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Abstract: Manganese ferrite (MnFe;O4) nanoparticles have attracted significant research interest
due to their unique magnetic properties and diverse applications in high-frequency devices,
biomedical systems, and environmental treatment. In this work, we systematically investigated the
influence of reaction times (T, = 1-5 h) and pH values (4-13) on the crystallinity, morphology, and
magnetic properties of MnFe,O, nanoparticles synthesized by hydrothermal method at 150 °C. The
samples characterization was carried-out by XRD, Fe-SEM, and VSM measurements. The
experimental results demonstrated that optimal conditions were achieved at a pH value of 11 with
T: = 4 h, producing like-spherical nanoparticles with an average size of 25 nm. However, due to
some agglomeration, the overall particle size distribution ranged from 15 to 60 nm, with an average
size in non-aggregated regions around 40 nm. These nanoparticles exhibited outstanding magnetic
properties, including a high saturation magnetization of ~ 57 emu/g, a low coercivity of ~ 22 Oe,
and an experimental magnetic moment value of about 2.35 pg. In contrast, lower pH values or
varying reaction times led to impurities and reduced magnetic performance. Additionally, the effects
of annealing temperatures (200 — 800 °C) on the magnetic properties were explored. These results
provide crucial insights into the synthesis-structure-property relationships in MnFe2O4 nanoparticles
and establish practical guidelines for producing high-quality MnFe,O4 nanoparticles for applications
in various fields.
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1. Introduction

Nanostructured materials have attracted significant attention in materials science research and
applications over the past decade due to their remarkable mechanical, physical, chemical, and optical
properties, which are enhanced at the nanoscale [1, 2]. These unique properties have opened up
promising applications in diverse fields such as electronics, energy, biomedical sciences, and
environmental engineering [1-4]. The term "spinel group™ or "spinel crystal structures” originates from
MgAl,Q4, a non-magnetic mineral with a complex face-centered cubic structure found in nature [5].
Spinel ferrites share chemical composition and structural similarities with the spinel group,
characterized by the general formula MFe,O4, where M represents a divalent metal such as Mn, Ni, Co,
Zn, Cu, or a mixture [2]. Alternatively, M can be divalent iron, forming the magnetite (FesO4) material.
Their face-centered cubic (fcc) structure influences the electronic and magnetic properties, with the
distribution of metal ions at tetrahedral and octahedral sites significantly influencing the material's
magnetic behavior [6-9]. The metal ions M can occupy either tetrahedral or octahedral positions,
resulting in the formation of inverse spinel, normal spinel, and mixed spinel configurations. The
characteristic properties of spinel ferrites, including electronic, magnetic, and optical behaviour,
depending on the relative sizes of the cations, their charge, and the crystal field stabilization arising from
the arrangement of octahedral and tetrahedral voids within the lattice [1, 2, 10, 11].

Manganese ferrite (MnFe;O4) is a prominent magnetic metal oxide nanoparticle studied for its
properties such as low coercivity, high permeability, low loss, moderate saturation magnetization, and
ease of magnetization and demagnetization [2, 3]. Consequently, this material has become the focus of
extensive research, with applications in high-frequency antenna devices [12, 13], radar signal absorption
coatings [14], biomedical materials [15, 16], and contrast enhancement in MRI [17]. The magnetic and
optical properties of spinel ferrites are generally influenced by crystalline size, morphology, impurities,
and the distribution of cations at tetrahedral and octahedral sites [18]. In the case of MnFe,Qy., its mixed
spinel structure is primarily determined by the dominance of the Fe* (tetra) - Fe3* (octa) exchange
interaction over the Mn?* (tetra) - Fe* (octa) interaction. Different synthesis methods can lead to the
partial oxidation of Mn?* to Mn®" ions, which have a magnetic moment of 4 ug/f.u, compared to Fe**
ions that have a magnetic moment of 5 ug/f.u. [19]. These Mn** ions preferentially occupy octahedral
sites, which increases the inversion degree and decreases the magnetization. Achieving a low inversion
degree, which is crucial for enhancing magnetization, remains an experimental challenge for scientists and
is strongly correlated with the synthesis approach and the oxidation state of manganese ions [20, 21].

The fabrication method strongly influences the properties of MnFe,O4, and recent research has
focused on different fabrication methods and the characterization of MnFe,O4 nanoparticles. Studies
have shown that the magnetic properties of Mn ferrite are sensitive to particle size, which can be
controlled by varying synthesis conditions such as pH, temperature, and reaction time. Various synthesis
methods, including solvothermal [22], sol-gel [23], co-precipitation [24], polyol [25], microwave-
induced combustion [26], and hydrothermal [27-29], have been explored. Each method has its
advantages and disadvantages, and researchers select the appropriate synthesis method based on
available laboratory equipment and specific research goals. Among these methods, the hydrothermal
process stands out due to its ability to precisely control particle size and ensure uniform distribution.
Additionally, its versatility, simplicity, and low cost have made it a popular choice for nanoparticle
fabrication. Despite its popularity, systematic investigations into the effects of key experimental
parameters, such as pH and reaction time, on the structural and magnetic properties of MnFe,QO4are still
limited.

This work systematically explored the hydrothermal synthesis of MnFe.O. nanoparticles under
varying fabrication conditions to understand their direct impact on the structure and magnetic properties.
The reaction time ranged from 1 to 5 h, and the pH values varied from 4 to 13. Additionally, the
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optimized sample was subjected to annealing at temperatures between 200 and 800 °C to investigate the
effect of annealing temperature on the magnetic properties. The results of this study provide valuable
insights into the synthesis-structure-property relationships in MnFe,O. nanoparticles and offer critical
guidance for tailoring their magnetic properties. These findings pave the way for the potential
application of MnFe;O4 nanoparticles in advanced magnetic devices, including high-frequency
technologies, biomedical systems, and environmental remediation.

2. Experimental
2.1. Materials

The chemicals used to synthesize MnFe,O4 nanomaterials were of analytical grade including: Iron
(1) nitrate nonahydrate (Fe(NOs3)3.9H20, >98.5%, AR-Xinglong), manganese (1) chloride tetrahydrate
(MnCl,.4H,0, >99.0%, AR-Xinglong), potassium hydroxide (KOH, > 85.0%, AR-Xinglong), deionized
water (DI) and used without further purification.

2.2. Synthesis of MnFe,O4 Nanopatrticles

The manganese ferrite (MnFe,O4) nanoparticles were prepared using a facile hydrothermal method.
Firstly, 20 mmol Fe(NO3)3.9H,0 and 10 mmol MnCl».4H,0O (ratio Mn?*: Fe3* = 1:2) were dissolved in
40 ml DI water by magnetic stirring. After 15 minutes, 4M KOH solution was added drop-wise to the
mixture over 20 minutes to adjust the pH to the desired value while continuing to stir. The mixed solution
was then transferred into a Teflon-lined stainless-steel autoclave with a 100 mL capacity. Initially, to
optimize the reaction time, samples were prepared at pH13, synthesis temperature of 150 °C, with
different holding times (samples labeled as T1 to T5 corresponding to reaction times of 1, 2, 3,4, and 5
h, respectively). After determining that 4 h was the optimal reaction time, the effect of pH was
investigated by preparing samples at different pH values while maintaining the reaction time of 4 h at
150 °C (samples labeled as P1, P2, P3, P4, and P5 corresponding to pH values of 4, 7, 9, 11, and 13,
respectively). After the hydrothermal process, the solid precipitate was collected by washing with DI water
and centrifugation at 5000 rpm for 20 minutes, repeated three times. The collected material was then dried
in a vacuum oven at 80 °C for 8 h. The dried MnFe,O4 powder was ground by an agate mortar and pestle for
1 hour to form a fine powder.

2.3. Characterization

The structural parameters of MnFe,O. powder were characterized by X-ray diffraction on the XRD
EQUINOX 5000 device (CuKg, A =10.0154 nm, 26 steps = 0.03 &/step). Field emission scanning electron
microscopy (Fe-SEM) is used to study the morphology and average size of nanoparticles. Using a
vibrating sample magnetometer on the Lakeshore 7404 device (5 — 10 kOe, room temperature) to
investigate the magnetic properties of the fabricated samples. The optimal sample was annealed at
200 °C, 400 °C, 600 °C, and 800 °C for 4 h in air using a Nabertherm RT 50/250/13 tube furnace.

3. Results and Discussions

3.1. X-ray Diffraction (XRD) Analysis
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Figure 1 presents the XRD patterns of ten MnFe,O, samples synthesized under different
experimental parameters. The synthesis conditions significantly affect the phase compositions of the
samples. The XRD patterns reveal two crystalline phases: a-Fe,O; (marked by an asterisk) and
MnFe,O4. Based on the relative intensities of the diffraction peaks, samples synthesized at high pH
values (P3 — P5) and with longer hydrothermal reaction times (T3 — T5) exhibit better crystallinity.
These patterns display diffraction peaks corresponding to the spinel structure and match the standard
JCPDS card number 88-1965 [30]. The observed peaks at 29.03°, 35.18°, 35.40°, 43.18°, 53.57°, 56.20°,
and 62.57° correspond to the (220), (222), (311), (400), (442), (511), and (440) planes, respectively.
Among these, the (311) peak shows the highest intensity, indicating the dominant cubic spinel phase. In
contrast, samples P1, P2, T1, and T2 contained noticeable impurity phases, particularly o-Fe;Os, as
indicated by JCPDS card number 79-000 [31].
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Figure 1. X-ray diffraction of MnFe,O. nanoparticles prepared at different reaction time (a) and different pH (b).

We found that the main diffraction peak (311) of samples T1 and T2 exhibited peak splitting, with
the appearance of secondary peaks, the intensity of impurity peaks gradually decreased with increasing
reaction time. Sample P2 display quasi-amorphous characteristics in its XRD pattern, showing broad
and poorly defined peaks with low intensity, accompanied by significant background noise.
Additionally, one impurity peak (marked in the figure) was observed, indicating the presence of a
secondary phase. This reflects poor crystallinity and incomplete phase formation. When the reaction
time is not long enough, the formation and growth of MnFe,O, particles are not complete, potentially
leading to the presence of intermediate phases or impurities, the spinel structure is not completely
formed, and the crystals have defects. While at low pH, the OH" concentration in the solution is not
enough to promote the complete precipitation reaction of Mn?* and Fe®" ions, leading to the formation
of a-Fe,03 sub-phase instead of pure MnFe,O.. Therefore, it can be concluded that the combination of
higher pH and longer reaction time will increase the reaction efficiency, which is the decisive factor to
achieve well-crystalline MnFe,O4 with minimal impurities.

These results are in line with previous studies using the hydrothermal method for the synthesis of
MnFe,O4 nanoparticles. For instance, Kwon et al. [27] synthesized MnFe,O4 nanoparticles using a
hydrothermal method at 140 °C, which also showed the formation of MnFe,O. with a cubic spinel
structure. The study found that increasing the reaction temperature led to improved crystallinity and
reduced impurity phases, similar to our observations. Their results revealed that at higher reaction
temperatures (160 — 200 °C), the MnFe;O, phase dominated, with sharper peaks and reduced Fe;Os
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contamination, indicating a higher degree of crystallinity. In addition, Tombuloglu et al. [28] also
synthesized MnFe,O4nanoparticles using the hydrothermal method at 220 °C and pH10, and their XRD
results showed that the MnFe,O4 nanoparticles were a fine crystalline structure with no detectable
impurity phases. This suggests that the reaction conditions used in their study led to the formation of
MnFe,O4 nanoparticles, similar to what we have observed in our study. These studies support our
findings that optimizing the synthesis conditions, particularly for pH and reaction time, is crucial to
achieving high-quality MnFe,O4 nanoparticles.

The crystallite size of the samples was determined using the maximum intensity peak (311) by
Scherrer’s equation [31]:

kA
b= [.cosf (1)

where k represents the Scherrer constant, 4 is the wavelength of the X-ray radiation, g denotes the full
width at half maximum (FWHM) of the peak, and & is the Bragg diffraction angle. An increase in
reaction time leads to a gradual increase in the average size of the crystal, while the largest pH results
in the largest size of the crystallity.
Since the structure of this ferrite is spinel cubic, the lattice constant is determined using the following
relation [32]:
1 2 k2 2
E _ h +a2 +1 (2)
Where d is the inter-planar distance, (hkl) are the Miller indices, and a is the lattice constant.
MnFe,O4 nanoparticles are produced by the hydrothermal method with lattice parameters ranging from
10.8 to 24.3 nm.
To calculate the unit cell volume, the lattice parameter a is used according to the formula:
V=ad (3)
Table 1 demonstrates the structural parameters like volume, crystallite size of samples P3 —P5and T1 —
T5. Various structural parameters, like crystallite size, lattice constant, are demonstrated in Table 1.
Adjusting the hydrothermal reaction time alters the lattice parameters of the samples, as shown in
Fig. 1 and confirmed in Table 1, leading to shifts in the peaks observed in the XRD patterns. Specifically,
for reaction times increasing from 1 to 5 h at pH13, the average crystal size increased from 11.26 nm
(T1) to 21.21 nm (T4), indicating improved crystallinity with longer reaction times. However, when the
reaction time was extended to 5 h (T5), the crystal size decreased to 15.64 nm. Thus, a reaction time of
4 h was identified as optimal for achieving the best crystallinity and particle size.

Table 1. Structural parameters of samples P3 —P5and T1 - T5

Peak Lattice Volume
Sample position (°) FWHM () D (nm) Constant (&) | (hm®)

T1 34.77 0.77 11.26 0.8519 0.6183
T2 34.87 0.75 11.54 0.8496 0.6133
T3 34.93 0.47 18.28 0.8515 0.6174
T4 34.88 0.41 21.21 0.8517 0.6178
T5 35.06 0.55 15.64 0.8484 0.6107
P3 35.07 0.73 11.82 0.8489 0.6117
P4 34.86 0.80 10.80 0.8550 0.6250
P5 34.93 0.35 24.30 0.8512 0.6167
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Upon determining the optimal reaction time, additional samples were synthesized at varying pH
levels to evaluate the influence of pH on the crystal structure. As the pH increased, the crystallinity
improved, and the particle size gradually increased from 11.82 nm (P3) at pH = 9 to 24.3 nm (P5) at pH
= 13. These results indicate that higher pH values are more favorable for the formation of well-
crystallized MnFe,O, nanoparticles, further supporting the role of pH in controlling particle growth
during hydrothermal synthesis. The findings from our study suggest that the optimal combination of
lower temperature and shorter reaction time in our approach can significantly reduce energy
consumption while maintaining the desired quality of MnFe,O4 nanoparticles.

3.2. Fe-SEM Analysis

The morphology and particle size of MnFe,O4 materials synthesized under different reaction times
were examined using Fe-SEM images. The Fe-SEM images of T3 and T4 are presented in Fig. 2a, b
taken at 500 nm scale. In the T3 sample, a significant presence of large agglomerates is observed, which
could be attributed to the grinding process during the experiment. As Zhang et al. [33] pointed out, the
large surface area of the nanoparticles leads to strong electrostatic attraction and van der Waals forces
between them, causing the particles to easily aggregate into larger clusters. Moreover, as Akash Solunke
et al. [34] emphasized, when the pH is not properly controlled (especially when pH is far from the
optimal value, such as near pH7), the reaction may not proceed fully, leading to incomplete reaction and
the formation of agglomerated particles. This incomplete reaction can hinder proper densification of the
nanoparticles, further contributing to the agglomeration. Despite the aggregation into large clusters, the
nanoparticles surrounding these agglomerates were measured to be approximately 30 to 40 nm in size.
This result is notably larger than the particle size values obtained from XRD measurements. The average
crystallite size calculated from the XRD pattern using the Scherrer formula typically reflects the size of
the particles within the measured region, which is usually smaller than the size observed in SEM images,
as the Scherrer formula measures the internal size of the particle and does not account for the
deformation of the outer shell.

k' 5.6mm x80 Ok SEMM)

Figure 2. Fe-SEM image of MnFe,O4 nanoparticles fabricated at T= 150 °C, pH = 11
with different time (a) T3 and (b) T4.

Conversely, when the reaction time increased, sample T4 showed a nearly uniform distribution of
aggregated nanoparticles with minimal agglomeration, and the particle size of this sample was
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approximately 25 nm. Consequently, it can be concluded that increasing the reaction time improves the
nanoparticle size, resulting in smaller and more uniformly distributed particles.

Figure 3 shows the P4 sample synthesized with a reaction time of 4 h at pH11, captured at two
scales: 300 nm (a) and 500 nm (b). The MnFe,O4 nanoparticles formed are all spherical in shape, with
highly crystallized nanoparticles exhibiting a wide size distribution. The grain size of P4 was primarily
found to be around 25 nm, though due to some aggregation, the size distribution extends from 15 to 60
nm, with an average of approximately 40 nm in non-agglomerated regions.

IMS-NKL 5.0kV 5.3mm x150k SE(M) P — MS-NKL 5.0kV 5 3mm x100k SE(M)

Figure 3. Fe-SEM image of MnFe,04 nanoparticles at P4 value (pH = 11) taken at scale (a). 300 nm
and (b). 500 nm.

In hydrothermal synthesis, the pH of the precursor solution plays a critical role in determining the
chelation behavior of metal ions and the nucleation—growth kinetics of nanoparticles. Although our
system is hydrothermal, the underlying principle is consistent with previous findings using sol—gel
methods, according to Solunke et al. [34], where varying the pH alters the degree of metal ion chelation,
affecting chemical reactions and combustion behavior during nanoparticle formation. Additionally,
changes in pH affect the reaction rate, which in turn influences nanoparticle growth, as explained in
detail by Ghahfarokhi et al. [5]. Therefore, adjusting the pH during the hydrothermal process can
significantly influence the size, shape, and crystallinity of the resulting nanoparticles, which in turn
impacts their structural and magnetic properties.

Fe-SEM showed that the high pH value and long-time reaction favor the growth of highly crystalline
nanoparticles and uniform particle size distribution. Although there is a variation in size compared to
the XRD results, the crystallization trend is entirely consistent with the data from XRD.

3.3. Magnetic Measurements

The magnetic properties of the samples are characterized by the M-H hysteresis loop obtained by
the vibrating sample magnetometer (VSM) technique at room temperature and demonstrated in Figures
4 and 5. Tables 2 and 3 show the values such as saturation magnetization (Ms), remanent magnetization
(M), and coercivity (Hc) determined from the hysteresis loop.

Figure 4 illustrates the M-H loops of the MnFe,O, samples at different reaction times. It can be seen
that all M-H loops exhibit S-shapes with small areas, high M; values, low Hc, and clear magnetic
saturation at elevated fields. Thereby, demonstrating the soft ferromagnetic behavior of the prepared
nanoparticles. From Fig. 4 and Table 2, it is possible to see that sample T4 has the highest magnetism.
As the reaction time increased, the saturation magnetization gradually increased from 35.76 emu/g
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(sample T1) to 53.4 emu/g (sample T4) and then decreased to 46.93 emu/g (sample T5), following a
non-linear trend. This behavior confirms that the hydrothermal reaction time significantly influences the
crystallinity and magnetic properties of MnFe,O4, consistent with the trend in previously reported spinel
ferrites [35-37]. However, when the reaction time is prolonged, the average crystallite size of the sample
(T5) decreases to 15.64 nm, which is smaller than that of T4 (21.21 nm). This reduction in size may
partly contribute to the decline in Ms, as smaller crystallites can weaken magnetic exchange interactions,
a trend also observed in Fe3O4 nanoparticles as reported by Sneha Upadhyay et al. [38]. In addition,
extended hydrothermal duration tends to induce undesirable agglomeration, which reduces the effective
surface area available for magnetic interaction, further limiting the magnetic response [37]. Therefore,
we found that both the reduction in crystallite size and agglomeration may synergistically lower the
saturation magnetization of sample T5.

H (Oe)

Figure 4. M-H loops of MnFe,04 nanoparticles synthesized at different reaction times.

The magnetic properties of nanoparticles depend on many factors, including external factors such
as production technique, structure, density, and internal like the magnetic moment of the material itself
[32]. Furthermore, saturation magnetism (M) fundamentally depends on the exchange interaction
between ions distributed at the tetrahedral (A-site) and octahedral (B-site) sites in the nano ferrite
structure. Increasing the occupancy of Fe** or Mn?* at the octahedral site increases M; whereas higher
occupancy of metal ions at the tetrahedral site reduces M; [20, 32]. The reaction time profoundly affects
particle growth conditions and crystallinity. For shorter reaction times (T1 and T2), the reaction time is
not long enough for the MnFe,O4 particles to crystallize completely, and the smaller particle size also
causes a decrease in Ms. In addition, the presence of a-Fe2Os impurity also contributes to the reduction
in magnetism because it is a weakly magnetic phase [39]. In sample T5, the extended hydrothermal
reaction resulted in the particles coalescing into larger clusters, creating structures that begin to
approximate bulk behavior. The occurrence of particle agglomeration can explain the decreasing
magnetism trend of sample T5 during the synthesis, which reduces the effective surface area, leading to
a decrease in Ms [37, 40]. Additionally, the decrease in M; for sample T5 compared to T4 is also
influenced by the decrease in crystallite size, as previously explained.

However, these agglomerates maintain some characteristics of nanoparticles due to incomplete
fusion and the presence of interface regions between aggregated particles. This partial bulk-like
character explains why the Ms value (46.93 emu/g) remains significantly below that of bulk MnFe20s4,
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which exhibits a much higher saturation magnetization (Ms = 82 emu/g) as reported by Aslibeiki et al.
[41]. The highest remanent magnetization (M;) and coercivity (Hc) values were observed for T4 (6.55
emu/g) and T3 (67.43 Oe), respectively. The change in M, value follows a similar trend to that of M,
which is expected due to their intrinsic correlation. This trend is consistent with the change in average
crystallite size (calculated from XRD). Since the remanent magnetization reflects the remaining
magnetism after removal of the external field, it is particularly sensitive to microstructural factors such
as crystallite size and inter-grain interactions. In contrast, the coercivity (Hc) exhibits a non-linear trend
due to its dependence on various factors such as crystallite size, magneto-crystalline anisotropy constant,
porosity, internal stress, and crystal imperfections [5]. According to Ghahfarokhi et al., H; tends to
decrease with increasing particle size in the multi-domain regime, as larger particles may split into
multiple magnetic domains, reducing the magnetization energy. Consequently, less energy is required
to initiate domain wall movement, leading to a decrease in Hc. A similar behavior was observed by
Majid et al. in cobalt ferrite [37], where H¢ decreased due to the transition of particles into a multi-
domain structure. Likewise, Ozel et al. [36] reported a reduction in Hc with prolonged reaction time in
Fes;04 nanoparticles, which was attributed to changes in magnetic domain structures and crystallinity.
At shorter reaction times, the presence of a-Fe,Osz impurities with higher concentrations affects the
crystallinity and causes lattice defects. In addition, the impurity phase also increases the local magnetic
anisotropy. It breaks the domain walls in the ferrite structure, which overall affects the material’s
magnetism, as reported by Li et al. [42]. Based on these observations, a reaction time of 4 h (sample T4)
provides favorable conditions for the synthesis of MnFe.O4 nanoparticles with well-balanced magnetic
properties.
The magnetic moment per ion (um) was calculated using the equation [43]:
_ MgxM
Hm = “5ogs
The pum values calculated for the synthetic MnFe>O4 nanoparticles in our report ranged from 0.02 to
2.35 (in Tables 2 and 3) compared to the empirical value of 2.22 reported by Nguyen et al. [43], which
is perfectly appropriate. However, this value is still lower than the previously reported theoretical value
of 4.

where M is the molecular mass of MnFe,Og.

Table 2. Magnetic Parameters of MnFe,O4 nanoparticles at various reaction times

Magnetic properties
Sample

Ms (emu/g) M; (emu/qg) Hc (Oe) Lm
T1 35,76 2,94 56,38 1.48
T2 442 4,5 52,34 1.83
T3 49,25 5,37 67,43 2.03
T4 53,4 6,19 64,16 2.21
T5 46,93 2,99 23,24 1.94

The magnetic hysteresis loops of MnFe,O4 nanoparticles synthesized at various pH values are
presented in Fig. 5, with the corresponding magnetic parameters including saturation magnetization
(Mes), coercivity (Hc), and magnetic moment pm) - summarized in Table 3. All samples (except sample
P1) exhibited typical ferromagnetic behavior, with the magnetic response improving as pH increased.
Notably, sample P4 (pH11) demonstrated the highest saturation magnetization, reaching 56.88 emu/g.
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At low pH (P1, P2), the samples exhibited poor magnetic performance due to the influence of a-
Fe,O3 impurity phase in the previously confirmed XRD results. Sample P1 had an extremely low M; of
0.44 emu/g, remanence of magnetism (M;) of 0.12 emu/g, and um of 0.01. The impurity phase is
dominant, causing a magnetically inert layer on the surface of nanoparticles in sample P1, as Nitika et
al. [44] reported, reflecting incomplete phase formation and poor crystallinity due to the Fe,O3 oxide
layer inhibiting grain growth. As the pH increases, the magnetic properties also increase sharply, which
is explained by the better crystallinity that shows a clear improvement in the magnetic properties.

30 4

M (emulg)
o

-30 4

0
H (Oe)

Figure 5. M-H loops of MnFe,04 nanoparticles synthesized at different pH values.

Sample P4, synthesized at pH11, shows the highest magnetic properties among all the samples
synthesized in this work, with an Ms value of 56.88 emu/g and a magnetic moment of 2.35 um, a low
coercivity (Hc) of 21.47 Oe. It can be seen that the optimization of pH value during synthesis is an
important factor in achieving good magnetic properties of manganese ferrite nanoparticles. As
evidenced by the high saturation magnetization and the greatly reduced H¢ over all the investigated
samples with the reaction time discussed earlier was without controlling the pH value.

Table 3. Magnetic Parameters of MnFe,O4 nanoparticles at various pH values

Sample Magnetic properties
Ms (emu/Q) M; (emu/g) Hc (Oe) Lm
P1 0,44 0,12 270,95 0.02
P2 10,19 0,11 7,16 0.42
P3 34,63 1,91 21,83 1.43
P4 56,88 3,48 21,47 2.35
P5 53,4 6,19 64,16 2.21

However, at pH13 (P5), while Ms remains high at 53.4 emu/g, a slight decrease compared to P4 is
observed, along with a significant increase in coercivity (Hc = 64.16 Oe). The increase in coercivity (Hc)
from P4 (pH11) to P5 (pH13) may be due to the interaction between grain size and surface effect [45].
When the grain size approaches the critical single-domain size, the coercivity is mainly decided by the
displacement of magnetic domains [45,46]. In this study, the increase in the average crystallite size from
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10.8 nm (P4) to 24.3 nm (P5) is likely to approach the single-domain threshold, estimated to be
approximately 30 nm, as reported by Kumar et al. [47]. Consequently, the energy required to rotate the
magnetic domains also increases, leading to the observed rise in Hc.

In addition, high pH promotes faster precipitation, growth, and crystallization of grains. At high pH
during synthesis, grain growth and crystallinity are significantly promoted. However, ions such as OH"
remaining at the particle interfaces may form heterogeneous layers around the nanoparticles. Although
these ions are partly removed during washing with DI water, this process inadvertently introduces
surface defects. These defects act as pinning centers, hindering the motion of domain walls and
increasing magnetic anisotropy, leading to higher Hc. This behavior aligns with observations previously
reported by R.N. Bhowmik [48].

Overall, the magnetic properties of MnFe,O4are highly dependent on the synthesis pH. The optimal
magnetic performance is achieved at pH11 (P4), where the combination of high Ms, low H¢, and minimal
impurities makes the sample suitable for applications requiring soft magnetic behavior. These results
highlight the critical role of pH in controlling the structural and magnetic characteristics of MnFe;O4
synthesized via the hydrothermal method.

Table 4. Magnetic Parameters of MnFe;O4 nanoparticles annealed at different temperatures

sample Magnetic properties
P Ms (emu/q) M, (emu/qg) Hc (Oe)
As-prepared 56,88 3,48 21,47
200°C 30,5 3 68
400°C 18,8 2,5 47
600°C 12,5 3,67 190
800°C 0,16 0,019 314
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Figure 6. M-H loops of MnFe,O, nanoparticles annealed at different temperatures.

To investigate the effect of annealing temperature on the magnetic properties of fabricated sample,
we choose the P4 sample with highest magnetization for this study. Figure 6 presents the M-H loops of
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MnFe,O4 nanoparticles annealed at various temperatures, with corresponding magnetic properties
shown in Table 4. The annealing temperature strongly influences the saturation magnetization Ms,
coercivity He, and remanence M;, highlighting the impact of structural and phase evolution on magnetic
behavior.

The saturation magnetization (Ms) gradually decreased from 30.5 emu/g at 200 °C to 12.5 emu/g at
600 °C and became negligible at 800 °C. This can be explained by the fact that the temperature causes
the MnFe,04 nanoparticles to decompose into component oxides such as Fe20s, Mn,O3, and possibly
FeO. These are all non-magnetic oxides, and they form dead layers on the surface of the nanoparticles,
leading to a spin canting effect, thereby reducing the saturation magnetization Ms[44, 49].

The coercivity (Hc) shows a non-monotonous behavior, peaking at 600°C with a value of 190 Oe.
This increase was due to the enhanced anisotropy caused by the coexistence of multiple magnetic phases,
mostly nonmagnetic secondary phases. At higher temperatures, the transition from the ferrimagnetic
spinel structure to the antiferromagnetic phase dominates, as seen in the linear M-H response at 800°C.
These observations are consistent with the trend reported by Bhandare, where annealing leads to
oxidation of Mn?* to Mn®', partial decomposition of MnFe,O4 to a-Mn,03 and o-Fe,0s, and a decrease
in magnetization due to the formation of hon-magnetic oxides [50].

4. Conclusions

MnFe,O4 nanoparticles were successfully synthesized via the hydrothermal method, with reaction
time and pH systematically affecting their structural and magnetic properties. XRD confirmed a cubic
spinel structure, with optimal crystallinity at pH11, for 4 h. Lower pH and shorter times led to a-Fe-Os
impurities. Fe-SEM images revealed like-spherical nanoparticles with sizes ranging from 15 to 60 nm.
While the optimally dispersed regions exhibited fairly uniform particles around 25 nm in diameter,
consistent with the XRD-derived crystallite size, the overall average particle size across the sample,
including agglomerated areas, was approximately 40 nm. Magnetic measurements indicated soft
ferromagnetism, with the best sample (pH11, for 4 h) achieving 56.88 emu/g saturation magnetization
and 21.47 Oe coercivity. Crystallinity and phase purity significantly influenced magnetic properties,
while excessive reaction times and extreme pH reduced performance. Annealing above
600 °C further decreased magnetism, aligning with prior studies. These findings highlight the role of
pH and reaction time in tailoring MnFe2O4 nanoparticles for magnetic applications.
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