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Abstract: Low-temperature hydrothermal synthesis produced Mn1-xCuxFe2O4 (x = 0.02, 0.04, 0.06, and 

0.08) (MCF) nanoparticles (NPs). The MCF system produced a cubic spinel, according to X-ray 

diffraction. The average crystallite size varied from 53.6 to 79.8 nm. In FTIR investigations, broad (v1) 

and narrow (v2) absorption bands may indicate cation distributions in tetrahedral and octahedral 

locations, respectively. The surface morphology was FESEM-analyzed. The dependence of the optical 

bandgap shift (Eg~2.250-2.280 eV) on substituent concentration was clarified. Magnetization versus 

applied magnetic field (M-H) loops showed that MCFF NPs are superparamagnetic and useful for 

biological applications. Magnetization against magnetic field (M-H) curves for x = 0.02, 0.04, 0.06, and 

0.08 revealed small remanence magnetization (Mr) and coercivity (Hc). This confirmed MCF NPs were 

superparamagnetic. An antibacterial examination using green-method MCF showed a 10.8 mm zone of 

inhibition of Escherichia coli and 9.4 mm for Streptococcus pneumoniae. 

Keywords: nanoparticles; morphology; dielectric properties; impedance; antimicrobial. 

© 2024 by the authors. This article is an open-access article distributed under the terms and conditions of the Creative 

Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/). 

1. Introduction  

Iron, cobalt, nickel, etc., are only magnetic substances, but it is wrong to think that even 

paper, glass, wood, and silver are magnetic substances. All available materials are magnetic. 

Any materials that experience a strong or weak force in the presence of a magnetic field are 

called magnetic materials. On the basis of behavior, magnetic materials are classified into 

Diamagnetic, Paramagnetic, Ferromagnetic, Antiferromagnetic, and Ferrimagnetic substances. 

But, based on the application, these materials are divided into hard and soft magnetic 

substances. To study the magnetic behavior of materials, some quantities like magnetic 

induction (�⃗� ), magnetization (�⃗⃗� ), magnetic intensity (�⃗⃗� ), absolute permeability (µ), relative 

permeability (µr), and magnetic susceptibility (χ) are important.  

The word ferrite is from Latin, i.e., Ferrum, which means iron. In magnetic materials, 

the ferrites are the main class of materials in which Fe3+ cations' role is prominent in 

composition. Ferrites have been known to the world since 800 BCE in Greece. In the modern 

period, in 1928, Forestier came forward to prepare ferrites using the heat treatment method. In 

1947, Snoek prepared many ferrites, and in 1950, ferrites were used in television technology 

as high-voltage transformers and electron deflection yokes. Based on the chemical 
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composition, magnetic properties, and structure, ferrites are classified into spinels, garnets, 

hexaferrites, and orthoferrites; these substances exhibit magnetically as soft and hard materials. 

The magnetic materials of the polycrystalline substances, which are spinel structures, exhibit a 

versatile role in various domains owing to higher magnitude of permeability, magnetization, 

minimum values of eddy currents, electrical conductivity, etc. [1-7]. Magnetic spinels are 

suitable materials for spintronics, resonators, microwave devices, electronics, radio-

electronics, phase shifters, filters, EMI shields, etc. [2]. The ferrimagnetic spinels generally 

have a chemical formula MFe2O4, where M is divalent cations such as Ni, Mg, Cu, Zn, Mn, 

Co, Ca, etc. [3]. The initial stage of research was limited to the basic spinel structures. However, 

as time lapsed, the research was extended to adding dopants into the basic structure of spinel 

ferrites. The main dopants are alkali elements, alkaline metals, transition metals, and rare earth 

elements. In this context, the researcher emphasized substituting divalent copper with 

MnFe2O4, expecting the advanced properties.  

In the literature survey, S.A. Mazen et al. [4] synthesized “Effect of divalent metal ions 

substitution on structural and magnetic properties of Li0.25Mn0.5-xMxFe2.25O4 (M = Co2+, Ni2+, 

Cu2+) spinel ferrites”. The structural analysis by XRD gave a cubic structure for all 

substitutions of Co2+, Ni2+, and Cu2+, as well as decreasing order lattice parameters with 

increasing dopant concentration. For Li0.25Mn0.5-xCoxFe2.25O4 the lattice parameters were 

varied from 0.842 nm, 0.841 nm, 0.838 nm and 0.836 nm for x=0.0, 0.1, 0.2, 0.3 respectively, 

for Li0.25Mn0.5-xNixFe2.25O4 lattice parameters were 0.840 nm, 0.837 nm and 0.834 nm for 

x=0.1, 0.3 and 0.5 respectively and Li0.25Mn0.5-xCuxFe2.25O4 lattice parameters were 0.841 nm, 

0.839 nm and 0.837 nm for x=0.1, 0.3 and 0.5 respectively. The microstructures of SEM 

analysis revealed the presence of intergranular porosity and intragranular porosity, which was 

absent. M.H. Abdellatif et al. [5] studied the Crystal field deformation by Ce3+ doping in spinel 

Mn-Cr ferrite, synthesized by standard ceramic technique. The TEM images showed coherent 

rounded nanoparticles, and the average size of particles was 50 nm. Bajarang B. Patil [6] 

explained the effect of divalent materials on ferrite structures. In the recent decade, extensive 

research has been done on adding divalent atoms (Zn2+, Cu2+, Mn2+, Ni2+, Mg2+) into the Cu-

Ni-Zn ferrite structures. A recent research report showed that Mg2+ and Mn2+ enhanced the 

permeability in the Cu-Ni-Zn ferrite structures. In Ni0.4Cu0.3Zn0.3Ag0.4xMn0.3x Cr0.3xFe2-xO4 (x 

= 0.0, 0.05, 0.10, 0.15) prepared by the sol-gel method reported the increase of lattice 

parameters and volume of the unit cell, decrease the dc resistivity, inverse relation between 

saturation magnetization and coercivity and lower coercivity by nanoferrites materials possess 

power applications. In a review article by O. Dehghani Dastjerdi et al., a review of synthesis, 

characterization, and magnetic properties of soft spinel ferrites [7], the crystallographic 

properties obtained for the MnFe2O4; crystal structure was cubic (FCC), lattice constant was 

8.511 Å, unit cell volume 616.512 Å3 and theoretical density 2.484 g/cc and the magnetic 

properties were high in the composition of Co0.2 Mn0.8 Fe2O4 i.e., Hc value 121.46 Oe, Mr value 

15.93 emu/g and Ms 61.69 value emu/g value. Kaliram Patil et al. [8] studied structural and 

dielectric properties of Zn2+ doped MnFe2O4 and NiFe2O4 spinel ferrites synthesized by solid-

state reaction and reported the cubic structure. The lattice parameters of Zn2+ doped MnFe2O4 

and NiFe2O4 spinel ferrites were 8.35 Å and 8.422 Å, respectively. M.D. Hossain et al. [9], 

review in Hysteresis loop properties of rare earth doped spinel ferrites; Ni0.5Cu0.2Cd0.3Lax Fe2- 

xO4 (X=0.000, 0.015, 0.030, 0.045 and 0.060) synthesized by sol-gel auto combustion. The 

Mr/Ms values were 0.07, 0.06, 0.03, 0.04, and 0.08 for their increasing compositions. Abanti 

Nag et al. [10] studied the influence of doping on the magnetic and electromagnetic properties 
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of spinel ferrites synthesized by the sol-gel auto-combustion route. Mouna El Abboubi et al. 

[11] review on Integration of spinel ferrite magnetic nanoparticles into organic solar cells: a 

review. Muhammad Zahid et al. [12] studied the optimization of nanocrystalline copper-doped 

spinel ferrites' structural, dielectric, and magnetic properties. Shameran Jamal Salih et al. [13] 

review on magnetic spinel ferrite (MFe2O4) nanoparticles: From synthesis to application. Nida 

Khan et al. [14] worked out on sol-gel auto-combustion synthesis and characterization of Nd3+ 

doped Cu0.5Co0.5Fe2-xNdxO4 (x = 0.0, 0.1, 0.2, 0.3, 0.4, and 0.5) spinel ferrites; the XRD pattern 

is shown single phase of cubic structure without any secondary phases. Studied structural, 

optical, dielectric, and magnetic properties of Nd3+ ion-substituted Ni-Mg-Cu spinel ferrites. 

In the current research work, we focused on preparing the compound as Mn1-xCuxFe2O4 

(X=0.02, 0.04, 0.06, and 0.08) (MCF), and the method adopted was hydrothermal. The reason 

behind this is to observe the compound's resultant magnetic, dielectric, and thermal behavior 

in the presence of the Copper element in the ferrite structure. In the preparation process, we 

adopted the hydrothermal method, which is more economical, takes less time, has good 

homogeneity with high crystallinity, etc. As a whole, it was observed that no work was done 

on the compound Mn1-xCuxFe2O4 (X=0.02, 0.04, 0.06, and 0.08) prepared via the hydrothermal 

method.  

2. Materials and Methods 

For the synthesis of Mn1-xCuxFe2O4 (X=0.02, 0.04, 0.06 and 0.08)/MnCuFe2O4 (MCF) 

nanocomposites, we selected the starting material as Manganese nitrate[Mn(NO3)2 

4H2O(99.8% purity, Sigma-Aldrich)], Copper nitrate[Cu(NO3)23H2O(99.8% purity, Sigma-

Aldrich)], and Iron nitrate[Fe(NO3)3.9H2O(99.8% purity, Sigma-Aldrich)]. The sodium 

hydroxide (NaOH) pellets and their aqueous solution were also used as catalysts and solvents 

in hydrothermal reactions. 

 
Figure 1. Stepwise schematic representation of MCF. 

The precursors are dissolved in distilled water in a ratio of 1:4, and the mixture is stirred 

constantly at 460 rpm (at 35°C) to get a homogenous solution. In the middle of the stirring 

process, the sodium hydroxide solution is poured into the precursor mixture to reach a pH of 

11. The resultant solution is shifted to 500 ml of Teflon bowl. Then, the bowl is placed in an 

autoclave. The autoclave is kept in the oven. The further reaction is executed at 150°C/6 hrs. 

After the reaction, the autoclave is removed from the oven after reaching room temperature. 
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Slowly, the screws are removed, and the Teflon bowl is opened. Then, the nanoparticles are 

seen. The water is removed slowly by the injection needle. A level comes when it is impossible 

to remove small water bits. At this time, the sample is heated at 60°C/6 hrs. Then, the dried 

sample is ground well in an agate motor. The fine nanoparticle powder samples are subjected 

to various analysis methods. 

The stepwise preparation of the MCF is shown in Figure 1.  

3. Results and Discussion 

The XRD analysis confirmed the structural parameters and diffraction pattern of MCF, 

as depicted in Figure 2. The diffraction peaks for X=0.02-0.08 compositions have been noticed, 

and the (311) reflection plane exhibited the highest intensity peaks. All these diffraction peaks 

agree with the JCPDS file 77-0100 of CuFe2O4. The crystallite of all diffraction peaks was 

calculated using the Scherrer equation [15], and finally, the average crystallite size values were 

calculated for all compositions. Da denotes the average crystallite size, and the values are given 

in Table 1.  

 

 
Figure 2. XRD patterns Mn1-xCuxFe2O4 (X=0.02, 0.04, 0.06 and 0.08) nanoparticles.  

    

(a) (b) (c) (d) 

Figure 3. FESEM pictures of Mn1-xCuxFe2O4 (a) X=0.02; (b) X= 0.04; (c) X= 0.06; (d) X= 0.08 

nanoparticles. 

The Da values were neither descending nor ascending order with respect to composition 

from X=0.02 to X=0.08. However, in the lower composition from X=0.02-0.04 Da, values were 

JCPDS file: 77-0100 
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increased from 71.4 to 79.8 nm due to the microstrain decrease during the autoclave chemical 

reaction. In the higher composition values, i.e., from X=0.06 to 0.08, the Da values decreased 

from 77.8 to 53.6 nm due to the microstrain increase during the chemical reaction. This trend 

of crystallite size variation is common in most ferrites [16-18].  

Table 1. Data on XRD parameters of Mn1-xCuxFe2O4 (X=0.02-0.08) nanoparticles. 

X 0.02 0.04 0.06 0.08 

Da(nm) 71.4 79.8 77.8 53.6 

a=b=c (Å) 8.41 8.382 8.354 8.35 

V (nm) 594.82 588.9 583.02 582.19 

MW (g/mole) 230.800 230.972 231.144 231.316 

ρx (g/c.c) 5.165 5.217 5.27 5.277 

S (m2/g) 16.3 14.4 14.9 25.7 

G (nm) 98.78 104.17 98.09 87.63 

 

 

 

 

 
Figure 4. EDAX spectra of MCF nanoparticles. 

The lattice constants were decreased from 8.41 to 8.35 Å with Cu content. This trend 

is attributed to lower ionic radii of Cu2+:0.73 Å than that of Mn2+: 1.35 Å and Fe3+: 0.645 Å 

elements present in the compound, as suggested by Shannon [19]. The Cu2+ ions are likely to 

favor occupying the octahedral (B) sites, and Fe3+ ions have an equal chance of occupying both 

sites. Adding Cu cations cannot replace Mn or ferric cations in the ferrite system. Subsequently, 
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the secondary phases were also noticed. The X-ray density (ρx) is calculated and shown in 

Table 1. These values were increased from 5.165 to 5.277 g/cc as a function of X= 0.02 to 0.08. 

This type of trend is attributed to the increased molecular weight of the compound from 

230.800 to 231.316 g/mole. The reciprocal relationship between crystallite size and specific 

surface area was noticed. The morphology of the MCF has been studied by the FESEM (Figure 

3) with a scale of 200 nm (for X=0.02-0.08), magnification of 50 K, and working distance 

varied from 10.9 to 11.5 nm. The FESEM pictures clearly indicate that grains are asymmetrical 

spheres connected due to magnetic interactions. The linear intercept technique was adopted to 

find the average grain size (G) [20,21], and the values are given in Table 1. The EDAX spectra 

of MCF nanoparticles of all compositions were recorded in Figure 4. It is evidenced that all the 

compositions offered quantitative analysis. It implied a fact that all elements, such as oxygen 

(O), manganese (Mn), copper (Cu), and Iron (Fe), were present without any traces of impurities 

in the sample. 

The band gap or energy gap (e.g.,) is an important factor determining many of a 

substance's characteristics. Each substance will have its energy gap according to the gap 

between the valance and conduction bands. In this research, we employed Tauc’s plots to 

determine the band gap, as shown in Figure 5. The plots were drawn by using (αhν)n=k(hν-Eg) 

where α is absorptivity, hν is photon energy, k is constant, and n=2 for direct transition [22]. 

Here, (αhν)2 v/s hν is drawn so that (αhν)2 along the Y-axis and hν along the X-axis. The 

interception intern is called the Eg value after plotting the neat curve, taking tangent, and 

extrapolating to the X-axis. These values were found to be increased from 2.250 to 2.653 eV 

(X=0.02-0.08), as shown in Table 2.  

Table 2. Band gap values of MnCu ferrite. 

Composition (X) 0.02 0.04 0.06 0.08 

Eg values (eV) 2.250 2.280 2.594 2.653 

 

 
Figure 5. Tauc’s plots of MCF NPs. 

The FTIR spectra of MCF (X=0.02-0.08) have been recorded in the wavenumber range 

4000 to 400 cm-1, as shown in Figure 6. These spectra showed the presence of metal oxide 

bonds (M-O) such as Mn-O and Cu-O. At the wavenumber, 1384 cm-1 absorption peak was 
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noticed, indicating that bending vibrations were noticed for all compositions, and the 

predominant absorption peak was observed at the wavenumber 1641 cm-1, indicating that 

stretched vibrations are confirmed in the compound due to the presence of H2O molecules and 

O-H bonds exhibited the stretched vibrations at 3448 cm-1. The FTIR spectra of MCF are 

shown in Figure 6. The absorption spectra are shown in Figure 7. The magnetization vs 

magnetic field (M–H) loops (Figure 8) can generally be used to explain the soft ferromagnetic 

character of the ferrite system due to their low coercivity and area covered. At room 

temperature (300 K), the samples were analyzed with a vibrating sample magnetometer to 

determine the ferromagnetic nature of the MCF system. 

 
Figure 6. FTIR Spectra of MCF NPs(X=0.02-0.08). 

 
Figure 7. UV-visible absorption spectra of MCF nanoparticles. 
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Figure 8. M–H loop of the MCF NPs. 

Table 3. Magnetic parameters of the MCF NPs. 

X 0.02 0.04 0.06 0.08 

Mr (emu/g) 0.122 0.143 0.122 0.145 

Ms (emu/g) 0.419 0.502 0.450 0.486 

Mr/Ms 0.293 0.286 0.270 0.299 

Hc (Oe) 672.134 667.214 553.924 757.546 

K1 (erg/cm3) 293.365 349.391 260.044 383.610 

nB (μb/f.u) 0.017 0.020 0.018 0.020 

ωp (erg/cm2) 0.201 0.217 0.1860 0.223 

DC (nm) 6.500 4.877 5.180 5.341 

Figure 8 displays the generated hysteresis loops; a deep view of the hysteresis loop is 

displayed in the inset plot of Figure 8. It made it possible to track variations in the synthetic 

samples' coercivity. Conversely, the M–H loop was used to account for the magnetic 

parameters, which included remanence ratio (Mr/Ms), residual magnetization (Mr), hysteresis 

loop area (A), and saturation magnetization (Ms). These characteristics demonstrated the MCF 

NPs' soft ferromagnetic nature. Their tiny coercivity and retentivity values identified 

superparamagnetic NPs. As a result, it demonstrated how artificial materials are 

superparamagnetic. However, Table 3 has an evaluation and a summary of the magnetic 

parameters. As the Cu content increased from y = 0.02, 0.04, 0.06, and 0.08, the Hc increased 

from 672.134 to 757.546 G. It could be obtained because the crystallite size shrank from 71.4 

to 53.6 nm. Thus, Hc and D have an inversely proportionate relationship; similar reports were 

found in the literature [23]. As the Cu content increased, the magnetic saturation (Ms) increased 

at X=0.02, 0.04, and 0.08 but decreased at X=0.06. This trend is attributed to the trivalent rare 

earth element, which can influence the cation distribution and conversion of ferric ions into 

ferrous ions. Hence, the variation of magnetic moment and interaction variation occurs. This 

may occur because of a decrease in the magnetic exchange contact between the A and B sites 

[24, 25] or because the magnetic moment (nB) decreases. This pattern for Ms can also be 

explained by an increase in the number of cations occupying lattice positions that are not 

magnetic. In the composition X=0.02 and 0.04, the exchange interaction was increased in the 

Fe-O-Fe interactions so that the exchange length decreased between Fe and O. As reported in 

the literature, the cations distribution was mainly responsible for this kind of trend. In the case 

https://doi.org/10.33263/BRIAC144.081
https://biointerfaceresearch.com/


https://doi.org/10.33263/BRIAC144.081  

 https://biointerfaceresearch.com/  9 of 16 

 

of X=0.6, the magnetization and magnetic moment were decreased due to the increase in 

exchange length and thereby decreased exchange interactions. Moreover, in this sample, ferric 

conversion into ferrous ions occurs at both A and B sites. Commonly, the ferric ions will have 

a higher magnetic moment than ferrous ions. The conversion of Fe+3 to Fe+2 decreases the 

magnetization and magnetic moment. That is why X=0.6 showed the low Ms value 0.451 

emu/g, the numerical squareness Mr/Ms values were varied from 0.2707-0.2995, if the 

squareness is less than 0.5 considered a multidomain magnetic structure and greater than 0.5 

compound is single domain magnetic material. Hence, the NCF is a multidomain nanomagnetic 

material. The crystal anisotropy constant (K1) is calculated, which gives the information about 

magnetization difference in hard (111) and soft (100) directions, and values vary from 260.044 

to 383.610 erg/cm3. The magnitude of domain wall energy (ωp) was noted for all compositions. 

The critical diameter Dc was noted to be 4.877-6.500 nm. Figure 9 shows the variation of the 

dielectric constant of the real part of the impedance (ε') and dielectric loss of the imaginary part 

of impedance (ε") with respect to the applied frequency. We noticed that at a lower frequency, 

higher ε' and ε" and as the frequency increases then both ε' and ε" have been decreased. Koop's 

double layer theory reported the main reason for higher values of real part ε' in dielectric 

structure [26].  

  

(a) (b) 

Figure 9. (a) Dielectric constant; (b) dielectric loss of Mn1-xCuxFe2O4 NPs. 

 
Figure 10. Frequency-dependent AC electrical conductivity of Mn1-xCuxFe2O4. 

Maxwell-Wagner’s polarization [27] usually shows an effect at less than 100 Hz, 

achieving the piling-up nature of space charges at the grain boundary interface. This is also 

termed electrode polarization. The compositional variations of the real part and imaginary part 
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of impedance have been shown in Figure 9. The ε΄ value for X=0.02 to 0.04 has decreased from 

184 to 179.011, and in the case of X=0.06-0.08 composition, the trend decreased from 428.737 

to 354.081. Corresponding to the dielectric constant, the dielectric loss was higher at lower 

values of the dielectric constant and vice versa; hence, this MCF is referred to as loss dielectric 

materials. In this case, some data points were not considered due to the moisture content, 

defects, etc., reported in the literature. The AC electrical conductivity (logσac) increases with 

frequency, as seen in Figure 10. It is usual for conductivity to increase with frequency. At a 

lower dielectric loss, higher electrical conductivity, and higher dielectric loss, lower electrical 

conductivity is shown in Table 4. However, the ac-conductivity is rising due to the rise in 

dielectric loss. As frequency and composition increase, so does the AC electrical conductivity, 

as seen in Figure 10. A common behavior is an increase in conductivity with frequency.  

 
Figure 11. log ω versus m' and m" plots of Mn1-xCuxFe2O4NPs at x=0.02, 0.04, 0.06 and 0.08. 

Table 4. Dielectric data of MCF nanoparticles of Mn1-xCuxFe2O4 NPs. 

X ε΄ ε΄΄ logσac (s/m) 

0.02 184 1161862 -1.113 

0.04 179.011 112588 -1.202 

0.06 428.737 2696539 -0.823 

0.08 354.081 2226989 -0.906 

m* = m' + jm", where m' = ε'/(ε'2+ε"2) (real component) and m" = ε"/(ε'2+ε"2) 

(imaginary part), represents the complex dielectric modulus. The dielectric modulus formalism 

provides a clear understanding of the dielectric relaxation and polarisation mechanism, which 

includes space charge short- and long-range polarisation [28]. The fluctuation of m' and m" 

with log ω plot was explained as a function of composition in the example of Mn1-

xCuxFe2O4NPs. Space charge polarisation will arise because, at lower frequencies, the charge 

carriers actively react to the input electric field frequency, as demonstrated by the compositions 

of Mn1-xCuxFe2O4NPs, which revealed zeros for m' and m". The charges can travel farther as a 

result. At this point, an inadequate state of strength to regulate the motion of charges via angular 

frequency may arise. Additionally, the restoring force will be relatively small in the event of 

low-frequency charges. These factors led to the m' and m" of the contents of x = 0.02, 0.04, 

0.06, and 0.08 acquiring zero value. Because of the charges' greater mobility over shorter 

distances, the m' and m" values gradually increased as the angular frequency increased. M' 

mostly showed the significant relaxations log ω = 7 against log ω graphs. The charges 

accumulated at the grain boundary interface, forming these relaxations. Because of this, m' 

maximum values will be found. Furthermore, only a small number of relaxations were seen at 
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frequencies lower than log ω = 7. However, for the contents of x= 0.02, 0.04, 0.06, and 0.08, 

the m" vs. log ω plot (Figure 11) similarly showed the relaxations beyond log ω = 6. 

The components of this relaxation are referred to as the high and low angular frequency 

areas. The charge carriers' short- and long-range mobilities were linked to the low- and high-

frequency areas, respectively. Charges have the ability to move across extended distances due 

to their long-range mobility [29]. As a result, long-range polarisation will also grow, resulting 

in the evolution of the long-range hopping conduction mechanism [30]. The charge carriers 

will be significantly activated within the long-range polarisation area. Similarly, the charges' 

short-range mobility inside the high-frequency band demonstrated that they are limited in their 

range of motion. As documented in the literature, this resulted from restricting charges to the 

potential well. Consequently, the process of short-range polarisation will be produced, which 

may lead to the creation of a short-range hopping conduction mechanism [31]. 

Polycrystalline material studies using impedance spectroscopy have long been known to yield 

thorough insights into the kinetics of relaxation, electrical conduction mechanism, and space 

charge polarization [32, 33]. Here, it was established that grains and grain boundaries play a 

part in the electrical conduction mechanism. The complex impedance (Z*) parameter was 

considered in light of this investigation. The actual part Z' and the imagined part Z" were 

considered to be included in Z*. The impedance spectra of Mn1-xCuxFe2O4NPs at x = 0.02, 

0.04, 0.06, and 0.08 are displayed in Figure 12. 

  
(a) (b) 

 
(c) 

Figure 12. (a) log frequency vs Z’; (b) log frequency vs Z”; (c) Z’ vs Z” of Mn1-xCuxFe2O4NPs.  

This verifies that the x = 0.8 content spectra shift towards the y-axis. It demonstrates 

that, compared to other contents (x = 0.02, 0.04, and 0.06), NPs with an x = 0.8 content exhibit 

the least resistance and the highest capacitance [34,35]. The frequency and Z' and Z" of Mn1-
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xCuxFe2O4 nanoparticle was represented in Figure 12. It was seen from Figure 12 that the Z' 

had a high value at low log ω values. The space charge effect was blamed for this. However, 

when the angular frequency increased, the Z' decreased. This demonstrated that there is 

insufficient time for the charges to align with the electric field's direction [36]. The Z' was 

reduced to low magnitude for very high log values, indicating a decrease in the charges' 

reaction to the applied field. Furthermore, relaxations were executed at lower frequencies in 

certain compositions. According to Rahman et al., these were caused by variations in grain 

size, flaws, moisture, strain, etc. Comparing the Z' of the Mn1-xCuxFe2O4 nanoparticle to the 

other content (x = 0.02, 0.04and 0.06), the Z' for x = 0.08 content showed an almost growing 

trend. 

Elevated values at reduced log ω are displayed in the Z" -log ω plots of the contents of 

x = 0.02, 0.04, 0.06, and 0.08 (Figure 12). This occurred due to the polarisation effect of the 

electrode. Z" grew up to log ω > 3.241 with an increase in log ω. All Mn1-xCuxFe2O4 

nanoparticle concentrations demonstrated a declining trend of Z" beyond this value. This report 

verified that relaxations were observed in the Mn1-xCuxFe2O4 nanoparticle compositions. These 

relaxations resulted from the oscillating electric dipole frequency and input field frequency 

matching. The declining trend of Z" was seen upon relaxing. This tendency was observed due 

to charge carriers being released, which can occur due to a drop in potential barrier height, as 

documented in the literature [37].  

 
Figure 13. Antibacterial activity of chemically synthesized Mn1-xCuxFe2O4 against Escherichia coli and 

Streptococcus pneumoniae by disc diffusion method. 

The disc diffusion method was used to test the antibacterial efficacy. A stock solution 

of 100 mg/mL was prepared by dissolving 0.1 g of extract into 100 mL of each of the solvents 

used to prepare the extract: distilled water and 100% ethanol. Then, extract concentrations of 

5, 10, 20, and 30 mg/mL were obtained by diluting the stock solution. 20 μL of each dilution 

were impregnated onto sterile, 6 mm disc blanks. The extract was spotted in increments of 5 

μL on both sides of the discs, with drying time in between [38, 39] to ensure even impregnation. 

Distilled water and ethanol-loaded discs served as negative controls for the aqueous and 

methanolic extracts, respectively. Each disc was fully dried out before being placed on the 

bacterial lawn. The discs' antibacterial efficacy was evaluated by measuring the diameter of the 
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enclosing inhibition zone (IZ). Three separate tests were performed. The antibacterial activity 

was quantified by measuring the average zone of inhibition in diameters (mm) that the leaf 

extract produced [40,41]. The antibacterial activity of Mn1-xCuxFe2O4 was determined by the 

disc diffusion method. The present study evaluated the effect of different concentrations of 

chemically synthesized Mn1-xCuxFe2O4 (MCF-1 to MCF-4) on Escherichia coli and 

Staphylococcus aureus [42,43]. This investigation showed Escherichia coli and Streptococcus 

pneumoniae methanolic extracts (Table 5). Compared to other extracts, the methanolic extract 

of Streptococcus pneumoniae, Escherichia coli, showed promising antifungal activity. Its 

diameter was 9 mm and 8 mm, and its MCF values ranged from 5 to 30 μg/ml. The effect of 

different concentrations of Mn1-xCuxFe2O4 (5 to 30 μg/mL) synthesized by methanolic extract 

was evaluated for antibacterial activity on Escherichia coli, Streptococcus pneumoniae [44,45]. 

Differences in the physiology and structure of the various bacterial species may cause the 

observed variation in antibacterial activity. 

Table 5. Using an agar disc diffusion approach, methanolic extracts inhibit the diameter of the infection zone on 

human pathogens. 

Scientific name concentration MCF mg/ml MCI mg/ml 

Streptococcus pneumoniae 5 16.0 32.0 

10 17.3 33.2 

20 18.9 34.2 

30 19.29 35.9 

Escherichia coli 5 17.1 31.2 

10 18.3 32.7 

20 19.75 33.45 

30 20.1 34.5 

4. Conclusion 

MCF NPs were synthesized using a hydrothermal technique. The synthesis of the cubic-

spinel structure was represented in the XRD patterns. The structural characteristics were also 

assessed. Additionally, morphological characteristics were examined by FE-SEM, which 

revealed that the creation of nanofiber increased with Cu content. The FTIR analysis verified 

the cations' occupancy of the tetrahedral and octahedral sites. These findings also demonstrated 

the production of spinel ferrite. The x = 0.02–0.08 samples direct optical band gaps (Eg) 

demonstrated an increasing trend from 2.2504 to 2.6537 eV. As a result, sensor-based, 

photocatalytic, and optoelectronic devices can all be expressed using MCF nanofibers. Using 

M–H loops, the magnetic behavior was investigated. MCF NPs were manifested in the 

excellent antibacterial mechanism against pathogens Escherichia coli, and Streptococcus 

pneumoniae. The studies corroborate the multifunctionality of MCF NPs. 
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