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Sol-gel Synthesized ZnO–SrMn2O4 Nanocomposite and Its Antibacterial Properties 

This paper presents the synthesis of new binary oxide nanoparticles (NPs), ZnO–SrMn2O4, with a spinel 

structure. The sol-gel technique was used to synthesize ZnO–SrMn2O4 spinel-type oxides, which were subse-

quently investigated for their antibacterial properties. The NPs were characterized by a range of methods, 

namely Fourier transform infrared spectroscopy (FTIR), X-ray diffraction (XRD), scanning electron micros-

copy (SEM), and energy dispersive X-ray analysis (EDX). The FTIR analysis revealed the presence of peaks 

characteristic of SrMn₂O₄ and ZnO/SrMn₂O₄. These peaks confirm the presence of metal-oxygen bonds, 

namely Zn–O, Mn–O, and Sr–O. SEM was used to analyze the morphology, chemical composition, and size 

of the nanocrystals. The morphology of the particles is observed to be more irregular in shape, with a wide 

range of nanoparticle sizes, from 54 to 250 nm. The synthesized nanoparticles, ZnO–SrMn2O4, were used to 

assess their antibacterial properties against Bacillus cereus, Bacillus subtilis, Staphylococcus aureus, as well 

as Escherichia coli and demonstrated pronounced antibacterial efficacy. The highest antibacterial activity was 

recorded against Escherichia Coli, with a diameter range of 16–23 mm, followed by the strain Staphylococ-

cus aureus with a diameter range of 13.5–27.5 mm. The next most active strain was Bacillus subtilis, with a 

diameter range of 12.5–22 mm, and Bacillus cerus, with a diameter range of 13.5–19 mm. Further use of the 

obtained ZnO–SrMn2O4 powder is recommended for application in photocatalysis of dye degradation. 

Keywords: Nanocomposite, antibacterial activity, spinel, zinc oxide, Sol-gel, SEM, XRD, binary oxide. 

 

Introduction 

This paper presents the synthesis of binary oxide nanoparticles ZnO (30 %) SrMn2O4 with a spinel 

structure. In recent years, there has been a considerable increase in interest in nanocomposites, driven by 

their prospective applications in a range of fields, including public health and environmental remediation. In 

particular, the combination of photocatalytic and antibacterial properties offers a powerful strategy for elimi-

nating contaminants and infections from water, air, and a range of other environments. These nanocompo-

sites have shown promising antibacterial efficacy against both Gram-positive and Gram-negative bacterial 

strains, as well as strains with multidrug resistance. Thus, ZnO-based nanomaterials have been reported to be 

synthesized with improved antibacterial properties, especially when Au NPs are incorporated [1–5]. More-

over, researchers attributed the various trends observed for the interactions between the diverse components 

of the nanocomposite and the bacterial cells to the enhanced antimicrobial performance of ZnO NPs in the 

presence of GO or RGO [6]. The synthesis and design of MnO and ZnO nanoparticles have resulted in the 

preparation of new MnO/ZnO nanocomposites with marked antibacterial efficacy. These nanocomposites 

have demonstrated high inhibition rates against E. coli and other pathogenic bacteria, indicating that they 

play a vital role in overcoming bacterial resistance [7]. Further research is required to synthesize the 

ZnMn2O4/ZnO nanocomposite for antibacterial purposes, as the existing research base for new materials 

claiming improved antimicrobial efficiency is insufficient. Previous research indicates that the synthesis of 

nanocomposites comprising zinc oxide nanoparticles and manganese (II) oxide enhances the antibacterial 

properties of the nanoparticles [8]. Moreover, numerous other nanocomposites, including Fe3O4/ZnO-based 

materials, have demonstrated noteworthy antibacterial properties, suggesting potential applications in the 

management of bacterial infections [9]. Previous research established candidature-level reactions in ZnO and 

MnWO4, and both of these nanoparticles show potent antibacterial results. The synthesis of ZnO nanoparti-

cles has been optimized for antibacterial properties, considering synthesis parameters [10]. The nanostruc-

tures of ZnO surfaces possess great antibacterial activity, which causes bacterial cell lysis in microfluidic 

devices [11]. In contrast, MnO2 nanoparticles have been demonstrated to exhibit antibacterial and anti-
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biofilm properties against quinolone-resistant gram-positive and negative pathogenic bacteria, including 

S. aureus and E. coli [12]. It is conceivable that a synergistic effect may be observed between ZnO and 

MnWO4, which could result in an enhanced antibacterial activity of the composite material. Further research 

into the antibacterial efficacy of a composite material comprising ZnO doped with SrMn2O4 could facilitate 

the modification and enhancement of the efficiency of the antibacterial agents employed in the medical field, 

as well as other professional contexts. ZnO nanoparticles have demonstrated high antibacterial efficacy due 

to a number of mechanisms, including the liberation of Zn
+2

, the generation of reactive oxygen species 

(ROS), and the intercalation of microbial cell membranes [13]. Furthermore, the antibacterial efficacy of 

ZnO nanomaterials can be enhanced through the formation of composites with other materials, such as 

SrMn2O4, which has the potential to markedly inhibit the recombination of electrons and holes [14]. The lit-

erature indicates that ZnO and Mn-doped ZnO nanoparticles, when immobilized on titanium implants, are 

effective against the majority of bacterial profiles. Furthermore, the ZnxMn(1–x)O@Ti hybrids have been 

shown to outperform ZnO@Ti [15]. The results of this research study allow us to hypothesise that the addi-

tion of ZnO with other materials, such as SrMn2O4, and the introduction of metal ions, including Mn, will 

enhance the creation of more effective antibiotics with the potential to combat microbial antibiotic resistance. 

Experimental 

Materials used 

Strontium nitrate (Sr(NO3)2), manganese (II) nitrate hydrate (Mn(NO3)2·4H2O), zinc acetate 

(Zn(O2CCH3)2·2H2O), sodium hydroxide (NaOH), ethanol and Acid citric were purchased from Sigma Al-

drich. Fourier transform infrared (FT-IR) spectra were recorded using an FTIR-8400 type SHIMADZU spec-

trometer. The measurement of X-ray diffraction patterns was carried out using a Rigaku MINIFLEX 600 

diffractometer. The products morphology was determined using scanning electron microscopy (SEM) tech-

niques on the SEM-QUANTA 650 FEI. 

Synthesis of ZnO nanoparticles 

In order to synthesize ZnO nanoparticles, a solution of Zn(NO3)2·6H2O (250 mL, 0.2 M) and a solution 

of NaOH (250 mL, 0.5 M) were prepared with deionized water. The sodium hydroxide solution was added 

dropwise using a burette to the zinc acetate solution at room temperature. This was achieved by stirring vig-

orously until a pH of 12 was reached. This resulted in the formation of a white precipitate of zinc hydroxide 

(Zn(OH)2), which was separated by centrifugation for 30 min and washed three times with distilled water 

and then ethanol. The resulting product was dried at 60 °C in an air atmosphere for 24 hours to convert 

Zn(OH)2 into ZnO NPs. 

Synthesis of SrMn2O4 nanoparticles 

The synthesis of SrMn2O4 NPs involved the dissolution of 1.571 g of (Sr(NO3)2) in 40 ml of ethanol. 

Conversely, 4.713 g of manganese nitrate (II) hydrate (Mn(NO3)2·4H2O) was dissolved in 110 ml of ethanol. 

The two solutions previously obtained were added, in a dropwise manner, to a solution of citric acid, which 

was prepared by dissolving 5.106 g of C6H8O7 in 100 ml of demineralized water. Subsequently, the solution 

was heated to 80 °C for a period of three hours, with stirring using a magnetic stirrer. 

The solution underwent evaporation, forming a gel that was subsequently subjected to drying at 60 °C 

and calcination at 700 °C for four hours. This process resulted in the formation of SrMn2O4 nanocomposites, 

as illustrated in Figure 1. 

 

 

Figure 1. Preparation of ZnO (30 %) SrMn2O4 using the sol gel method. 
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Synthesis of ZnO (30 %) SrMn2O4 nanocomposites 

In order to develop ZnO (30 %) SrMn2O4 nanocomposite powders, the same synthesis protocol for 

SrMn2O4 must be followed, with the exception that the previous solutions are mixed with the incorporation 

of ZnO 30 % (molar percentage). 

Results and Discussion 

To explain the phase structure and the degree of crystallinity of the synthesized products X-ray diffrac-

tion was used. The XRD pattern of the prepared samples is presented in Figure 2. The reflection peaks ob-

served at values of 25°, 60.63°, 33.39°, 36.73°, 45.06°, 50.48°, 59.61°, and 61.45° correspond to the data of 

JCPDS n°96-400-1312 and card n
o
 JCPDS 96-9007521. The prepared sample of ZnO NPs corresponds to the 

JCPDS card n
o
96.101-1259. XRD data confirm formation of ZnO. 
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Figure 2. XRD pattern of SrMn2O4 with Reference number 

In the case of ZnO (30 %) SrMn2O4, the reflected peaks were observed at 25°, 60.63°, 33.39°, 36.73°, 

45. 06°, 50. 48°, 59. 61°, and 61. 45°, corresponding to plans (101), (112), (103), (202), (220), (204), (321), 

and (224) (Fig. 3). 
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Figure 3. XRD pattern of ZnO, SrMn2O4 and ZnO (30 %) SrMn2O4 

The Scherrer equation [16], which is Dc = Kλ/β cosθ, was used for the calculation of crystallites. In this 

formula, β represents the width of the observed diffraction peak at half of its maximum height, also known as 

FWHM, which stands for full width at half maximum. K is the shape factor, its value varies and it is ap-

proximately equal to 0.9 and λ is the X-ray wavelength (CuKα radiation, which is equal to 0.154 nm). From 

the Scherrer equation, the average crystalline sizes were found to be 42 nm for ZnO, 13 nm for SrMn2O4, and 

20 nm for the ZnO (30 %) SrMn2O4 composite, respectively. 

The FTIR spectra for ZnO, SrMn2O4, and ZnO (30 %) SrMn2O4 are presented in (Fig. 4) below. In the 

case of ZnO, the stretching vibration of the Zn–O bond is related to the peak at 498.75 cm
-1

. In the case of 

SrMn2O4, the large peak observed at approximately 512.85 cm
–1

 is due to the vibration of the Mn-O func-

tional group, which is associated with the tetrahedral coordination of MnO2 ions. Bands at approximately 

611.52 cm
–1 

correspond to stretching vibrations of Sr–O [17]. The presence of peaks for SrMn2O4 and 

ZnO/SrMn2O4 confirm the existence of metal-oxygen bonds (Zn–O, Mn–O, and Sr–O). A less intense band 

appears approximately at 3500 cm
–1

, which can be attributed to the stretching vibration of the O–H group 

originating from H2O molecules adsorbed on the surface of the material. Another peak was identified at 

1600 cm
−1

, which is attributed to O–H bending vibrations. 

In the case of ZnO (30 %) SrMn2O4 (Fig. 4), a shift in the FTIR peaks was observed, which is fre-

quently associated with alterations in the bond lengths and bond angles within the crystal structure. ZnO can 

cause a change in the vibrational frequencies of Sr-O bonds, a phenomenon that is frequently observed by 

FTIR. This shift is a consequence of the substitution of Zn
2+

 ions within the structure, which results in altera-

tions to the intermediate distances and bond strengths. 
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Figure 4. FTIR spectra of ZnO nanoparticles, SrMn2O4 and ZnO (30 %) SrMn2O4. 
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Figure 5 illustrates the morphology of the particles, which exhibit a more irregular shape and a wide 

range of nanoparticle sizes, spanning from 54 to 250 nm. 

 

  

  

  

  

Figure 5. SEM micrograph of ZnO (30 %) SrMn2O4 NPs 
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Energy dispersive X-ray (EDX) analysis was used to examine the chemical components of the produced 

nanoparticles, which revealed the presence of zinc, oxygen, Sr and Mn atoms (Fig. 6). Table 1 presents the 

atomic percentages of each element. These results demonstrate that the ZnO sample (30 %) SrMn2O4 con-

tains amounts of Sr, Zn, Mn, and O. Additionally, carbon was detected, originating from the support where 

the material used during the EDX manipulation was deposited. 

 

.  

Figure 6. EDX images of synthesized ZnO (30 %) SrMn2O4 NPs 

Antibacterial activity 

The antibacterial activity of ZnO (30 %) SrMn2O4 nanoparticles was determined using the well diffu-

sion method [18, 19]. An 18-hour culture of Gram-positive (Bacillus cereus (ATCC10876), Bacillus subtilis 

(ATCC 6633), and Staphylococcus aureus (ATCC 25925)) and Gram-negative (Escherichia coli (ATCC 

25922)) strains was adjusted to 0.5 McFarland. Freshly prepared Mueller-Hinton agar plates were inoculated 

with 100 μl of bacterial suspension. Four wells of 8 mm in diameter were created on the agar plates. Subse-

quently, 100 μl of ZnO (30 %) SrMn2O4 nanoparticles of different concentration were added to each well. 

Then, the Petri dishes were left at 4 °C for 30 min for good diffusion of the nanoparticles. The plates were 

incubated at 37 °C for 24 hours. Inhibition zones were measured in millimetres. 

The antibacterial activity of the ZnO (30 %) SrMn2O4 nanoparticles was confirmed by the appearance of 

clear zones around the wells (Fig. 7). 

 

    

B. cereus E. coli S. aureus B. subtilis 

Figure 7. Results of the antibacterial activity of ZnO (30 %) SrMn2O4 
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The diameters of the inhibition zones of the nanoparticles against Gram-positive and Gram-negative 

bacteria are presented in Figure 8 and Table 1. These results demonstrate the effective inhibitory effect of the 

synthesized nanoparticles. Furthermore, the highest antibacterial activity was observed against Escherichia 

Coli, with a diameter ranging between 16 and 23 mm, followed by the strain Staphylococcus aureus, with a 

diameter ranging from 13.5 to 27.5 mm, Bacillus subtilis with a diameter ranging from 12.5 to 22 mm and 

Bacillus cereus with a diameter ranging from 13.5 to 19 mm. These data affirm that the increase in the con-

centration of SrMn2O4 30 %ZnO nanoparticles is accompanied by the increase in inhibition of the growth of 

these bacteria. Furthermore, this variation in activity can be attributed to the structural variations in the cell 

walls of the pathogenic strains selected and also to the size, morphology and composition of the nanoparti-

cles under consideration. 

Additionally, the mechanism of antimicrobial action of nanoparticles is generally described as adhering 

to one of three models: induction of oxidative stress [20], the release of metal ions [21] or non-oxidative 

mechanisms [22]. It is possible for all three types of mechanisms to occur simultaneously. 

The findings of our research indicate that SrMn2O4 30 %ZnO nanoparticles exhibit considerable effi-

cacy in combating pathogens. The nanoparticles function in a manner analogous to other compounds, includ-

ing ZnO/SrZnO2 and ZnMn2O4-chitosan. The synthesis of these nanoparticles was carried oud using sol-gel 

methods. [23–26]. These compounds have been demonstrated to be highly effective in the killing of bacteria, 

including E. coli, S. aureus, and P. aeruginosa. The E. coli demonstrated greater susceptibility to the 

ZnO/SrZnO₂ composite than either oxide individually, as it relies on pure ZnO or SrZnO₂ oxide for normal 

cellular activity. 

ZnO–SnO2 nanoparticles demonstrated pronounced antibacterial activity against Staphylococcus 

aureus, Streptococcus mutans, and Escherichia coli. The efficacy of the nanoparticles was demonstrated at 

both high and low concentrations. The ZnO–CuO composite particles were also observed to exhibit antibac-

terial activity against both gram-positive and gram-negative bacteria. The nanoparticles were tested against a 

range of bacteria, including Staphylococcus aureus, E. coli, and Pseudomonas aeruginosa. 

T a b l e  1  

Zone of inhibition of SrMn2O4-ZnO against bacterial strains 

Microorganisms 
ZnO (30 %) SrMn2O4 NPs 

2(mg/ml) 5(mg/ml) 8(mg/ml) 10(mg/ml) 

Staphylococcus aureus 13.5 14 15 27.5 

Bacillus subtilis 12.5 14 15 22 

Escherichia coli 16 18 22 23 

Bacillus cerus 13.5 16 18 19 

 

 

 

Figure 8. Antimicrobial activity of ZnO (30 %) SrMn2O4 nanoparticles 
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T a b l e  2  

Comparison of results with published data nanoparticles 

Nanocomposite Antimicrobial 

Activity 

Effective Bacteria/Fungi Mechanism Average 

particle sizes 

Stability Ref. 

ZnO 99.99 % 

 

99.63 % 

E. coli 

S. aureus 

B. cinerea 

ROS, Disruption of 

Cell Membrane  

Integrity 

20–40 nm Size and Surface 

Area Effects and 

Role of Plant 

Extracts 

27 

ZnO significant E.coli and 

S. aureus 

A. nige 

Physical and chemi-

cal interactions like 

Electrostatic Effects: 

Membrane Abrasion 

and ROS 

nanoporous Surface Area 

Effects 

28 

ZnO–Ag higher against E. coli  

compared to S. aureus 

Membrane Disrup-

tion and ROS, Inhibi-

tion of Cellular Func-

tions and Multitarget 

Mechanism 

14.8 nm pH range of 7-8 

increasing Ag 

concentrations 

ameliore stabil-

ity in various 

environments 

29 

Zn–CuO superior S. aureus and E. coli ROS and Cell Mem-

brane Disruption 

8 nm to 

25.58 nm 

Stabilization by 

Vaccinium arc-

tostaphylos L. 

fruit extract 

Zingiber 

officinale Rhi-

zome Extract 

30, 

31 

ZnO/TiO2 significant Staphylococcus aureus 

and Gram-negative bac-

teria (Escherichia coli, 

Pseudomonas aerugi-

nosa, Klebsiella pneu-

moniae, Salmonella 

Paratyphi A) as well as 

fungi (Candida albicans, 

Aspergillus flavus) 

The antimicrobial 

mechanism is primar-

ily attributed to the 

production of reac-

tive oxygen species 

(ROS), which induce 

oxidative stress and 

apoptosis in micro-

bial cells 

30 to 100 nm / 32 

MnO/ZnO High Inhibition 

Rate: 

The MnO/ZnO-

2.5 % nano-

composite 

92.3 % 

Achieving an inhibition 

rate against E. coli 

ROS 

Damage  

to Bacterial Cells 

Photocatalytic  

Activity 

/ Synergistic 

Effects of 

Doping: 

33 

Our research Significant S. aureus 

B. subtilis 

E. coli 

B. cerus 

ROS, release of 

metal ions, non-

oxidative mecha-

nisms 

Particles in a 

more irregu-

lar shape 

with a wide 

(54-250) 

Stabilization by 

citric acid 

 

 

Conclusions 

In conclusion, the sol-gel process for the synthesis of ZnO, SrMn2O4, and ZnO (30 %) SrMn2O4 nanos-

tructures has been described in detail above. The characterization of the developed samples was carried out 

using FTIR, SEM, EDX, and XRD. The synthesised nanostructures were employed to assess their antibacte-

rial characteristics, and the results demonstrated that the SrMn2O430 %ZnO NPs exhibited a pronounced 

pathogen-suppressing capacity. It is recommended that the ZnO-SrMn2O4 powder be employed further for 

the photocatalytic degradation of dyes. The ZnO/SrZnO2 material demonstrated a notable photocatalytic ef-

fect for the degradation of Congo red dye after 80 minutes of UV/vis irradiation [23], and as an electrode 

material in supercapacitors, as evidenced by the NiO/ZnMn2O4 materials, which exhibited a specific capacity 

[34]. 
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