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In this work we studied properties of FeNi hollow nanostructured microspheres produced by ultrasonic
spray pyrolysis technique. Specifically, we investigated how precursor solution (0.05–0.5 M) and reduc-
tion temperature (360–400 �C) influence properties of microspheres. By adjusting those values we were
able to obtain samples with different microspheres diameter and crystallites size. Magnetic properties for
the sample obtained from 0.1 M precursor and reduced at 400 �C were: saturation magnetization (MS) of
130 emu/g, coercivity (HC) of 87 Oe and Curie temperature (TC) of 554 �C. Those values are higher than
previously reported values in the literature for FeNi nanoparticles with equiatomic composition.
Plotting relation matrix of various measured properties allowed us to evaluate different dependencies,
making it possible to rationalize samples properties in a wider sense.
� 2024 The Society of Powder Technology Japan. Published by Elsevier B.V. and The Society of Powder

Technology Japan. All rights are reserved, including those for text and data mining, AI training, and
similar technologies.
1. Introduction

Soft magnetic materials are materials that can be easily magne-
tized and demagnetized. Due to their properties, including low
coercive force and high magnetic permeability, these materials
have applications in areas where quick magnetization without
energy loss is necessary (smartphones, PCs, electric generators,
aerospace equipment etc.) [1].

One of the example of such materials is the Fe-Ni (FeNi) alloy.
This alloy is interesting not only due to the usage in soft materials
applications [2], but also as a precursor for FeNi L10 phase, which
was shown in the literature as a perspective rare-earth free hard
magnetic material [3–5]. In order to fully utilize the potential of
this alloy, the optimization of its properties is needed, as it was
shown that by changing the morphological properties of this alloy
it is possible to alter its magnetic properties [6–8].

Traditionally, this alloy is produced by classical metallurgical
methods, such as induction and arc melting. However, various
studies were conducted to obtain this phase using alternative
methods, such as mechanical grinding [9], sol–gel method [10],
and spray pyrolysis [11–13,7]. Among these methods, spray pyrol-
ysis technique is particularly noteworthy due to its simplicity, low
cost of precursors, high yield of reaction products and ability to
obtain particles with spherical shape, which is crucial for maximiz-
ing magnetic properties [14]. Obtaining the powders in the initially
spherical form makes it possible to use them without additional
step of spheroidization [15,16] for creating materials with complex
geometries by using such techniques as Selective Laser Melting
(SLM), Selective Laser Sintering (SLS) or additive manufacturing,
where the spherical particle shape is critical [7,17].

Spray pyrolysis technique can have one or multiple stages. In
one-staged variant the droplets are transferred through the reac-
tion zone by reducing gas carrier, such as hydrogen (H2) [13,11].
However, this variant can be dangerous due to usage of hydrogen
gas at elevated temperatures, which are required for successful
salts decomposition [11]. Another variant is obtaining the oxide
particles first and then reducing them in the hydrogen atmosphere
[18,8]. In that case it is possible to perform heat treatment in
reduction atmospheres at lower temperatures, thus allowing more
control on morphological properties of metallic particles.

Additionally, careful optimization of pyrolysis technique
parameters allows obtaining hollow microspheres with precisely
adjusted composition and morphology (spheres diameter, as well
as size of the nanoparticles that construct the sphere) [24], making
the obtained results reproducible. The interplay between these two
parameters can lead to changes in properties of such materials,
e.g. magnetic and optical ones [20,19].
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Thus, the aim of this article was to optimize the two-staged
spray pyrolysis technique for production of FeNi hollow nanostruc-
tured microspheres. For that, the particles were produced from dif-
ferent precursor solutions and reduced in hydrogen atmosphere at
different temperatures.
Fig. 1. X-ray diffraction patterns of a sample obtained at a precursor concentration
of 0.05 M and reduced at different temperatures.
2. Experimental

2.1. Hollow microspheres production

The following chemicals were used as precursors for obtaining
nanostructured Fe-Ni-O microspheres by spray pyrolysis: iron
(III) nitrate 9-aqueous Fe(NO3)3�9H2O, analytical grade; nickel(II)
nitrate 6-aqueous Ni(NO3)2�6H2O, analytical grade; distilled water.

Three different concentrations of solutions were used in the
work: 0.05, 0.1, and 0.5 M. The concentration of the components
was calculated based on the composition of the metal product
Ni:Fe = 1:1. The starting precursors, after being added to water,
were thoroughly mixed and filtered using filter paper.

At the next stage, the spray pyrolysis process was carried out
using ultrasonic generator with 1.7 MHz frequency. It was shown
in the literature that using higher frequency yields particles with
smaller diameter [21,22]. The generated steam entered the work-
ing zone of the tube furnace at a temperature of 1000 �C. This tem-
perature was chosen because it was shown that this temperature is
optimal in terms of the morphology of the resulting microspheres
[11]. The pyrolysis of iron and nickel nitrates proceeds according to
the chemical reactions [23]:

4FeðNO3Þ3 � 9H2O ! 2Fe2O3 þ 3O2 þ 12NO2 þ 36H2O ð1Þ

2NiðNO3Þ2 � 6H2O ! 2NiOþ O2 þ 4NO2 þ 12H2O ð2Þ
In the high temperature zone, the following physical phenom-

ena simultaneously occur with the droplet: solvent evaporation
from the droplet surface, solvent vapor diffusion from the droplet,
droplet shrinkage, droplet temperature change, diffusion of the
solute to the droplet center [24]. The powders collected on the fil-
ters were extracted and subsequently subjected to the process of
reduction in hydrogen flow at various temperatures. The reduction
can be described by the chemical reactions:

FeNiOþ H2 ! FeNiþ H2O ð3Þ
To prevent oxidation of the samples, passivation of their surface

was carried out by using technical nitrogen, which contains a small
amount of oxygen (< 1%).

2.2. Characterization

The studies of dehydration processes were carried out using dif-
ferential scanning calorimetry and thermogravimetry methods on
SDT Q-600 analyzer. The process of dehydration of the powders
was conducted under conditions of linear heating at a rate of
20 �C/min in a hydrogen atmosphere in the temperature range
from 26 �C to 690 �C. The phase composition of the samples was
studied on a Difrey-401 X-ray powder diffractometer. The mea-
surements were carried out with Cr Ka radiation with 2.2909 Å
wavelength. The morphology and chemical composition of the
samples were examined using a Tescan Vega 3SB scanning electron
microscope equipped with an Oxford Instruments Advanced
energy dispersive X-ray microanalyzer. The samples were also
examined on a Raman confocal microscope (Raman spectroscopy)
Thermo DXR (USA), with 532 and 732 nm wavelength. The specific
surface area was studied on a NOVA 1200 specific surface analyzer
(USA). The field dependencies M(H) of the samples were obtained
using vibrating sample magnetometer (VSM) LakeShore 7404.
2

3. Results

3.1. Choosing the reduction temperatures

As was pointed in introduction, the objective of this work is to
optimize the process of obtaining hollow nanostructured FeNi
microspheres by spray pyrolysis. The process of reduction to a
metallic state is an important step in material synthesis that will
determine the size of the resulting nanoparticles, which form the
microsphere. If too high a temperature is used, sintering of the par-
ticles and, consequently, degradation of their properties is possible
[25]. If the reduction temperature is insufficient, oxide phases may
remain in the sample, which will also adversely affect the final
properties [26]. In order to determine the temperature range in
which the optimization of the sample preparation process will be
performed, a thermogravimetric analysis was carried out in a
reducing atmosphere. Fig. S2 shows the measurement results from
which the reduction temperatures of interest were selected, specif-
ically 360, 380 and 400 �C. At the next stage, all samples were
reduced at these temperatures for 1.5 h.
3.2. Phase composition analysis

After reduction, phase analysis of the samples was carried out.
X-ray diffraction (XRD) patterns after Rietveld refinement are pre-
sented in Supplementary (Figs. S3–S6). Fig. 1 shows XRD patterns
of a sample obtained at a concentration of 0.1 M. It is seen that
before reduction the sample consisted of the oxide phases (NiO
and NiFe2O4). In the sample reduced at 360 �C small amount of
oxide phases are still present, which tends to decrease when
increasing the reduction temperature. Results of XRD quantitative
phase analysis after Rietveld refinement are shown in Tables S1
and S2 for the initial samples and the reduced samples, respec-
tively. For all concentrations in the reduced samples, a mixture
of the fcc phases of FeNi and Fe3O4 is observed. For a sample
obtained from a solution with 0.1 M concentration, the content
of the oxide phase is minimal for all reduction temperatures. In
order to confirm the phase composition of the samples before
and after reduction, Raman spectroscopy studies were also carried
out, since it allows differentiating between oxide phases (e.g.
NiFe2O4 and Fe3O4, which are close on the XRD patterns [27]).
Fig. S7 shows the Raman spectra of the samples, which confirms
that Fe3O4 phase is presented in the sample after reduction.
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3.3. Morphological properties

The size of the coherent scattering regions (CSR) of all samples
was also calculated using the Debye–Scherrer formula. The results
are presented in Table S4. Typical trend is seen that the CSR size
increases with reduction temperature [26].

At the next stage, the morphology of FeNi particles was studied
by scanning electron microscopy (SEM). Fig. S8 shows micropho-
tographs of the initial sample, where hollow microstructure of
the samples can be seen. Figs. S9–S11 show microphotographs of
all samples. Fig. 2 shows microphotographs of the 0.1 M sample
reduced at different temperatures. It can be seen that the particles
have a spherical shape, which is expected for this technique. To
describe the size characteristics of spherical FeNi particles, it is
necessary to study the size distributions of the particles. Fig. S12
shows histograms of the respective distributions, as well as aver-
age size of the spheres. For all temperatures, a decrease in the aver-
age size of the spheres is observed with a decrease in the
concentration of the precursor solution, which agrees with the lit-
erature [21].

At the same time, if we consider samples of the same precursor
concentration reduced at different temperatures, it is seen that in
terms of smaller particle sizes the optimal reduction temperature
is 380 �C. However, it is expected that there should not be any
reduction temperature dependence of the particle diameters, as
it should only affect crystalite sizes (see Table S4), so this change
in diameter should be attributed to other reasons.

To additionally investigate sintering in the particles and evalu-
ate the change in the pore volume in the particles, a study was car-
ried out by low-temperature nitrogen adsorption technique. This
allowed us to estimate the pore size distribution. The data obtained
are shown in Fig. S13. The results showed that with increasing the
reduction temperature, the pore size distribution shifts to the right,
meaning that smaller pores are eliminated [28]. However, no
dependence on the concentration of precursor solution was found.
Fig. 2. SEM microphotographs of the 0.1 M sample reduced a
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3.4. Magnetic properties

At the next stage, the magnetic properties of all samples were
studied. Supplementary materials contain all the data that was
gathered from the samples: Fig. S14 shows the hysteresis loops.
Fig. S15 shows temperature dependence of magnetization.
Fig. S15 shows magnetic properties, extracted from the curves
mentioned above. Below, Fig. 3 shows data for the sample obtained
from 0.1 M precursor solution. Two distinct trends are observed on
the figure: decrease of the Curie temperature and increase of satu-
ration magnetization for the samples, reduced at higher tempera-
tures. However, is seen that coercivity of this sample is not
changing significantly as opposed to other concentrations (see
Fig. S16a). However, one should consider not only the reduction
temperature when trying to describe these dependencies, which
we will address in the next chapter.

It is difficult to compare the properties of our samples with the
literature, since there is not many articles that were investigating
magnetic properties of FeNi with equiatomic composition obtained
by ultrasonic spray pyrolysis. E.g. equiatomic FeNi was obtained,
but magnetic properties were not measured [11,2,13], or the mag-
netic properties were measured, but the samples had Fe25Ni75
composition [7]. Thus, we can only compare our properties with
equiatomic FeNi, obtained by other methods. If we consider the
sample that was obtained from 0.1 M precursor solution and
reduced at 400 �C, it has the following magnetic properties: satura-
tion magnetization (MS) of 130 emu/g, coercivity (HC) of 87 Oe and
Curie temperature (TC) of 554 �C. The value of Curie temperature is
higher than the value for the bulk samples (500 �C) [29]. The values
of HC and MS are higher than the values obtained in our previous
work via chemical precipitation method (50 Oe and 80 emu/g,
respectively) [5]. By means of hydrazine reduction the authors
obtained FeNi with HC = 50 Oe and MS = 130 emu/g [30]. In other
work, the authors used auto-combustion and hydrogen reduction
for synthesis of equiatomic FeNi and obtained the values of 26.5
t different temperatures: a) 360 �C, b) 380 �C, c) 400 �C.



Fig. 3. Temperature dependence of magnetic properties of the sample obtained
from 0.1 M precursor solution (saturation magnetization, coercivity and Curie
temperature).
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Oe and 108.6 emu/g, respectively [31]. Thus, measured magnetic
properties are the same of higher as compared to the values
reported in literature. However, there is still room for improve-
ment of the samples properties, e.g. by reducing crystallites size
up to single-domain size it is possible to improve coercivity [32].
Fig. 4. Dependencies: a) FeNi content vs reduction temperature, b) crystallites size vs red
content, e) Curie temperature vs reduction temperature, f) Saturation magnetization vs

4

It was shown for FeNi nanoparticles that reducing crystallites size
allowed to obtain coercivity up to 246 Oe [33].
4. Discussion

Different techniques and methods were used to characterize the
samples. In order to see the wider picture of solution concentration
and reduction temperature dependence on the properties of the
samples, we created interactive graph by using plotly library in
Python. The interactive graph in .html format can be found in the
Supplementary material of online version of the manuscript. In
the following text we will discuss some trends that are present
on this graph and try to rationalize all the resulting properties.
Here we will present only parts of the dependencies that we found
relevant for the article. For the other dependencies the reader is
referred to the interactive graph.

4.1. Composition

At first, let’s consider temperature dependence on the composi-
tion. In the first column, which corresponds to temperature depen-
dence of the properties, there is a definitive trend seen that the
percentage of FeNi phase is increasing with increased reduction
uction temperature, c) Curie temperature vs FeNi content, d) Lattice constant vs FeNi
crystallites size.
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temperature (Fig. 4a), which is in agreement with the results of
Rietveld analysis (see Table S2).
4.2. Morphology

Secondly, we can consider morphological properties. Mean
diameter of the spheres seems to not scale linearly with the tem-
perature. Schrerrer diameter, calculated from XRD patterns shows
expected trend of increase with the temperature (Fig. 4b). BET
diameter is also increasing with the temperature, which is
expected as crystallites size grow with reduction temperature.
4.3. Magnetic properties

Finally, we will refer to the magnetic properties of the samples.
If we look at the second column, which corresponds to dependence
of FeNi percentage on properties, one of the trends that is observed
is the decrease of TC with increase of FeNi content in the sample
(Fig. 4c). The results of Raman spectroscopy (see Fig. S7) revealed
that iron oxide phases are present in samples after reduction, thus,
the iron-nickel phase in the sample will have lower iron content.
This is also confirmed by small increase of lattice constant with
increased iron content (see Table S3 and Fig. 4d), which was
reported in the literature [34]. Also, it was shown that in iron-
nickel alloys near equiatomic composition Curie temperature is
decreasing with increased Fe content [35], which explains
observed results. Decrease of the Curie temperature with reduction
temperature (Fig. 4e) can be explained by the same reasons.

In order to validate that the reason for the change in Curie tem-
perature is the composition, but not the morphology of the parti-
cles, (crystallites size affect Curie temperature values [36]) we
performed magnetic simulations, which are presented in Supple-
mentary in Section 6. The simulations revealed that Curie temper-
ature should not be dependent on the particle size in the
investigated region.

Another trend that is observed is almost linear dependence of
saturation magnetization of the samples with the increase of
reduction temperature. This trend can be explained by the inter-
play between increased crystallinity of the sample (Fig. 4f) [37]
and the FeNi content of the sample, which means that there is an
increased Fe content, having higher magnetization as compared
to Ni [38].
5. Conclusion

Various investigation techniques were used on the FeNi hollow
microspheres, which were obtained via ultrasonic spray pyrolysis
method. Different precursor solutions and reduction temperatures
were used, which allowed to argue about optimal parameters for
magnetic properties optimization. It was shown that the samples
have magnetic properties that are mostly higher than previously
reported values for FeNi nanostructured materials. Additionally,
we propose further improvement of the properties, e.g. by reducing
crystallites size of the particles.

Plotting results of the investigation on the interactive graph
allowed us to find different dependencies, explaining the proper-
ties of our samples. Hence, when using hollow nanostructured
microspheres (and other materials) one should not only consider
how one property depends on another (e.g. Curie temperature on
the reduction temperature) but also try to rationalize the full pic-
ture of the sample properties in terms of its phase composition,
morphology etc.
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