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ABSTRACT Zinc-manganese ferrite nanoparticles, denoted as Zn,Mg;_,Fe2O, where z ranges from 0 to 1,
were synthesized via solution combustion employing glycine as the organic fuel at a stoichiometric redox ratio.
The resultant compositions underwent comprehensive characterization utilizing scanning electron microscopy,
energy-dispersive spectroscopy, and powder X-ray diffractometry. Magnetic and electrochemical properties
were meticulously examined using a vibrating magnetometer and cyclic voltmeter, respectively. Analysis re-
vealed an average particle size ranging from 24.9 to 30.8 nm across all synthesized samples, with degrees of
crystallinity reaching 93-96%. Notably, variations in the magnetic behavior were observed depending on the
magnesium content within the samples. The highest magnetic parameters were recorded for Zny 4Mgg.sFe204
(Mg = 27.78 emu/g, M, = 3.77 emu/g, and H, = 21.4 Oe). Furthermore, the electrochemical capacity of the
synthesized powders exhibited dependency on the incorporation of magnesium cations into the crystal lattice.
These findings underscore the significance of magnesium content in modulating the magnetic and electro-
chemical properties of Zn,Mg; . Fe>O, nanoparticles synthesized via solution combustion.
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1. Introduction

Spinel ferrites represent a crucial category of industrial materials renowned for their diverse functional properties,
rendering them applicable across a broad spectrum [1]. This class encompasses compounds with the general chemical
formula AFe;O,4, wherein A denotes a divalent metal cation (such as Co, Ni, Zn, Mn, Mg, or Li). Notably, ferrites find
significant utility in the realm of radio-electronic devices, with multicomponent lithium and nickel ferrites serving as
pivotal components in the production of microwave ceramic products [2]. The prevalence of spinel ferrites in this domain
stems from their distinctive magnetic and electromagnetic attributes, which exhibit variability across a wide range, often
facilitated by the incorporation of transition metal cations [3]. Moreover, the incorporation of various metal cations
within the crystal lattice of spinels has spurred their application in the fabrication of phase shifters, transformer cores,
ferrite filters, and etc. [4].

Among spinel ferrites, multicomponent zinc ferrites assume particular significance. Pure zinc ferrite is classified as
a normal spinel, characterized by the presence of 8 divalent Zn®T cations at tetrahedral positions and 16 trivalent Fe™
cations at octahedral positions [5]. Conversely, magnesium ferrite belongs to the inverted spinel category, with 8 divalent
Mg?* cations occupying 8 of the 16 available octahedral positions, and 16 trivalent Fe>" cations distributed between 8
tetrahedral and 8 octahedral positions [6]. The replacement of zinc cations with magnesium counterparts at octahedral
positions induces structural alterations, thereby dictating the magnetic and electromagnetic behavior of multicomponent
zinc-magnesium ferrites [7]. Industrially, multicomponent magnesium and zinc ferrites find widespread application in
microwave electronics, as well as in the manufacture of various sensors and transmitters [8]. Notably, the advent of
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nanomaterials has ushered in new avenues for the utilization of spinel ferrites, including catalytic and photocatalytic
applications [9], wastewater treatment [10], antibacterial materials [11], and MRI contrast agents [12]. However, the
synthesis of ferrite nanopowders poses challenges, particularly with conventional solid-phase synthesis methods, owing
to difficulties in obtaining pure single-phase samples with particles in the range of 30—40 nm [12]. Consequently, there is
a pressing need to explore and develop methodologies for producing ferrite nanoparticles.

Presently, numerous methods exist for synthesizing nanopowders of multicomponent zinc-magnesium ferrites [13],
including hydrothermal synthesis [14], sonochemical synthesis [15], co-precipitation method, various types of solution
combustion methods [16], synthesis in activator mills [17] and sol-gel technology [18]. Notably, the solution combustion
method has garnered attention due to its simplicity, cost-effectiveness, and potential for industrial scalability, offering a
pathway to volumetric yields akin to classical solid-phase techniques [19]. Recent efforts within this method have seen the
synthesis of zinc-magnesium ferrites employing citric acid and microwave treatment [20,21]. Although standalone studies
have synthesized pure zinc and magnesium ferrites via the solution combustion method using glycine as a fuel [22,23],
investigations into the physical and chemical processes governing the formation of the Zn,Mg;_,Fe,O, system (z = 0,
0.2, ..., 1.0), along with its magnetic and electrochemical properties, remain scarce.

Hence, the present study addresses the imperative to explore synthesis methodologies for multicomponent zinc-
magnesium ferrites under solution combustion conditions, enabling the targeted fabrication of nanostructures. Glycine
was chosen as the organic fuel due to its propensity for generating compositions with minimal amorphous content, partic-
ularly when used in stoichiometric proportions in the reaction solution. Herein, we report the synthesis of nanopowders
with the composition Zn,Mg;_,Fe204 (z = 0, 0.2, ..., 1.0) under glycine-nitrate combustion conditions, followed by
comprehensive analysis employing modern physicochemical techniques.

2. Experimental

The following reagents were utilized for the synthesis: Zn(NO3)5-6H2O (puriss., NevaReactiv), Mg(NO3)2-6H2O
(puriss., NevaReactiv), Fe(NO3)3-9H2O (puriss., NevaReactiv), CHoNH>COOH (puriss., NevaReactiv), HNOj (puriss.,
NevaReactiv), and double distilled water. The original zinc, magnesium, and iron nitrates were dissolved in 50 ml of
distilled water with constant mechanical stirring until complete dissolution was achieved. Subsequently, glycine was
added to the initial reaction solution in a stoichiometric amount, calculated based on the reaction for the formation of
the primary combustion products [16,23]. A small quantity of 5M nitric acid was introduced to the solution to prevent
the formation of complex products. The resulting reaction solution was then heated on a ceramic tile until reaching the
autoignition point, resulting in the formation of gaseous and solid combustion products. The brown powder synthesized in
this manner was collected from the reaction beaker, ground mechanically in a mortar, and subjected to thermal treatment
in an air atmosphere at a temperature of 500°C for 1 hour to eliminate any unreacted organic reagents.

The elemental composition and morphological characteristics of the synthesized compositions were assessed using
energy-dispersive spectroscopy and scanning electron microscopy via a Tescan Vega 3 SBH scanning electron microscope
equipped with an Oxford INCA attachment. X-ray phase and structural analyses were conducted based on diffraction pat-
terns obtained through powder X-ray diffractometry employing a Rigaku SmartLab 3 diffractometer. The primary shoot-
ing parameters selected were CuKa 1 radiation (0.154056 nm) at 40 kV and 30 mA, covering a range from 20 to 80 degrees
of 26, with increments of 0.01° and an exposition time of 3 seconds. The average crystallite size was determined utilizing
the Scherrer formula, while the crystallite size distribution was assessed through the method of fundamental parameters.
The proportion of crystalline and amorphous phases, as well as unit cell parameters, were calculated using the Rigaku
SmartLab Studio II software package. Magnetic M-H hysteresis loops were obtained employing a Lake Shore 7410
vibrating magnetometer at room temperature (278 K) within a field range of up to 60,000 Oe utilizing a standard cell.
Cyclic voltammetry (CVA) curves were recorded using a SmartStat PS-20 potentiostat equipped with an FRA module in
an alkaline electrolyte of 1 M KOH, spanning from -1700 to 700 mV relative to the silver chloride electrode. For a sample
deposition, a suspension with Nafion in isopropanol was prepared.

3. Results and Discussion

Fig. 1 illustrates the morphological characteristics of the synthesized samples, employing the Zny sMgg 4Fe2O4 sam-
ple as a representative example. The data obtained reveal that the morphology of zinc-manganese ferrite nanopowders
manifests as micron-scale agglomerates, ranging in size from 3 to 10 um, composed of nanoparticles measuring ap-
proximately 20-30 nm. Notably, the appearance of these agglomerates demonstrates minimal variation across different
compositions of Mg?* cations within the crystal lattice, consistent with typical solid products resulting from solution
combustion. Furthermore, Fig. 1f highlights the presence of amorphous bridges in certain regions, facilitating connec-
tions between individual particles, which exhibit a predominantly spherical morphology.

Based on the acquired microphotographs, a particle size distribution was generated using the ImageJ software pack-
age, as depicted in Fig. 2. Among the depicted distributions, the smallest average particle size is observed in the
Zng 4Mgp ¢FeaO4 sample, measuring 24.9 nm. Pure zinc and magnesium ferrites, along with Zny 2Mgg sFe2O4 and
Zny gMgp oFeo 0y, exhibit relatively consistent average particle sizes ranging from 28 to 31 nm. This observation sug-
gests that the minimum size occurs within the range of magnesium cation content (z = 0.4 and 0.6), possibly attributed to
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TABLE 1. Elemental composition of synthesized zinc-magnesium ferrite samples

Sample Zn, at. % | Mg, at. % | Fe, at. %
ZnFeo 04 32.7 0 67.3
Zng gMgg oFea 0y 26.1 6.9 67.0
Zng sMgg 4Fe204 18.6 11.8 69.6
Zng.4Mgp ¢Fe20y 11.9 18.4 69.7
Zng oMgg sFea0y 7.1 25.8 67.1
MgFe;04 0 33.1 66.9

Diffraction patterns of Zn,Mg;_,Fe,O4-type ferrites (x = 0, 0.2, ..., 1.0) are depicted in Fig. 3a. It is evident that
all synthesized samples exhibit a predominant phase, which, as per the ICDD PDF-2 database, corresponds to zinc-
magnesium ferrite (JCPDS # 73-2211). The diffraction peaks across all samples exhibit similar width and intensity, with
no discernible peaks of impurity phases, such as iron, zinc, and magnesium oxides. The average crystallite size was
determined using the Scherrer formula and aligns well with the data presented in Fig. 2. Notably, the smallest crystallite
size was calculated for the Zng Mg 4Fe20,4 sample, measuring 21.3 nm, slightly less than the visual estimate by SEM.
This disparity is attributed to the difference between the actual particle size and the size of its crystalline core. Additionally,
crystallite size distributions, as depicted in Figure 3b, were generated using the fundamental parameters method. These
data also corroborate well with the results of visual assessment by SEM and calculations using the Scherrer formula.
The distributions indicate that the average size across all samples falls within the range of 38 to 22 nm. Thus, the
reproducibility of the results regarding average size determination was confirmed, validating the successful synthesis of
Zn,Mg;_,Fe,0, system nanoparticles (z =0, 0.2, ..., 1.0).
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F1G. 3. Diffraction patterns of zinc-magnesium ferrite nanopowders with different amounts of magnesium

Using the Rietveld method, X-ray diffraction analysis was conducted for all synthesized compositions, enabling the
determination of unit cell parameters and lattice volume. The provided values indicate minimal lattice stress across all
samples, with stress levels below 0.5%. Of particular interest is the examination of changes in lattice parameters, as the
substitution of Mg?* cations with Zn?* exerts a significant influence on these characteristics. Indeed, structural parame-
ters play a pivotal role in dictating the magnetic and electrochemical behavior of spinel ferrites. Calculation was performed
utilizing the main crystallographic directions (220), (311), (400), and (440), characterized by their high intensity and ex-
cellent agreement with standard peaks. The lattice parameter (a = b = ¢) for pure magnesium ferrite was determined
to be 8.416 A, consistent with reference card data (JCPDS # 73-2211), and decreases progressively with an increasing
proportion of Mg?* cations. This trend is attributed to the disparity in ionic radii between Zn?" (0.82 A) and Mg**
(0.65 A), a finding supported by existing literature [21]. However, it’s worth noting that the potential for the substitution
of Fe?T cations at tetrahedral positions may induce slight variations in lattice parameter growth rates. This phenomenon
may explain the modest decrease observed in lattice parameters for the Zng sMgg 2Fe2O,4 and Zng Mg 4FeoO4 samples.
Furthermore, the obtained dependencies align well with changes in average crystallite size, thereby indirectly validating
structural alterations.
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FIG. 4. Average crystallite size, lattice stress and lattice parameters of zinc-manganese ferrite nanopowders

Magnetic M-H hysteresis loops, recorded at room temperature using a standard cell, are illustrated in Fig. 4a. The
appearance of these hysteresis loops distinctly showcases the influence of magnesium cation doping on the magnetic
behavior of zinc-magnesium ferrites, particularly concerning saturation and coercive force.
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F1G. 5. M-H hysteresis loops of Zng sMgp.4Fe2O4 synthesized by solution combustion method

To facilitate analysis of the primary magnetic parameters obtained (saturation magnetization, saturation remanent
magnetization, and coercive force), their dependencies on the number of magnesium cations (x) in the sample compo-
sitions were plotted (Fig. 5b). These graphs reveal that pure zinc ferrite exhibits the lowest magnetic parameters (Ms =
2.16 emu/g, Mr = 0.09 emu/g, and Hc = 8.1 Oe). Moreover, a significant enhancement in magnetic characteristics is ob-
served with increasing magnesium proportion in the spinel crystal lattice, peaking at x = 0.4 (Zny 4Mgg ¢FeoO4 sample)
with values of 27.78 emu/g, 3.77 emu/g, and 32.7 Oe, respectively. Subsequently, due to ongoing structural alterations
and the substitution of Mg®" cations with Zn?" and Fe®" cations at tetrahedral positions, magnetic characteristics begin
to decline, continuing through to the Znjy Mgy sFe2O4 sample. Ferrite fully substituted by magnesium cations exhibits
magnetic parameters characteristic of pure MgFe- Oy, aligning well with literature data [24].

Fig. 6 displays cyclic voltammograms of synthesized nanoparticles of multicomponent zinc-magnesium ferrites.
Measurements were conducted in a 1 M KOH alkaline electrolyte at a constant scanning speed of 10 mV/s within a
potential window of —2 — 2.0 V, ranging from —1800 to 1600 mV relative to the silver chloride electrode. Notably,
all samples, except for pure zinc ferrite, exhibit nearly identical coverage areas. The most pronounced cathodic peak is
observed in the ZnFe,O,4 sample at 0.58 V, while the anodic peak is recorded at 0.24 V. The appearance and retention
of charge are attributed to redox reactions of the Fe3*/Fe®" type at the electrode. Consequently, the obtained capacity
indicators primarily depend on the characteristics of these redox reactions, which are less pronounced in multicomponent
zinc-magnesium and pure magnesium ferrite compared to zinc ferrite. The data suggests that all synthesized samples are
theoretically suitable as starting materials for the production of electrochemical sensors.
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4. Conclusion

In summary, this study focuses on the synthesis and characterization of multicomponent zinc-magnesium ferrites
(Zn Mg _.Feo0Oy4 type, with x ranging from 0 to 1.0) via solution combustion method utilizing glycine at a stoichio-
metric redox ratio. The average particle size of the synthesized samples ranged from 25 to 31 nm, with the amorphous
phase constituting less than 5% of the composition. Phase analysis confirmed the absence of impurity oxide phases within
the compositions. Structural parameter analysis revealed variations in unit cell parameters depending on the magnesium
cation content, consequently influencing the primary magnetic characteristics in a nonlinear fashion, influenced by both
particle size and structural alterations. Notably, samples with higher zinc content exhibited significant changes in hystere-
sis loop morphology. Analysis of cyclic voltammograms provided insights into the potential utilization of the synthesized
powders as electrochemical materials.
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