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The aim of this research is to investigate the phase transformations and magnetic properties of nanoparticles formed during 
electric arc sputtering of composite Fe-Mn-C with subsequent annealing of the resulting composite in an oxygen atmosphere. 
As a result of the study, pure metals, mixed oxides, carbides, and carbon nanocomposites are synthesized. The magnetic 
susceptibility of Fe-Mn-C composites grows with an annealing temperature increase up to 600°C as compared to the iron-
carbon system. The obtained methods and results can serve as a base for new synthesis techniques to obtain composite 
magnetic nanoparticles with a low carbon content.
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1. Introduction

With the active development of nanotechnologies, the 
direction associated with the synthesis of magnetic 
nanoparticles is intensively developing. There are numerous 
applications for nanoparticles in chemical, biological, and 
medical fields. Magnetic nanoparticles (MNPs) can intensify 
heat and mass transfer processes in liquid and gaseous media 
[1]. With MNPs it is possible to transport materials via liquids 
through various channels and porous media to perform 
targeted drug delivery, as well as to intensify flows through 
porous media [2 – 5]. The properties of MNPs substantially 
depend on their geometric and structural parameters. Based 
on the study [6], iron oxide particles with decreasing sizes 
have a lower saturation magnetization. The authors also stated 
that with the size reduction the surface area increases, which 
could affect the non-crystalline characteristics of MNPs and 
hence, their magnetic moments. The tinniest MNPs can 
exhibit superparamagnetic properties demonstrating better 
magnetization compared to paramagnetic materials [7]. 
Generally, magnetic properties of MNPs are determined by 
the crystallinity and purity of their constituent minerals.

The size distribution function and subsequent 
functionalization parameters of the surface of MNPs determine 
their physicochemical properties, stability, and mobility [6]. 
At present, methods are being developed for the synthesis 
of MNPs, which enable precise control of their parameters. 
One can divide these methods into physical, chemical, and 
biological or microbial methods [8]. Physical methods 
include top-down approaches, such as the bulk materials 
shredding and physical gas-phase sputtering technologies 
[9 –12]. Chemical methods include chemical vapor deposition 
technologies, solution chemistry technologies, aerosol 
methods [13 –16], etc. The biological methods rely on the 
fact that cells and microorganisms synthesize and accumulate 
magnetic nanoparticles throughout their life cycles [17,18].

Regarding the differences between these methods, 
one should note here that the chemical methods have an 

advantage over the others in their flexibility regarding the 
feedstock and a wide variation in methods. Physical methods 
give less freedom to control the process but eliminate the need 
to use aggressive chemicals, which often require disposal 
and remain in the products as chemical contaminants. Even 
though biological technologies are cheap in energy and 
environmental terms, they are poorly scalable and do not 
allow varying product parameters over a wide range.

Arc discharge synthesis of nanocomposites with the 
use of graphite rods is one of the representatives of physical 
methods that can be used to synthesize a wide class of 
composite compounds. The main advantage of arc discharge 
synthesis is the ability to control the shape and size and 
composition of nanoparticles. In [19, 20], iron nanoparticles 
in a carbon matrix were obtained by electric arc discharge 
and their magnetic properties were studied. It has been 
shown that nanoparticles are superparamagnetic, and their 
magnetic properties and composition substantially depend 
on the subsequent heat treatment after synthesis.

Magnetic nanoparticles can have different structures, 
such as core-shell, shell-core-shell structure, and Janus 
particle structure [2]. The formation of core-shell particles 
is possible in various ways [21]. In an arc discharge, such 
particles can be formed during the simultaneous sputtering 
of materials with different saturated vapor pressures. The 
components condense at different temperatures, or during 
the oxidation of the surface of nanoparticles upon contact 
with the external atmosphere and form core-shell particles 
[22]. One of the challenges is the synthesis of composite 
magnetic nanoparticles consisting of a magnetic material 
and a functional additive. The magnetic component in 
such a composite allows one to manipulate a particle in 
a magnetic field, and the additive can be a catalyst for a 
chemical reaction, an abrasive for surface polishing, a drug, 
etc. The purpose of this work is to study composite Fe-Mn 
nanoparticles obtained by arc discharge in a carbon matrix, 
and to analyze changes in their properties during the heat 
treatment.
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2. Materials and experimental methods

Electric arc sputtering of the materials was carried out in 
a vacuum chamber (Fig.  1) in a helium atmosphere using 
a direct current source. The sputtered graphite electrodes 
had a diameter of 8  mm. A mixture of powders (100  μm) 
Fe : Mn : C was pressed into the anode hole with a diameter 
of 4.2 mm in a mass ratio of 7 : 3 : 30. Sputtering was carried 
out at a discharge current of 100  A and a voltage of 20  V. 
The electrode was sputtered for 17  min at a rate of 0.2  g 
of material per minute, which corresponds to an energy 
consumption of the process of 0.17 kW / g. Then the material 
was collected from the cooled walls of the reactor. Annealing 
of the samples was carried out in the air atmosphere at 
temperatures of 100 –1000°C, with a step of 50°C, the holding 
time at each temperature was 1 hour. Obtained materials were 
analyzed using JEOL JEM-2200FS CS electron microscopy 
and X-ray diffraction (XRD) analysis on a Bruker D8. The 
magnetic susceptibility of the material was measured with 
the SM150L, in a magnetic field of 320 A / m, at frequency 
range of 63 –16 000 Hz.

3. Results and discussion

Analysis of Fe-Mn-C materials by transmission electron 
microscopy showed that the material after arc discharge 
sputtering consists of nanoparticles embedded in the carbon 
matrix, Fig. 2. According to the diffraction patterns obtained 

Fig.  1.  (Color online) Experimental setup.

Materials χ/χFe
Fe 1.00

Mn 0.03
Fe3C 0.61

MnxFe3−xO4 0.01–1.00
γ-Fe2O3 0.46
α-Fe2O3 0.00
Fe3O4 0.46

Mn2O3 0.70

Table  1.  Normalized magnetic susceptibility of materials.

Fig.  2.  TEM image of Fe-Mn-C initial and annealed at different temperatures.
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from individual nanoparticles, the initial composition 
corresponds to metals, their carbides and alloys; however, it 
is difficult to resolve individual lattices due to their similar 
parameters. Annealing at a temperature of 250°C leads 
to the formation of nanoparticles of manganese and iron 
oxides and their mixtures. With an increase in the annealing 
temperature, the formation of nanoparticles of the mixed 
oxide MnxFe3−xO4 with a higher magnetic susceptibility 
(Table 1) occurs. During subsequent annealing (300 – 600°C), 
the stoichiometry of MnxFe3−xO4 nanoparticles changes, 
which can lead to a change in their magnetic properties 
[23]. At high annealing temperatures, the nanoparticles are 
completely oxidized to iron oxide Fe3O4 and Mn2O3, Fig. 2.

Figure  3 a presents the dependence of the magnetic 
properties of the Fe-Mn-C composite on the calcination 
temperature. Figure 3 b shows how the magnetic susceptibility 
depends on the calcination temperature for the Fe-C composite. 
The magnetic susceptibility of the iron-carbon composite 
sharply decreases upon annealing at a temperature of 200°C, 
as in work [20]. It is associated with the oxidation of iron and 
iron carbide nanoparticles. Further, the material magnetic 
properties deteriorate due to the phase transition of iron oxide 
from γ-Fe2O3 to α-Fe2O3 at calcination temperatures above 
600°C [20].

According to XRD data for pure materials Fe-C [20] and 
Mn-C [24], the resulting composites consist of carbide Fe3C 
and iron nanoparticles mixtures in a carbon matrix for Fe-C 
and oxide MnO and carbide Mn7C3 for the Mn-C composite. 
Nanoparticles of iron and iron carbide have pronounced 
ferromagnetic properties (Table 1), which leads to the fact that 
the original composite shows high magnetic susceptibility 
values. According to the XRD data in Fig.  4, nanoparticles 
of pure manganese, iron, and carbide with Fe1.8Mn1.2C 
stoichiometry form during the combined sputtering of the 
composite. Composite annealing leads to the disappearance 
of manganese particles and the formation of Mn-Fe-O alloys 
with a higher manganese content than in the original carbide. 
Annealing at a temperature of more than 600°C leads to the 
formation of manganese oxides Mn2O3 and iron oxides Fe3O4, 
Fig. 4.

One of the most popular and promising applications of 
magnetic nanoparticles is currently associated with their use 
as contrast agents in magnetic resonance spectroscopy. The 
main materials for such applications are magnetite (Fe3O4) 
and maghemite γ-Fe2O3; the nanoparticles characteristic 
size varies from 10 to 100 nm [25]. These nanoparticles are 
obtained by solution chemistry methods, mainly by the 
thermal decomposition of salts. It is necessary to use various 
surfactants to stabilize the nanoparticles and ensure their 
biocompatibility, and protect nanoparticles from coagulation 
in these methods. The mass fraction of the protective shell 
in a nanoparticle can reach up to 90 % [25], which affects the 
composite magnetic efficiency. The search for ways to improve 
the magnetic properties of the obtained nanoparticles is 
one of the urgent modern problems. One of the strategies 
for enhancing the magnetic properties of nanoparticles 
is to dope ferrite with ferromagnetic elements such as 
manganese (Mn), cobalt (Co), or nickel (Ni) [26]. Among 
such doped composites, the Mn-Fe composite shows the best 
properties. Studies of the magnetic properties of MnxFe3−xO4  

are presented in [25, 27]. According to these papers, the 
maximum magnetization is achieved for MnFe2O4. The 
magnetic nanoparticles synthesis technique is based on the 
thermal decomposition of metal complex precursors (iron 
pentacarbonyl, iron сupferron, iron tris (2,4‑pentadionate)) 
in an organic solution containing surfactants (fatty acids and 
amine surfactants). Precursor thermal decomposition leads 
to the formation of monomers, the aggregation of which, 
upon supersaturation of the solution, leads to nucleation and 
growth of nanoparticles [28]. The parameters of synthesized 
nanoparticles are controlled by varying the monomer 
concentration, growth time, temperature, and choosing 
a solvent and surfactants. Despite the high selectivity 
concerning the synthesis of monodisperse nanoparticles, 
the problems of these methods include the need to select a 
precursor, solution, and surfactant with thermal properties 
suitable for synthesis, which significantly limits the range of 
synthesis products. In addition, solution chemistry methods 
use intermediate reagents that require complex disposal, and 
products tend to contain residues of intermediate substances, 
which physical methods usually lack.

The analysis of materials obtained in the course of 
synthesis in an electric arc discharge of the Mn-Fe-C complex 
presented in this article showed that during sputtering 

			         a

			         b
Fig.  3.  (Color online) Magnetic susceptibility at various annealing 
temperatures, Fe-Mn-C (a), Fe-C (b).
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and annealing of the material, magnetic MnxFe3−xO4  
nanoparticles with a size of about 10 nm are formed, which 
corresponds to the products obtained by the methods of 
solution chemistry presented in scientific literature. Under 
the conditions of electric arc discharge, the stoichiometry 
and size of nanoparticles can vary over a wide range, which 
significantly expands the opportunities for the magnetic 
nanoparticles synthesis. The resulting magnetic nanoparticles 
have high thermal stability: heating to 600°С does not lead to 
coagulation and degradation of magnetic properties.

Thus, the electric arc discharge can be used to synthesize 
magnetic nanoparticles based on MnxFe3−xO4 alloys, 
manganese, and iron oxides. In this case, the products of 
synthesis with subsequent calcination change significantly, 
in contrast to pure Mn-C and Fe-C systems. The presence of 
manganese vapor in the arc discharge atmosphere leads to 
the formation of mixed MnFeС carbide and pure manganese 
and iron nanoparticles. Annealing the resulting composites 
in the temperature range of 250 – 600°C leads to the material 
magnetic susceptibility increase due to the formation of 
MnxFe3−xO4 nanoparticles and subsequent changes in their 
stoichiometry. After annealing at 600°C the composite 
magnetic properties are determined by Mn2O3 nanoparticles. 
In Fig.  2 (600°C), we can observe a crystal lattice of 
manganese oxide Mn2O3 and iron Fe3O4, as well as a region 
of transition from one lattice to another. The formation of 
such polycrystalline particles is associated with the thermal 
decomposition of the alloy in the single nanoparticle bulk. 
Further degradation of the materials’ magnetic properties can 
be associated with the decomposition of Mn2O3 into Mn3O4.

Note that the formation of Mn2O3 is not observed during 
the pure Mn-C composite calcination [24]. An important 
factor is the nanoparticles stability during annealing, in 

contrast to the annealing of the Fe-C composite [20] at 
temperatures above 400°C, when the nanoparticles sinter 
into large agglomerates of more than 100 nm in size. High 
stability of the Fe-Mn-C nanocomposite during annealing 
made it possible to burn out most of the carbon without 
deteriorating the material magnetic properties and increasing 
the size of the nanoparticles. The proposed approach can be 
used to synthesize magnetic nanoparticles and nanofluids 
based on them.

4. Conclusions

The phase composition and magnetic properties of 
nanoparticles formed during electric arc discharge with 
subsequent calcination of a composite Fe-Mn-C electrode 
were studied. The change dynamics of the Fe-Mn-C 
nanocomposite magnetic susceptibility during annealing 
comparing to Fe-C nanocomposite differs significantly. The 
presence of manganese in the system leads to the formation 
of MnxFe3−xO4 oxide and prevents the nanoparticles from 
sintering into large agglomerates. That, in turn, makes it 
possible to obtain nanocomposites with low carbon content. 
The magnetic susceptibility of such composites depends on 
their stoichiometry and ranges from γ-Fe2O3 susceptibility 
value to FeC.
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Fig.  4.  (Color online) XRD of Fe-Mn-C initial and annealed at different temperatures.
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