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A B S T R A C T

This research investigated the effects of solution pH during synthesis and annealing on the structural, magnetic, 
optical, and dielectric properties of MgFe2O4 synthesised using the citric acid-assisted sol-gel auto-combustion 
method. Structural data showed that crystallinity, lattice parameters, and cation distribution were strongly 
influenced by both pH and annealing temperature. Optimal morphology and crystallinity were achieved at pH 7 
and an annealing temperature of 550 ◦C for 3 h, under which cation ordering and defect reduction were 
effectively achieved. Magnetic characterisation revealed a significant improvement in saturation magnetisation 
(20.6 emu/g) under optimal conditions, attributed to increased super-exchange interactions. The optical 
bandgap was modulated by more than 11% (2.04 to 2.30 eV) by adjusting pH-mediated surface chemistry and 
subsequent defect states. The sample synthesised at pH 9 exhibited the highest values of ε’, ε”, and σac. These 
results conclusively demonstrate that accurate control of synthesis pH and annealing enables the design of 
multifunctional properties in MgFe2O4 nanoparticles, providing a solid foundation for their application in high- 
end magnetic, optical, and electronic devices.

1. Introduction

The synthesis of crystalline magnesium ferrite (MgFe2O4) nano
particles is of great interest because of their potential applications in 
drug delivery, transformer cores, and high-frequency microwave de
vices. Careful control of synthesis is essential for optimising their per
formance for specific applications [1]. The crystal structure of 
magnesium ferrite, a partially inverted spinel, is represented by 
(Mg1− δFeδ)A[MgδFe2− δ]BO4, where δ is the inversion parameter ranging 
between 0 and 1 [2]. The magnetic, electrical, and structural properties 
of MgFe2O4 are determined by how metal ions are distributed on A and B 
sites [3]. The preparation method and process conditions employed also 
affect these properties [2].

A common and low-cost method for synthesising oxide compounds is 

combustion synthesis [4], in which a self-sustaining exothermic reaction 
provides sufficient heat to sustain the process [5,6]. A drawback of using 
conventional fuels such as glycine or urea is inhomogeneous crystallite 
size, as demonstrated by earlier studies [7–9]. In this context, citric acid- 
based combustion reduces defect density by 40% compared with urea 
methods and promotes cation homogeneity in CoFe2O4 nanoparticles 
through metal ion chelation [7–9]. Despite these advancements, 
achieving phase purity in MgFe2O4 remains challenging, as samples 
obtained from sol-gel auto-combustion frequently contain more than 5 
wt% residual α-Fe2O3 impurities [10].

Despite extensive recent studies on doped magnesium ferrite (e.g., 
Al-, Zn-, Ce-, Gd-, and Ni-doped MgFe2O4 systems) nanoparticles 
[11–17] synthesised via various combustion and hydrothermal 
methods, reports on green-synthesised pure magnesium ferrite remain 
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limited, especially regarding pH-controlled synthesis conditions and 
post-synthesis thermal treatment, which can significantly affect its 
structural and functional properties. Green synthesis offers clear ad
vantages in terms of environmental compatibility, reduced chemical 
load, and energy efficiency compared with conventional routes. Yet, its 
application to pure Mg-ferrite remains comparatively less explored. 
Therefore, the present work highlights the importance of controlled and 
environment-friendly synthesis conditions for pure Mg-ferrite nano
particles, which can serve as a better baseline for further understanding 
of the stable structure and tunability of functional properties in Mg- 
ferrite systems.

The synthesis conditions for MgFe2O4, including pH, annealing 
temperature, and time, significantly affect its structural and functional 
properties [18]. The pH of the reaction medium is a critical synthesis 
parameter that strongly influences the surface chemistry of the precip
itating nanoparticles, thereby affecting their structural and functional 
properties. According to Kosmulski [19–23], the surface charge of metal 
oxides in aqueous solution is highly pH-sensitive. When metal oxide 
surfaces adsorb H+ or OH− ions from the solution, they become charged. 
The pH at which the surface is electrically neutral is referred to as the 
point of zero charge, or PZC [19–23].

In MgFe2O4, the charge on the prevailing surface regulates the 
adsorption of Mg2+ and Fe3+ ions in solution, which governs their 
incorporation into the spinel lattice [24]. Below the PZC, a positively 
charged surface favours anion adsorption and may inhibit the uptake of 
Mg2+ and Fe3+. A negatively charged surface favours cation adsorption 
above the PZC and therefore could inhibit anion adsorption [23], 
[25–30]. The stoichiometry and crystallinity of MgFe2O4 nanoparticles 
can be controlled by adjusting the pH. For example, non-stoichiometry 
or cation disorder can occur if a specific ion is selectively adsorbed at 
a particular pH. By carefully selecting the synthesis pH, the spinel 
structure can be tuned, thereby controlling the optical, dielectric, and 
magnetic properties [23], [25–30].

Annealing temperature is another key parameter for controlling the 
spinel ferrite structure. For instance, studies on the corresponding sys
tems, i.e., Mg–W ferrites, indicate that increasing the annealing tem
perature enhances crystallite formation, reduces defect concentration, 
and improves phase purity, thereby directly affecting dielectric 
permittivity and magnetic permeability [31]. In MgFe2O4, super- 
exchange interactions that govern magnetic behaviour are regulated 
by the geometric coordination of Mg2+ and Fe3+ ions at tetrahedral (A- 
site) and octahedral (B-site) positions. These interactions are influenced 
by thermal energy during annealing [32]. Annealing at elevated tem
peratures increases cation ordering, thus minimising lattice distortion 
and strain and optimising bandgap energies and charge-carrier mobility 
[33].

Optical properties, such as bandgap energy, are sensitive to defect 
states and crystallite size. Smaller crystallites, formed at lower annealing 
temperatures, produce surface defects and quantum confinement, 
resulting in bandgap narrowing. In contrast, higher temperatures pro
duce larger crystallites, which reduce surface-to-volume ratios and tend 
to increase the bandgap, thereby enhancing light-absorption efficiency 
[34]. Moreover, dielectric properties such as permittivity and AC con
ductivity are governed by space-charge and interfacial polarisation 
phenomena, which are enhanced by improved crystallinity and reduced 
grain-boundary resistance at higher annealing temperatures [35].

Magnetic properties, i.e., saturation magnetisation (Ms) and coer
civity (Hc), are directly related to the spinel structure inversion degree 
(δ) and oxygen positional parameter (u). Annealing facilitates diffusion 
of Fe3+ ions into octahedral sites, thereby enhancing A-O-B super
exchange interactions and increasing Ms [36]. This interrelationship 
between annealing-induced improvements in functional properties and 
structural optimisation underscores the importance of thermal treat
ment in designing MgFe2O4 nanoparticles for specific applications.

Most of the literature on MgFe2O4 focuses on single-parameter 
optimisation, neglecting synergistic effects. Systematic studies 

examining the combined impact of synthesis pH and subsequent thermal 
treatment on the fundamental cation distribution in MgFe2O4 are 
limited. Therefore, this work addresses this gap by providing a 
comprehensive investigation into how pH-mediated surface charge and 
annealing-driven crystallite growth jointly influence the structural, 
magnetic, optical, and dielectric properties. Our goal is to go beyond 
single-parameter optimisation and develop a clear, predictive under
standing of these complex relationships, offering a rational pathway for 
engineering MgFe2O4 nanoparticles with precisely tuned multifunc
tional properties.

2. Materials and methods

Magnesium Acetate [(CH3COO)2Mg⋅4H2O], Ferric Nitrate [Fe 
(NO3)3⋅9H2O], and Citric Acid (C6H8O7) were used as precursors to 
synthesise MFO, with citric acid serving as both fuel and a chelating 
agent to facilitate the combustion reaction. The precursors were mixed 
with 10 mL of deionised water, maintaining a 1:1 M ratio of metal salt to 
citric acid. The pH (2 to 9) was controlled by adding suitable amounts of 
ammonia (NH4OH) to the solution. This range was chosen to investigate 
the effects of various acidic and basic conditions during synthesis. These 
conditions influence the prevailing surface charge and regulate the 
adsorption of Mg2+ and Fe3+ ions in the solution, thereby governing 
their incorporation into the spinel lattice. The resulting solution was 
then dried in air at approximately 110 ◦C until a dry gel (fluffy powder) 
was obtained. To study the effect of annealing, the dry gel synthesised at 
pH 7 was annealed at 400 ◦C/2 h, 500 ◦C/2 h, 550 ◦C/3 h, and 600 ◦C/2 
h. The rationale for these annealing conditions is that the desired crys
talline phase forms prominently around 400–500 ◦C. Moreover, 
annealing at higher temperatures (e.g., above 600 ◦C or 700 ◦C) may 
lead to decomposition of the spinel phase into less desirable phases. 
Thus, the chosen annealing conditions were most suitable for investi
gating morphological and structural changes.

X-ray diffraction (XRD) was performed to analyse the crystal struc
ture of the nanoparticles using a Bruker D8 Advance X-ray diffractom
eter with Cu Kα radiation (λ = 1.5406 Å). X-rays were detected with a 
fast-counting silicon-strip detector (Bruker LynxEye). The MAUD (Ma
terial Analysis Using Diffraction) program was used to perform the 
Rietveld refinement [37]. The experimental lattice parameter (aexp), 
crystallite size (DW-H), specific surface area (S), and defect density (ρD) 
were obtained from the XRD data. The XRD patterns were collected by 
scanning the 2θ range from 20◦ to 70◦. The crystallite size (DW-H) was 
estimated using the Williamson-Hall analysis [38], which accounts for 
XRD peak broadening due to grain size and associated microscopic strain 
effects, using the following equation: 

βCosθ =
Kλ
D

+4εSinθ (1) 

In this context, θ refers to the Bragg angle, β signifies the full width at 
half maximum (FWHM) of the diffraction peak, λ stands for the wave
length of the X-rays, K represents the Scherrer constant, valued at 0.94, 
and ε is the strain. Conventional techniques were used to optimise the 
lattice parameters. The cation distribution at tetrahedral and octahedral 
positions in the investigated material was established using Bertaut's 
method to analyse the XRD pattern [39].

A vibrating sample magnetometer (VSM) operating at room tem
perature, with a field range of − 1 T (− 10,000 Oe) < H < 1 T (10,000 
Oe), was used to measure static magnetisation curves. The hysteresis 
loops were analysed to determine the values of saturation magnetisation 
(Ms), remanence (Mr), and coercivity (Hc) at room temperature [40].

UV–Vis diffuse reflectance spectra were recorded at room tempera
ture using the PerkinElmer UV–Vis spectrometer (model Lambda 950) 
over the wavelength range 200–1500 nm. The energy bandgap was 
calculated using the Kubelka-Munk (K-M) Eq. [41]. 
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F(R) =
(1 − R)2

2R
(2) 

Where R is the diffuse reflectance (%) and F(R) gives the absorption 
coefficient.

By plotting the K–M equation as a function of energy (in eV), the 
energy bandgap can be obtained from the TAUC plot by plotting (F(R) 
hν)2 versus hν and extrapolating to zero on the energy axis (x-axis).

Dielectric properties such as dielectric constant (ε’), dielectric loss 
(ε”), loss tangent (tan δ), and AC conductivity (σac) of the samples (10 
mm diameter pellets) were measured over the frequency range of 100 
Hz–1 MHz using Agilent Technologies E 4980 A LCR-meter.

Frequency-dependent ε', ε'′, tan δ, and σac were obtained by using the 
following expressions [42]: 

έ =
Cp × d
εo × A

(3) 

ε״ = (tanδ)× έ (4) 

σac = 2× π × f × ε״ (5) 

Where Cp is the parallel Capacitance, d is the pellet thickness, A is the 
pellet cross-sectional area, εo is the permittivity of free space, and f is the 
frequency.

3. Results and discussion

3.1. Morphological analysis (SEM)

Scanning Electron Microscopy (SEM) images (Fig. 1) show that 
particle morphology depends on the pH maintained during synthesis 
and on the annealing conditions. Fig. 1 (a, b, c, and d) shows that the 
average particle size decreases from 11 nm at pH 2 to 39 and 34 nm at 
pH 7 and 9, respectively. The sample synthesised at pH 2 exhibits a 
highly agglomerated structure with fine, poorly crystalline features. As 
the pH increases to 5, an apparent transition in morphology occurs, with 
both spherical and larger irregular nanoparticles present. There is 

Fig. 1. SEM images of MgFe2O4 synthesised under conditions of (a) pH 2 and annealing at 550 ◦C for 3 h, (b) pH 5 and annealing at 550 ◦C for 3 h, (c) pH 7 and 
annealing at 550 ◦C for 3 h, (d) pH 9 and annealing at 550 ◦C for 3 h, (e) pH 7 and annealing at 400 ◦C for 2 h, (f) pH 7 and annealing at 500 ◦C for 2 h, and (g) pH 7 
and annealing at 600 ◦C for 2 h.
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noticeable agglomeration, but the individual particles appear slightly 
larger and more defined than in the pH 2 sample. The sample syn
thesised at pH 7 has the most uniform microstructure, with relatively 
uniform grain sizes. This microstructure indicates optimal surface- 
charge conditions for synthesis. At pH 9, increased agglomeration and 
a less uniform grain distribution are observed, likely due to excessive 
hydroxyl adsorption under the basic condition.

The effects of different annealing conditions (400 ◦C/2 h, 500 ◦C/2 h, 
550 ◦C/3 h, and 600 ◦C/2 h) on morphology and particle size are shown 
in Fig. 1 (c, e, f, and g). The sample annealed at 400 ◦C exhibits rela
tively poor crystalline features compared with samples annealed at 
higher temperatures. The particle size initially increases from 53 nm at 
400 ◦C/2 h to 55 nm at 500 ◦C/2 h and then to 65 nm at 600 ◦C/2 h, 
consistent with enhanced grain growth at higher temperatures. How
ever, the steep drop at 550 ◦C (39 nm) may be due to the more extended 
3-h anneal, which promotes re-nucleation rather than growth.

The results of SEM analysis confirm that pH and annealing conditions 
are essential for controlling the microstructure of MgFe2O4 nano
particles. Maintaining neutral pH during synthesis and then annealing at 
550 ◦C for 3 h favours an optimal morphology for achieving multi
functional properties.

3.2. Structural evolution (XRD)

3.2.1. Structural evolution with pH
X-ray diffraction (XRD) patterns of MgFe2O4 samples synthesised at 

different pH values (2, 5, 7, and 9) show characteristic peaks for the 
cubic spinel structure of MgFe2O4 (Fig. 2). According to the standard 
PDF card in the ICDD database (Ref 01–071-1232), intense diffraction 
peaks are assigned to planes such as (220), (311), (400), (422), (511), 
and (440). A slight peak marked with an asterisk (*) is prominent at pH 7 
and 9 and indicates the presence of α-Fe2O3 as an impurity phase.

The (311) peak is one of the most intense reflections in spinel ferrites 
and is highly sensitive to lattice parameter, strain, and cation distribu
tion. The position of this peak varies slightly with pH. At pH 5, the peak 
shifts toward lower 2θ values compared with pH 2. It then approaches 

higher 2θ values as pH increases from 7 to 9 (Fig. 2). O'Neill et al. re
ported the experimental lattice parameter (aexp) of stoichiometric 
MgFe2O4 to be 8.38–8.40 Å in 1992 [43]. Our investigations, however, 
observed a wider range of aexp (8.28–8.34 Å) with a maximum at pH 5 
(Table 1). aexp decreased progressively as pH increased from acidic to 
basic, due to variations in cation distribution and strain effects. Thus, a 
peak shift toward lower or higher 2θ is attributed to lattice expansion or 
contraction caused by an increase (tensile strain) or decrease 
(compressive strain) in aexp, respectively. However, these variations are 
just above the error bar; therefore, they represent a minimal, barely 
detectable (through XRD) lattice expansion or compression.

In parallel, the crystallite size (estimated using the Williamson-Hall 
analysis) increased with pH, reaching a maximum of 39 nm at pH 7 
and then decreased slightly to 34 nm at pH 9. Dislocation density (ρD) 
decreased with increasing crystallite size, while surface area showed the 
anticipated inverse relationship with size (Table 1).

The distribution of cations between tetrahedral (A-site) and octa
hedral (B-site) positions was carefully examined using the inversion 
parameter (δ) and the oxygen positional parameter (u), as shown in 
Table 2. As pH increased from 2 to 7, Mg2+ ions predominantly occupied 
the A-sites. In contrast, Fe3+ ions were more strongly distributed on B- 
sites, resulting in a decrease in the inversion parameter (from 0.49 to 
0.28). However, Mg2+ ions exhibited a notable preference for B-sites as 
pH increased to 9, while more Fe3+ ions shifted to A-sites, increasing the 

Fig. 2. XRD patterns of MgFe2O4 synthesised under different pH conditions and annealed at 550 ◦C/3 h.

Table 1 
Experimental lattice parameter (aexp), average crystallite size (Dw-h), specific 
surface area (S), and defect/dislocation density (ρD) of MgFe2O4 synthesised 
under different pH conditions and annealed at 550 ◦C/3 h.

pH aexp (nm) 
±0.003

DW-H (nm) 
±12

S (m2/g) 
±30

ρD (x1015) (lines/m2) 
±2

2 0.831 11 122 9
5 0.834 23 57 2
7 0.832 39 33 0.7
9 0.828 34 38 0.9
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inversion parameter (δ = 0.51). From Table 2, it is seen that u is 
somewhat larger than the ideal value (0.375) [44] but shows a slight 
decreasing trend with increasing δ, and vice versa. This can be ascribed 
to the shift of Mg2+ to the B position and of Fe3+ to the A position as δ 
increases. Owing to variations in ionic radii (Mg2+: 0.72 Å, Fe3+: 0.645 Å 
in tetrahedral coordination), the bond lengths of cation‑oxygen are 
altered. For structural stability, oxygen atoms are drawn inward by A- 
site contraction due to the smaller Fe3+ and drawn outward by B-site 
expansion due to the larger Mg2+ [45,46]. The larger the inversion, the 
larger these opposing forces create a net oxygen sublattice shift, which 
manifests as a lower value of u [45]. This dynamic behaviour highlights 
the influence of pH on the positioning of cations within the structure.

It is worth noting that annealing at 550 ◦C for 3 h was used to probe 
the effect of pH, rather than testing the as-prepared samples. Indeed, this 
temperature provided the most suitable balance between crystallisation 
and property enhancement, as will be discussed in the following section. 
A recent study on sol-gel synthesised Yttrium-doped MgFe2O4 demon
strated that drying the gel at around 130 ◦C, followed by annealing at 
800 ◦C, results in a nearly monophasic spinel phase with crystallite sizes 
of around 40 nm and much improved magnetic and structural charac
teristics. These findings indicate that annealing is not merely a routine 
thermal process but rather a critical step toward achieving phase purity, 
magnetic saturation, and reduced coercivity [47], and we therefore 
opted for it.

These findings show that the solution's pH is not merely a back
ground condition but an essential tool for shaping the spinel structure, 

systematically transitioning from a highly inverted state (δ = 0.5) at the 
acidic or basic extremes to a structure resembling normal spinel under 
neutral conditions. These structural results collectively demonstrate that 
pH 7 optimises cation ordering, crystallite size (39 nm), and reduces 
both defect density (0.7 × 1015 lines/m2) and the inversion parameter (δ 
= 0.28), thereby justifying its choice for synthesising MgFe2O4.

3.2.2. Structural evolution with annealing
MgFe2O4 spinel ferrites prepared at pH 7 were systematically 

examined as a function of annealing temperature and time. The struc
tural characteristics of MgFe2O4 as a function of temperature and time 
are shown in Fig. 3. According to the standard PDF card in the ICDD 
database (Ref 01–071-1232), X-ray diffraction (XRD) patterns 
confirmed a cubic spinel structure in all samples annealed at 400 ◦C, 
500 ◦C, 550 ◦C, and 600 ◦C, as evidenced by intense diffraction peaks 
corresponding to the (220), (311), (222), (400), (422), (511), and (440) 
planes. No secondary phases were detected for shorter annealing times, 
indicating high phase purity. However, a slight peak marked with an 
asterisk (*) is prominent at 550 ◦C/3 h, indicating the presence of 
α-Fe2O3 as an impurity phase.

aexp changed slightly with annealing temperature, ranging from 
0.829 to 0.832 nm (Table 3). The largest aexp was observed for the 
samples annealed at 400 ◦C and 550 ◦C (0.832 nm), and the smallest 
(0.829 nm) for the sample annealed at 600 ◦C. This change is insignif
icant given the error bars; however, the observed small changes in aexp 

Table 2 
Cation distribution, oxygen positional parameter (u), and inversion parameter 
(δ) of MgFe2O4 synthesised under different pH conditions and annealed at 
550 ◦C/3 h.

pH Cation Distribution 
A site B site

u 
(±0.0002)

δ 
(±0.06)

2 (Mg2+
0.51Fe3+

0.49) [Mg2+
0.49Fe3+

1.72] 0.3827 0.49

5 (Mg2+
0.72Fe3+

0.28) [Mg2+
0.28Fe3+

1.72] 0.3834 0.28
7 (Mg2+

0.72Fe3+
0.28) [Mg2+

0.28Fe3+
1.72] 0.3838 0.28

9 (Mg2+
0.49Fe3+

0.51) [Mg2+
0.51Fe3+

1.49] 0.3832 0.51

Fig. 3. XRD patterns of MgFe2O4 synthesised at pH 7 and different annealing conditions.

Table 3 
Experimental lattice parameter (aexp), average crystallite size (Dw-h), specific 
surface area (S), and defect/dislocation density (ρD) of MgFe2O4 synthesised at 
pH 7 and different annealing conditions.

Ann. Temp./ 
Time

aexp (nm) 
±0.003

DW-H 

(nm) 
±13

S (m2/ 
g) 

±30

ρD (x1015) (lines/ 
m2) 
±2

400 ◦C/2 h 0.832 53 25 0.58
500◦C/2 h 0.831 55 23 0.62
550 ◦C/3 h 0.832 39 33 0.65
600 ◦C/2 h 0.829 65 20 0.48
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can be attributed to strain in the studied samples, ranging from 1.7 ×
10− 3 to 2.1 × 10− 3.

The crystallite size exhibited nonlinear behaviour with annealing 
(Table 3). It initially increased from 53 nm at 400 ◦C to 55 nm at 500 ◦C. 
There was a steep drop at 550 ◦C (39 nm), which may be because the 
more extended 3-h anneal promoted re-nucleation rather than growth, 
as observed, e.g., by Okoroh et al. [48], who reported that high- 
temperature annealed zinc ferrite nanoparticles exhibited particle size 
reduction as a result of surface melting effects that favour re-nucleation 
and structural reorganisation processes that suppress further crystallite 
growth. However, an increase to 65 nm at 600 ◦C for 2 h was observed, 
consistent with enhanced grain growth at elevated temperatures. Spe
cific surface area (S) showed an inverse correlation with crystallite size 
(Table 3). This is consistent with what would be expected, since smaller 
crystallites create larger surface areas. Dislocation density (ρD) was 
maximum at 550 ◦C (0.65 × 1015 lines/m2), supporting defect accu
mulation due to reduced grain size with increasing annealing time. 
Conversely, the minimum dislocation density at 600 ◦C (0.48 × 1015 

lines/m2) was suggestive of improved crystallinity due to thermal defect 
annihilation (Table 3).

The distribution of cations in spinel ferrites is strongly influenced by 
annealing, as shown in Table 4. Spinel was highly inverted, decreasing 
slightly from 400 ◦C/2 h to 600 ◦C/2 h (δ decreased from 0.77 to 0.70), 
with more Fe3+ migrating to A-sites and Mg2+ to B-sites. A notable effect 
of annealing time was that at 550 ◦C/3 h, the structure reverted to a 
normal spinel (δ = 0.28), with most Mg2+ ions on A-sites and Fe3+ ions 
migrating to B-sites. The oxygen positional parameter (u) was again 
inversely correlated with δ, ranging from 0.3811 to 0.3838 (Table 4).

This analysis reveals a critical insight that annealing time appears to 
be a more dominant factor than annealing temperature in governing the 
final cation distribution. The dramatic drop in the inversion parameter 
to δ = 0.28 for the 550 ◦C/3 h sample, compared with the highly 
inverted state (δ ≥ 0.70) of all samples annealed for 2 h, indicates a 
kinetically driven reordering process. This finding is crucial for synthesis 
design, as it shows that a specific thermal budget (time at temperature) 
is required to overcome the kinetic barrier and achieve the more stable, 
less inverted spinel structure.

3.3. Magnetic properties

3.3.1. Magnetic properties with pH
Magnetic properties of MgFe2O4 as a function of pH are presented in 

Fig. 4 and Table 5. Saturation magnetisation (Ms) increases from a very 
low value at pH 2 (13.5 emu/g) to a peak at pH 7 (20.6 emu/g) and then 
decreases slightly at pH 9 (19.4 emu/g). The highest saturation mag
netisation is observed when crystallinity is best, and the cation distri
bution enables strong superexchange coupling between the A and B sites 
(see Fig. 2 and Table 2). Remanence (Mr) also tracks saturation mag
netisation. Low Ms at pH 2 can be attributed to several factors, including 
a very high defect density and a large surface area. A high surface area, 
due to the small size of the crystallites, implies extensive surface spin 
disorder, which drastically lowers the magnetisation. High inversion 
(more Fe3+ ions in the A-site) is detrimental to the magnetic moment 
because it interferes with the perfect antiparallel arrangement of A- and 
B-site spins. The rise in Ms up to pH 7 is due to reduced inversion and 

increased crystallite size, which reduces surface spin disorder. More 
Mg2+ occupancy at A sites and Fe3+ occupancy at B sites strengthen 
superexchange interactions between A and B sites, forming a larger net 
magnetic moment. The slight reduction in Ms at pH 9 can be ascribed to a 
trivial decrease in crystallite size (increasing surface spin disorder) and 
to an increased inversion degree. With a greater proportion of Fe3+ ions 
filling positions in the A-sites, there is less net magnetic moment.

The coercivity (Hc) of MgFe2O4 increases from 34 Oe at pH 2 to a 
maximum of 96 Oe at pH 7, then plateaus at 97 Oe at pH 9. This trend 
reflects the interplay of several factors. At lower pH, a smaller crystallite 
size and a very high defect density lead to single-domain behaviour but 
disrupted magnetic order. In contrast, at pH 7, optimal cation ordering 
and a larger crystallite size strengthen the A-B superexchange interac
tion. The observed higher coercivity can be attributed to increased 
anisotropy, which enhances domain-wall pinning.

MgFe2O4 nanoparticles usually have lower Ms values than bulk 
MgFe2O4 due to surface and size effects that disrupt magnetic ordering 
[49]. Bulk Mg ferrite has been reported to have Ms values of around 27 
emu/g by Smit and Wijn [50] and Kulkarni and Joshi [51]. Bulk 
magnetite (Fe3O4) has a higher Ms value of around 90 emu/g. Magnetite 
nanoparticles have smaller Ms values, typically in the range of 30–50 
emu/g [52].

The peak saturation magnetisation (Ms = 20.6 emu/g) at pH 7 results 
directly from the optimised cation distribution (δ = 0.28) achieved at 
that pH. Therefore, pH can serve as a precise tool for controlling Fe3+

site occupancy, thereby maximising A-B superexchange interactions and 
improving magnetic properties without requiring elemental doping.

3.3.2. Magnetic properties with annealing
Magnetic characteristics of MgFe2O4 under varying annealing con

ditions are presented in Fig. 5 and Table 6.
Ms varied non-monotonically with the annealing temperature. It was 

20.6 emu/g at 400 ◦C/2 h. It reduced to 17.5 emu/g at 500 ◦C/2 h and 
slightly improved to 18 emu/g at 600 ◦C/2 h. At 550 ◦C/3 h, the hys
teresis loop and Ms are nearly identical to those at 400 ◦C/2 h, despite 
structural differences (Fig. 5). The high Ms at 400 ◦C/2 h, despite the 
highest inversion degree, can be linked to a large crystallite size (lower 
surface spin disorder). The anomalous retention of Ms at 550 ◦C/3 h 
coincides with cations inverting back toward a normal spinel (the ma
jority of Mg2+ ions on A-sites and Fe3+ migrating to B-sites), thereby 
enhancing A-B superexchange interactions. At 500 ◦C and 600 ◦C, the 
inverse spinel structure is nearly the same as at 400 ◦C/2 h. Still, Ms. is 
slightly reduced, which may indicate multidomain formation due to the 
comparatively larger grain size, limiting complete domain alignment 
under the applied field. Thus, obtaining the optimum grain size is 
essential for tuning Ms to higher levels. Mr also exhibited the same 
phenomenon, with a maximum of 6.2 emu/g observed at 550 ◦C/3 h, 
indicating mature magnetic ordering.

Hc reaches higher values at a lower annealing time (2 h), possibly 
because the much larger grain size has greater anisotropy and reduced 
surface demagnetising effects. The sample annealed at 500 ◦C/2 h has Hc 
value of 110 Oe, which is almost 15% higher than other conditions.

Thus, varying annealing conditions strongly influence magnetic 
properties through structural changes. The cation distribution is the 
governing factor in magnetic behaviour. Greater occupancy of B-sites by 
Fe3+ ions, as observed at 550 ◦C/3 h, enhances magnetic interactions 
and increases Ms and Mr. Lower crystallite size promotes higher surface 
disorder; however, an optimised cation arrangement may counteract 
this by increasing magnetisation.

3.4. Optical properties

This work presents a novel, non-doping approach to tailoring the 
optical absorption profile of magnesium ferrite. The UV–Vis absorption 
spectra of MgFe2O4 (Fig. 6), synthesised at different pH values, exhibit 
distinct absorption behaviours, reflecting changes in electronic 

Table 4 
Cation distribution, oxygen positional parameter (u), and inversion parameter 
(δ) of MgFe2O4 synthesised at pH 7 and different annealing conditions.

Ann. Temp./Time Cation Distribution 
A site B site

u 
(±0.0002)

δ 
(±0.06)

400 ◦C/2 h (Mg2+
0.23Fe3+

0.77) [Mg2+
0.77Fe3+

1.23] 0.3811 0.77

500◦C/2 h (Mg2+
0.26Fe3+

0.74) [Mg2+
0.74Fe3+

1.26] 0.3814 0.74
550 ◦C/3 h (Mg2+

0.72Fe3+
0.28) [Mg2+

0.28Fe3+
1.72] 0.3838 0.28

600 ◦C/2 h (Mg2+
0.30Fe3+

0.70) [Mg2+
0.70Fe3+

1.30] 0.3818 0.70
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transitions and structural properties. The absorption bands in the ul
traviolet region appear below 400 nm, whereas the visible spectrum up 
to 600 nm is less absorbed [53,54].

The band gap energy (Eg) of MgFe2O4 was calculated from UV–Vis 
spectra using Tauc plots, which are plots of (αhν)2 versus photon energy 
(hν). Eg values ranged from 2.04 eV (pH 2) to 2.30 eV (pH 5), 2.10 eV 
(pH 7), and 2.25 eV (pH 9). This trend reflects a subtle balance among 

crystallinity, cation distribution (inversion parameter δ), crystallite size, 
and defect density. A partial inverse spinel structure of MgFe2O4 results 
in a narrower electronic band gap because Fe3+ occupies both octahe
dral and tetrahedral positions [55]. At pH 2, higher inversion (δ = 0.49) 
leads to a greater number of Fe3+ ions in tetrahedral sites, reducing the 
band gap. Moreover, the observed narrowing (2.04 eV) suggests defect- 
mediated mid-gap states owing to a very high defect density (9 × 1015 

lines/m2) [56], leading to tailing of the absorption edge, commonly 
modelled using Urbach energy concepts [57]. These defect states 
effectively narrow the band gap by facilitating sub-bandgap transitions. 
The highest pH values during synthesis (5–9) yielded higher Eg values, 
attributed to larger crystallite sizes (improved crystallinity) [34] and a 
reduced density of defect-related states. At pH 5, lower inversion (δ =
0.28), indicating fewer Fe3+ ions in tetrahedral sites than at pH 2, 
matches better cation ordering and expands the Eg. At pH 7, δ is low at 
0.28, which would otherwise be in accordance with a wider band gap. 
The counter effect of secondary phase α-Fe2O3 absorption and/or 
overlapping defect states leads to a net decrease in observed Eg.

Fig. 4. (a) Hysteresis loops of MgFe2O4 synthesised under different pH conditions and annealed at 550 ◦C/3 h, (b) magnification of hysteresis loops at low magnetic 
fields demonstrates variations in coercivity.

Table 5 
Saturation magnetisation (Ms), remanence (Mr), and coercivity (Hc) of MgFe2O4 
synthesised under different pH conditions and annealed at 550 ◦C/3 h.

pH Saturation Magnetisation 
(Ms) (emu/g)

Remanence (Mr) 
(emu/g)

Coercivity (Hc) 
(Oe)

2 13.5 0.8 34
5 13.9 2.1 72
7 20.6 6.2 96
9 19.4 5.7 97

Fig. 5. (a) Hysteresis loops of MgFe2O4 synthesised at pH 7 and different annealing conditions, (b) magnification of hysteresis loops at low magnetic fields dem
onstrates variations in coercivity.
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This work shows that the bandgap is influenced by two pH- 
dependent factors: (1) defect-mediated mid-gap states, which reduce 
the Eg at low pH, and (2) the cation distribution (δ), which increases the 
Eg as the structure trends toward a normal spin. The bandgap of 
MgFe2O4 can be precisely adjusted by more than 11% (from 2.04 eV to 
2.30 eV) solely by pH control.

3.5. Dielectric properties

Variation of dielectric properties like dielectric constant (ε’), 
dielectric loss (ε”), loss tangent (tan δ), and AC conductivity (σac), with 
frequency for MgFe2O4 over a pH range of 2 to 9 are shown in Fig. 7. At 
low frequencies, ε’, ε “, and tan δ have high values, which reduce 

progressively as frequency increases until one gets a plateau at high 
frequencies. Koops' theory anticipates that the composite system will 
have a high ε’ at low frequencies due to polarisation processes that 
enable charge accumulation at the interface [58]. The composite system 
in this case refers to conducting grains and less-conducting or insulating 
grain boundaries in ferrites [59]. At higher frequencies, however, rapid 
ions (dipoles) cannot keep up with the rapidly changing electric field, 
and ε’ is smaller. This is described by a heterogeneous conduction 
mechanism that results in space-charge polarisation [58,60,61].

ε” is equivalent to the energy dissipation within the material. The 
highest ε’ and ε” are observed at pH 9, followed by pH 7 and pH 2, and 
the lowest is observed for the sample at pH 5, as shown in Figs. 7(a) and 
7(b). The loss tangent (tan δ = ε”/ε’) indicates the ratio of energy lost to 
energy stored in a material and shows a somewhat different trend with 
pH, as pH 5 has a different influence on tan δ than on ε’ and ε”. At low 
frequencies, pH 5 has higher tan δ values than those for pH 7 and pH 2. 
The tan δ exhibits dispersion at low frequencies, as illustrated in Fig. 7
(c). Under an AC electric field, the tan δ values decrease and exhibit 
frequency-independent behaviour at high frequencies. Larger loss values 
of ε” and tan δ at lower frequencies suggest the weak conduction at grain 
boundaries and larger energy dissipation due to hopping between Fe2+

and Fe3+ ions [62–64]. But the grains are highly conductive at high 
frequencies, and electron interactions between Fe2+ and Fe3+ cause 
minor energy dissipation [60,65]. In general, the magnitude of tan δ is a 
function of increasing pH.

AC conductivity (σac), shown in Fig. 7 (d), increases with increasing 
frequency for all samples. This is expected because, at high frequencies, 

Table 6 
Saturation magnetisation (Ms), remanence (Mr), and coercivity (Hc) of MgFe2O4 
synthesised at pH 7 and different annealing conditions.

Temp./ 
Time

Saturation Magnetisation 
(Ms) (emu/g)

Remanence (Mr) 
(emu/g)

Coercivity 
(Hc) (Oe)

400 ◦C/2 
h

20.6 5.6 100

500 ◦C/2 
h

17.5 4.9 110

550 ◦C/3 
h 20.6 6.2 96

600 ◦C/2 
h 18.0 5.1 100

Fig. 6. UV/visible absorbance spectra of MgFe2O4 annealed at 550 ◦C/3 h and varying pH: (a) pH 2, (b) pH 5, (c) pH 7, and (d) pH 9.
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charge carriers can easily hop between localised states, increasing con
ductivity; in accordance with Jonscher's law [66]. The sample prepared 
at pH 9 has the highest σac, followed by pH 7 and pH 2, while the sample 
at pH 5 has the least.

The structural change induced by modifying the pH level during 
synthesis directly affects the dielectric properties of MgFe2O4 nano
particles. The cation distribution has a profound impact. The distribu
tion of Mg2+ and Fe3+ ions at A and B sites controls electron hopping 
among Fe2+ and Fe3+ ions and thus the dielectric loss and conductivity 
[62–64]. In addition, ε’ is affected by the increase in grain size (crys
tallite size). Larger grains have fewer grain boundaries, reducing charge- 
carrier scattering and enhancing polarisation [64]. This could be why 
the pH 7 sample (larger grain size) is seen to have a higher ε’ than the 
pH 2 sample (smaller grain size).

This analysis establishes a novel connection between the pH- 
engineered cation distribution and the material's dielectric response, 
which can be precisely controlled solely by pH. The characteristic 
frequency-dependent ferrite behaviour was observed, with the sample 
synthesised at pH 9 exhibiting the highest ε’, ε”, and σac, while pH 2 and 
pH 5 yielded lower values.

4. Conclusions

The interrelationships among synthesis conditions, structural prop
erties, and functional characteristics determined in this investigation 
constitute an integrated platform for the rational design of spinel ferrite 
nanoparticles with specified performance. pH and annealing conditions, 
separately and collectively, affect the structural, magnetic, optical, and 
dielectric properties of MgFe2O4 nanoparticles synthesised by a citric 
acid-assisted sol-gel auto-combustion route. A neutral pH of 7 and 3 h of 
annealing at 550 ◦C are optimal conditions that yield the best balance 
among high crystallinity, good cation ordering, and low defect density. 
Under these conditions, an optimal morphological structure, a minimum 

inversion parameter (δ = 0.28), better cation ordering, a controlled 
crystallite size (~39 nm), and a reduced defect density (0.7 × 1015 lines/ 
m2) were achieved, resulting in stronger superexchange coupling and 
the highest saturation magnetisation of MgFe2O4 (20.6 emu/g). Struc
tural investigation reveals that the inversion parameter and the oxygen 
positional parameter can be precisely modulated through variation in 
synthesis conditions, offering a way to tune the spinel structure and, 
therefore, the magnetic and dielectric response. Furthermore, our 
research proves that the optical bandgap and the dielectric properties 
can be systematically varied through rational modification of synthesis 
conditions, enhancing the technological applicability of MgFe2O4 
nanoparticles. It was observed that the optical bandgap was not static 
but could be modulated by more than 11% (2.04 to 2.30 eV) solely by 
adjusting the pH-mediated surface chemistry and the resulting defect 
states. The characteristic frequency-dependent ferrite behaviour was 
observed, with the sample synthesised at pH 9 exhibiting the highest ε’ 
and ε” and σac, while pH 2 and pH 5 yielded the minimum values. 
Therefore, synthesis pH serves as a critical tuning parameter for opti
mising the material's energy storage and transport capabilities according 
to the Maxwell-Wagner polarisation model.
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