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Effect of ruthenium (Ru) doping on magnetic properties of manganese 
ferrite nanoparticles (MnFe2O4 MNPs) with the composition Ru0.3MnFe1.7O4 
were prepared by chemical co-precipitation and further thermally treated 
at 300, 600 and 900 °C where the annealing temperature is systematically 
studied through structural, morphological, textural, thermal and magnetic 
properties characterizations. X-ray diffraction (XRD) analysis verified the 
cubic spinel ferrite phase in addition to changes in crystallinity as a function 
of annealing temperature. Ru0.3MnFe1.7O4 MNPs was characterized using 
various spectroscopic instruments, confirming the characteristic metal-
oxygen vibrations of the spinel structure with Fourier transform infrared 
spectroscopy (FTIR). Particle morphology and aggregation were analyzed 
using scanning electron microscopy (SEM). Subsequently, the elemental 
composition was verified via energy-dispersive X-ray spectroscopy (EDX) 
and inductively coupled plasma optical emission spectroscopy (ICP-
OES). Thermogravimetric analysis (TGA) testified on thermal stability. In 
addition, Brunauer-Emmett-Teller (BET) analysis was used to probe the 
porosity present within the assembled nanoparticles. Vibrating sample 
magnetometry (VSM) results were also collected for measurements of the 
magnetic saturation. Thus, these results as a whole demonstrate that Ru 
doping combined with thermal annealing make it possible to tailor both 
the structural and magnetic properties of manganese ferrite nanoparticles 
rendering them to be promising materials for soft magnet applications as 
well as magnetically responsive materials.

INTRODUCTION
Recently, due to tunable magnetic and 

electrical properties, ferrite-based materials 
have gained much attention for many modern 
applications [1,2]. These materials are widely used 
in magnetic resonance imaging (MRI), targeted 
drug delivery systems, data storage devices, and 
other biomedically relevant applications [3,4]. 

In the biomedical fields, MNPs encapsulated by 
appropriate carriers can be directed inside the 
human body using an external magnetic field to 
specifically target cancerous tissues [5]. Ferrites 
can be either soft or hard magnetic materials 
depending on composition and microstructure, 
with the corresponding physical property 
dependence very temperature sensitive [6].
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Among the spinel ferrites, manganese ferrite 
(MnFe2O4) MNPs has recently gained attention 
as a but promising candidate due to its structural 
stability, tunable magnetic properties, where it 
is MnFe₂O₄ exists in a spinel crystal structure, 
with magnetic properties highly dependent 
on the equilibrium fraction of Mn²⁺ and Fe³⁺ 
cation distribution between tetrahedral (A) and 
octahedral (B) sites in its formula AB2O4 [7-9]. The 
magnetic behavior of MnFe₂O₄ MNPs originated 
from the imbalance between the magnetic 
moments at A and B sublattices, while dielectric 
response is due to carrier hopping, interfacial 
polarization and grain boundary effects [10,11]. 
Dielectric constant and dielectric loss in ferrites 
are strongly affected by frequency, temperature, 
and the synthesis route, so these factors should be 
carefully considered when ferrite-based materials 
are designed for biomedical, magnetic, and 
electronic-related applications. Although spinel 
ferrites have been widely studied, the doping of 
MnFe₂O₄ MNPs with transition-metal or rare-earth 
elements still deserves more attention, because 
this modification can change cation distribution 
within the spinel lattice and influence magnetic 
exchange interactions, electrical conductivity, 
and relaxation behavior [12-15]. Such effects are 
also associated with particle size, crystallinity 
and surface morphology, each of which can be 
manipulated using desired synthesis and heat-
treatment conditions [16].

Ru is a transition metal with good catalytic 
activity and excellent electrical conductivity, which 
can also be used as doping to adjust the physical 
behavior of some magnetic nanoparticles such 
as spinel ferrites [17,18]. Doping MnFe₂O₄ with 
transition metals, such as Fe, Co, Zn and Ru has 
been shown to influence cation redistribution 
within the spinel lattice followed by magnetic 
exchange interactions that can improve the 
magnetic performance of different devices [19-21]. 
Such changes are desirable for some applications, 
like magnetic recording media and electronic 
devices that require low coercivity with moderate 
dielectric loss and stable magnetic response [22-
24]. Nickel [25], Palladium [26], Zinc [27], and Iron 
[28] can be used to synthesize magnetic catalysts 
attached to graphene oxide. These catalysts exhibit 
physical changes depending on the temperature, 
and temperature variations affect the proportions 
of these elements [29,30]. These catalysts can 
also be used to increase the adsorption of 

charcoal and multiply the amount of material 
that can be removed or adsorbed, such as dyes or 
pollutants [31]. Herein, Ru0.3MnFe1.7O4 MNPs were 
synthesized via a simple co-precipitation method, 
which leads up to the synthesis of homogenous 
ferrite materials. The samples prepared were 
crushed and subsequently subjected to different 
annealing temperatures (300, 600, and 900 °C) 
in order to analyze the influence of the thermal 
treatment on their structure, morphology, 
magnetic characteristics and dielectric-related 
properties. 

MATERIALS AND METHODS
All chemicals and reagents used in this study 

were purchased from Merck and Fluka and used 
without further purification. The synthesized 
materials were characterized using Fourier-
transform infrared spectroscopy, (SEM)Scanning 
Electron Microscopy, (EDX)Energy-dispersive X-ray 
spectroscopy, (TGA)Thermogravimetric analysis, 
(XRD)X-Ray Diffraction, and (VSM) techniques/
Vibrating-sample magnetometer.

Synthesis of MnFe2O4 MNPs
The co-precipitation method was used 

to synthesize MnFe₂O₄ nanoparticles, with 
manganese chloride hexahydrate (MnCl₂) (4 
mmol) and ferric chloride (FeCl₃) (8 mmol) as the 
starting materials. To stimulate precipitation, a 0.1 
M aqueous sodium hydroxide solution was added 
to the mixture (chlorine metal salts) in deionized 
water with continuous stirring until homogeneity 
was achieved. The resulting product was then 
heated at 80 °C for two hours. Magnetic separation 
was used to separate the product, followed by 
washing with deionized water and ethanol. The 
drying process was carried out using a convection 
oven at 80 °C [32].

Synthesis of Ru₀.₃MnFe₁.₇O₄ MNPs
Ru₀.₃MnFe₁.₇O₄ MNPs were prepared by 

incorporating Ru3+ into the pre-synthesized 
MnFe₂O₄ MNPs. The as-prepared MnFe2O4 MNPs 
were dispersed in distilled water and ultrasonicated 
for 30 min to obtain a homogeneous mixture. 
Then the required stoichiometric amount of RuCl3 
was dissolved separately in distilled water and 
then added to the MnFe₂O₄ MNPs suspension 
under continuous magnetic stirring. The mixture 
was stirred for 12 h to ensure uniform distribution 
of Ru³⁺ ions over the ferrite surface. After that 
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freshly an aqueous solution of NaBH4 was added 
drop by drop with continuous stirring to reduce 
(Ru+3 to Ru0) at room temperature (r.t.) [33]. After 
that the resulting solid product was magnetically 
separated, washed several times with distilled 
water to remove residual ions and reaction by-
products, and dried at 100 °C for 24 h The dried 
material was finely ground and calcined in an 
electric oven at 300, 600 and 900 °C for two hours.

RESULTS AND DISCUSSION
In this work, MnFe₂O₄ MNPs were used as 

the substrate. Ru was then introduced into the 
MnFe₂O₄ MNPs to modify its structural and 
functional properties. After synthesis, the prepared 
Ru0.3MnFe1.7O4 MNPs underwent heat treatment 
at temperatures of 300, 600, and 900 °C. Several 
characterization techniques were employed. FT-
IR was used, XRD was used to examine the phase 
composition and crystallinity. The morphology 
and properties of the particles were studied using 
SEM. Also was used EDX, ICP-OES, BET and TGA.

FT-IR spectra
The FT-IR spectrum of Ru₀.₃MnFe₁.₇O₄ 

nanoparticles (Fig. 1) exhibits a broad absorption 
band in the range 3300-3200 cm⁻¹ attributed to O-H 
stretching vibrations of surface hydroxyl groups 
and adsorbed moisture. The absorption band at 
1630 cm⁻¹ is assigned to H-O-H bending vibrations 
of adsorbed water molecules, respectively [34]. 
Furthermore, the characteristic bands appearing 
at 560-583 cm⁻¹ and 439 cm⁻¹ correspond to metal-
oxygen stretching vibrations at the tetrahedral 
and octahedral sites, respectively, confirming 
the formation of the cubic spinel structure of 
Manganese ferrite [35].

XRD analysis
Fig. 2 presents the X-ray diffraction (XRD) 

patterns of Ru0.3MnFe1.7O4  MNPs  annealed in 
air at 300, 600, and 900 °C for 2 h. All diffraction 
peaks can be indexed to the cubic spinel structure 
of Manganese ferrite (JCPDS card No. 10-0319) 
[36]. The prominent reflections observed at 2θ 

 

 

  

  

Fig. 1. FT-IR spectrum of Ru0.3MnFe1.7O4 MNPs. 
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values of approximately 18.4°, 29.8°, 35.1°, 39.1°, 
44.2°, 53.1°, 56.5°, 62.3°, and 74.1° correspond to 
the (111), (220), (311), (400), (422), (511), (440), 
and (533) crystallographic planes, respectively, 
confirming the formation of a face-centered 
cubic spinel phase. As the annealing temperature 
increases, the diffraction peaks become sharper 
and more intense, indicating improved crystallinity 
and grain growth [37-39]. 

SEM analysis
The SEM micrographs of Ru0.3MnFe1.7O4 MNPs 

depicted in (Fig. 3 a-c) for the particular at 300 °C, 
600 °C, and 900 °C, respectively. The particles are 
found to have unique clumping and non-uniform 
shapes after heat treatment at 300 °C, as well 
as relatively uneven sizes indicating incomplete 
crystal growth. At 600 °C, moderate morphological 
changes are observed, but the distribution and 
size of the particles are more homogeneous than 
in the first stage. At 900 °C, more distinctly shaped 
and larger particles are observed, with greater 
clumping, possibly due to increased calcination 
and further particle maturation [40, 41].
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Fig. 2. XRD analysis of Ru0.3MnFe1.7O4 MNPs.

Fig. 3. SEM micrographs of Ru0.3MnFe1.7O4 nanoparticles annealed at (A) 300 °C, (B) 600 °C, and (C) 900 °C.
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EDX analysis
The EDX spectrum of Ru0.3MnFe1.7O4 MNPs 

confirms the presence of Ru, Mn, Fe, and O (Fig. 
4). The absence of other peaks indicates good 
chemical purity and conformity to the desired 
chemical composition. Elemental mapping images 
are shown in Fig. 5, demonstrating a homogeneous 
distribution without any noticeable segregation 
or agglomeration. Furthermore, ICP-OES 

measurements of the larger samples revealed a 
Ru content of approximately 12.5 wt%, consistent 
with the expected composition of Ru0.3MnFe1.7O4 
MNPs, thus confirming the high retention of Ru 
during the MnFe2O4 synthesis.

VSM analysis
The magnetic saturation value was measured 

using VSM analysis at room temperature for 

 

 

 

  

 

 

  

  

Fig. 4. EDX analysis of Ru0.3MnFe1.7O4 MNPs.

Fig. 5. EDX elemental mapping images of Ru0.3MnFe1.7O4 MNPs.
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the Ru0.3MnFe1.7O4.  Fig. 6 shows the magnetic 
hysteresis curves of Ru0.3MnFe1.7O4 annealed at 
(300, 600 and 900 °C). The narrow hysteresis loops 
of all samples also indicate the soft magnetic 
properties. The values of saturation magnetization 
systematically increase with the increase of 
annealing temperature, about 34 emu g⁻¹ for a 
sample treated at 900 °C. This trend matches the 
increase in crystallinity and grain growth at higher 
annealing temperatures, as this can diminish lattice 

defects and surface spin disorder [42,43]. With 
increasing crystallization, the magnetic ordering 
of the spinel lattice improves and obtains stronger 
magnetic exchange interactions. The presence 
of fairly narrow loops also implies low coercivity, 
but precise coercivity and remanence values can 
only be determined with careful examination of 
the low-field region. It was concluded that the 
VSM results confirm the significant influence of 
annealing temperature on the magnetic response 
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Fig. 7. BET analysis of Ru0.3MnFe1.7O4 MNPs.

Fig. 6. VSM analysis of Ru0.3MnFe1.7O4 MNPs.
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of Ru0.3MnFe1.7O4 MNPs.

BET analysis
N₂ adsorption-desorption isotherm of 

Ru0.3MnFe1.7O4 MNPs. As shown in Fig. 7, 
Ru0.3MnFe1.7O4 MNPs display a type IV profile with 
significant hysteresis loop at high relative pressure 
and thereby show the mesoporous property. 
Only a small amount of adsorption at low P/
P₀ may indicate insignificant contribution from 
micropores, while the large increase in adsorbed 
volume within the interval of 0.85-1.0 is mainly 
related to capillary condensation taking place 
mostly inside mesopores and between neighboring 
particles. The texture of this porosity is related to 
the intrinsic characteristics that magnetic ferrite 
nanoparticles have, which tend to self-aggregate 
due to their high surface energy and consequently 
generate more surfaces with potential interactions 
between them. The hysteresis loop is characteristic 
of the H3 type, indicating that slit-like pores 
are generated between irregularly packed 
nanoparticles rather than uniformly tubular 
structures. Additionally, the lack of a defined 
plateau at or near saturation also reinforces open 
mesoporous structures. On the other hand, these 

open pores can enhance surface accessibility and 
mass transfer of Ru0.3MnFe1.7O4 MNP. 

TGA analysis
The thermogravimetric curve of Ru0.3MnFe1.7O4 

MNPs. The TGA curve displayed in Fig. 8 
demonstrates a continuous weight loss within 
the studied temperature range, confirming that 
this prepared ferrite material exhibits good 
thermal stability. The weight loss below 150 
°C is attributable to the removal of physically 
adsorbed water and residual surface moisture. 
Significant mass loss between 150 and 380 
°C mainly due to the disproportionation of 
chemically bonded water, surface hydroxyl 
groups and some possible unwashed speciation 
products from co-precipitation. After 400 °C, 
the curve tends to level off essentially, with just 
relatively small extra weight loss up to 700 °C 
indicating the completion of major decomposition 
processes and augmentation of a thermally stable 
Ru0.3MnFe1.7O4 MNPs. The weight loss is not 
significant, decreasing from about 99-100% to 
nearly 91%, which corresponds to an overall mass 
loss of approximately 8-9% [44]. This small loss 
demonstrates that Ru0.3MnFe1.7O4 MNPs possess 

 Fig. 8. TGA analysis of Ru0.3MnFe1.7O4 MNPs.
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good thermal stability. At an elevated temperature, 
the tiny change in residual mass may be attributed 
to further dehydroxylation, elimination of trace 
impurities or stabilization/unsaturation of lattice 
structural defects occurring during thermal 
treatment. Thus, the results from TGA show that 
these nanoparticles have a significant structural 
stability under high temperature. 

The combined results of the tests reveal that 
the overall outcome of ruthenium doping with 
thermal annealing makes it possible to engineer 
both the structural and magnetic properties of 
manganese ferrite nanoparticles, making them 
promising materials for soft magnet applications 
as well as magnetically responsive materials. The 
effect of temperature on the synthesis of the 
nanocatalyst is structurally significant, as it showed 
a marked improvement in catalyst properties with 
increasing temperature.

The importance of the above catalyst could be 
very high if used as an adsorbent for compounds 
that cause environmental pollution or interfere 
with dyes, among other important applications.

CONCLUSION
This study demonstrates that Ru-doped 

manganese ferrite nanoparticles can be prepared 
as thermally stable and magnetically responsive 
oxide nanomaterials through a modified co-
precipitation route followed by controlled 
annealing. The incorporation of ruthenium into the 
manganese ferrite system offers a useful strategy 
for tuning the spinel ferrite framework and 
improving its functional behavior. The prepared 
nanoparticles showed characteristics that make 
them suitable for applications requiring stable soft 
magnetic materials. Future studies should focus 
on accurately correlating the actual Ru loading 
with cation distribution, magnetic interactions, 
and practical performance in catalytic, adsorption, 
or electromagnetic applications.
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