 

in the octahedral coordination of Co3+. The Zn-O stretching vibration is seen at 553 cm-1, 

influenced by the presence of cobalt oxide. The appearance of Zn-O and Co-O peaks 

confirms the successful synthesis of ZnO-Co3O4 nanocomposites [38]. 
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Fig. 2. (a) X-ray diffraction patterns of pure ZnO and ZnO-Co3O4 nanocomposites and (b) FT-IR spectra of 

ZnO-Co3O4 with 10, 20, and 40 % compositions 

 

Morphological and elemental composition 

The morphological study of pure ZnO and ZnO-Co3O4 nanocomposites was carried out 

through scanning electron microscopy (SEM). The SEM images (Fig. 3) show that pure ZnO 

and its nanocomposites with 10, 20, and 40 % cobalt oxide concentrations exhibit  

 

 
 

Fig. 3. SEM micrographs of pure ZnO and ZnO-Co3O4 nanocomposites at different concentrations:  

(a) pure ZnO, (b) ZnO-Co3O4 (10 %), (c) ZnO-Co3O4 (20%), and (d) ZnO-Co3O4 (40 %)  
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Fig. 4. EDS and elemental mapping of ZnO-Co3O4 nanocomposite showing (a) EDS spectrum, (b) oxygen 

(O) distribution, (c) zinc (Zn) distribution, and (d) cobalt (Co) distribution 

 

varying morphologies and decreased an average crystallite size. The energy-dispersive  

X-ray spectroscopy (EDS) analysis (Fig. 4) confirms the successful synthesis of ZnO-Co3O4 

with a 40 % composition. The elemental distributions of oxygen, zinc, and cobalt are 

illustrated in Fig. 4(b–d), respectively. The EDS mapping further verifies the uniform 

distribution of these elements, indicating the formation of ZnO-Co3O4 nanocomposites 

without any detectable impurities. 
 

Antibacterial activities 

This study examined the antibacterial properties of ZnO and ZnO-Co3O4 nanocomposites 

at varying concentrations. Nanocomposites with different ZnO-Co3O4 ratios were 

synthesized and evaluated against common bacterial strains to assess their effectiveness. 

Four plates were prepared, each containing five wells: a central well as the control 

without nanoparticles and four surrounding wells labeled Z pure ZnO, S1 (10 %) 

nanocomposites, (S2) 20 % nanocomposites, and S3 (40 %) nanocomposites, as shown in 

Fig. 5, This setup allowed precise monitoring of antibacterial effects, of pure ZnO 

nanoparticles showing zones of inhibition (ZOI) of 11 and 12.5 mm against the Gram-

positive bacteria (Streptococcus and Staphylococcus) as shown in Fig. 5(a,b), respectively. 

While ZOIs against the Gram-negative bacteria (Klebsiella pneumoniae and Pseudomonas) 

are 8 mm for both bacterial strains, as shown in Fig. 5(c,d). Treatment with ZnO-Co3O4 

with 40 % (labeled as S3) resulted in larger ZOIs (due to small size with high penetrating  



Enhanced antibacterial performance of ZnO-Co3O4 nanocomposites for effective pathogenic bacteria control  130 

 
 

Fig. 5. Antibacterial activities of pure ZnO and ZnO-Co3O4 nanocomposites against different bacterial 

strains: (a) S. streptococcus, (b) S. aureus, (c) Klebsiella, (d) Pseudomonas, and (e) corresponding bar graph of 

zone of inhibition 

 

power in the bacterial cell) for Gram-positive bacteria, with Streptococcus and 

Staphylococcus, showing ZOIs of 16 and 21.5 mm. In contrast, Gram-negative bacteria, 

Pseudomonas and Klebsiella pneumoniae, exhibited ZOIs of 13 mm each, as displayed in 

Fig. 5(a–d). Compared to ZnO-Co3O4 with 40%, the remaining ZnO-Co3O4 with 20% and 

10 % present a lower performance ZOI against bacteria, as shown in Fig. 5(a–d).  

These findings demonstrate the sensitivity of Gram-positive bacteria to ZnO 

nanoparticles and their resulting composites, especially Staphylococcus aureus bacteria. 

Pure ZnO-NPs with a concentration of 70 µg/mL reduced the growth of Streptococcus 

(Gram +ve) to a larger extent than Klebsiella (Gram -ve). However, their composites at 

different sizes posed a greater resistance to the growth of Streptococcus (Gram +ve) than 

Klebsiella (Gram -ve). Exposure of the bacterial species to different sizes of the composite 

particles resulted in a higher reduction in the growth of Staphylococcus (Gram +ve) 

compared to Pseudomonas species (Gram -ve). According to our results, the Gram +ve 

bacteria are more sensitive to ZnO nanocomposite with higher cobalt concentrations than 

lower and pure ZnO according to ZOIs, as shown in Table 1. Our results are better than 

the previously reported research on Cu-doped ZnO nanoparticles and different 

nanocomposites [39]. This antibacterial activity arises from ROS production in metallic 

oxide nanocomposites, which in turn causes DNA damage and, eventually, cell death. ZnO 

nanoparticles and their composites showed antimicrobial potential against the 

pathogens, indicating that they can be used in the pharmaceutical industry to cure 

diseases caused by bacteria due to their safe status and low cost.  

 
Table 1. Average zone of inhibition of ZnO and ZnO-Co3O4 nanocomposites 

 Bacteria Concentrations  ZnO 
ZnO-Co3O4 

10% 20% 40% 

Gram +ve 
Streptococcus 70 µg/mL 

Zone of 

inhibition 

(mm) 

11 14 12 16 

Staphylococcus 70 µg/mL 12.5 18 19 21.5 

Gram -ve 
Klebsiella 70 µg/mL 8 10 14 13 

Pseudomonas 70 µg/mL 8 10 14 13 
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Conclusion 

In summary, pure ZnO and ZnO-Co3O4 nanocomposites with varying concentrations (10, 

20, 40 %) were synthesized using the sol-gel method and evaluated for their antibacterial 

activity against four bacterial strains, including both Gram-positive and Gram-negative 

bacteria. 40 % nanocomposites showed higher zone inhibition against the Gram-positive 

bacteria due to the small size and high ROS compared to the 10 and 20 %, respectively. 

Our results indicate that Gram-positive bacteria are more sensitive compared to Gram-

negative bacteria. This approach suggests a good approach to synthesizing a 

nanocomposite in an easy and cost-effective method for better antibacterial activity.   
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