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a b s t r a c t

Carbon-encapsulated iron-cementite (Fe/Fe3C) magnetic nanoparticles were synthesized by an up-
scalable solid-state pyrolysis method using iron phthalocyanine as a precursor. The dependence of
the structure, morphology and magnetic properties on the pyrolysis conditions is presented. The
nanocomposite contains nanoparticles made of cementite with a small fraction of iron, with an average
diameter of 15 nm embedded in an amorphous carbon matrix.

A 3 nm thick graphite shell is formed on the surface of the particles. The volume fraction of α-Fe
increases almost linearly on increasing pyrolysis temperature: from 0.5% for the sample synthesized
at 800 ◦C up to 11% for a 900 ◦C pyrolysis temperature, resulting in an increase of the saturation
magnetization from 14.0 to 17.74 Am2/kg and a decrease of the coercivity from 49.34 to 10.74 kA/m.

© 2023 Published by Elsevier B.V.
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0. Introduction

In the last few decades, magnetic nanoparticles (MNPs) have
een of great interest in various science fields. Due to their
hysicochemical properties, MNPs are found in many technical
pplications, such as magnetic data storage, catalysis, biomedical
heranostics and magnetic ferrofluids [1]. The problems of using
agnetic nanoparticles in biomedical applications often are their

ack of biocompatibility, chemical inertness and complications in
urface functionalization. Biochemical stability and toxicity issues
an in principle be overcome by forming core/shell complexes
sing biocompatible coatings [2]. Aside from biodegradable poly-
ers, organic surfactants and bioactive molecules (liposomes,
eptides), shell oxide coatings like silica [3], alumina [4] or car-
on [5] have been successfully tested at the laboratory scale.
highlighted option is airtight carbon matrix encapsulation to

mprove magnetic stability and increase oxidation resistance [6].
dditionally, the carbon shell can decrease the magnetic inter-
ctions between the magnetic nanocrystals and enhance their
hermal stability [7].

Several forms of iron carbide nanoparticles, such as Fe2C,
e2.2C, Fe3C, Fe5C2 and Fe7C3, have been investigated for appli-

cations in magnetic resonance imaging (MRI) [8,9], photothermal
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therapy (PTT), photoacoustic tomography (PAT) [10] and mag-
netic particle hyperthermia (MPH) [11,12]. Among these carbides,
Fe3C (cementite), due to its low toxicity, high saturation mag-
netization (for bulk ∼140 A m2/kg) and chemical stability, is
of interest. Fe3C has an orthorhombic crystal structure and it is
ferromagnetic below the Curie temperature (TC) of 480 K [13].
Since cementite is a metastable phase, the synthesis of pure Fe3C
particles is a challenge and often results in the formation of
metallic Fe or mixed Fe and Fe3C products [14]. This instability of
cementite makes it possible to fabricate two-phase nanoparticles
with different ratios of iron to cementite by selecting the pyroly-
sis parameters, thus the magnetic properties can be optimized as
required for specific applications.

There are a few reports on the synthesis of Fe/Fe3C nanopar-
icles embedded in a carbon matrix, including chemical vapor
eposition (CVD), detonation [15], electric plasma discharge [7]
nd solid-state pyrolysis [16–18] methods. Among them, solid-
tate pyrolysis offers an advantage due to its simplicity and
asy up-scalability, as the properties of the nanoparticles can
e controlled by the pyrolysis parameters, e.g. concentration of
recursor chemicals, reaction time, temperature and pressure [19,
0]. Systematic studies of the influence of pyrolysis parameters
n the phase composition, structure and magnetic properties of
anoparticles are still insufficient.
In this work, we present the results of the magnetic and struc-

ural characterization of carbon-encapsulated Fe/Fe3C nanoparti-
les as a function of the synthesis conditions, that is single step
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ron phthalocyanine (Fe-Pc) pyrolysis at different temperatures
etween 700 and 900 ◦C (Table 1). The effects of the reaction
emperature on the saturation magnetization (Ms), the effective
nisotropy constant (Keff), the α-iron content as well as the par-
icle morphology of the Fe/Fe3C nanocomposites are reported in
etail.

. Materials and method

Composite iron/cementite nanoparticles in a carbon matrix
ere fabricated by solid state pyrolysis of iron phthalocyanine
FePc, Pc = C32H16N8). A polycrystalline powder of FePc, purified
y double sublimation, was used as a precursor which disinte-
rates at high temperature and simultaneously serves as a source
f iron and carbon.
The pyrolysis reaction of iron phthalocyanine for obtaining an

ron-based nanocomposite is:

e (N8C32H16)
Tpyr , tpyr , p

−−−−−−→
−8H2,−4N2

Fe + 32C

here Tpyr and tpyr are the pyrolysis temperature and time, whilst
is the pressure in the reaction ampoule. The pyrolysis was per-

ormed in a sealed quartz glass ampoule with an initial pressure
f 0.1 Pa. The volume of the ampoule was ∼80 cm3 and the
eight of the reagent FePc was 150–200 mg. The release of H2
nd N2 leads to an autogenic pressure in the reactive ampoule
f ∼0.7 MPa. The ampoule was placed in a furnace preliminary
eated up to Tpyr between 700 and 900 ◦C. After the pyrolysis
ime, tpyr , the ampoule was rapidly removed from the furnace
nd cooled down to room temperature. Small iron clusters were
ormed in contact with a surrounding carbon matrix during the
irst stages of pyrolysis. Then, with continued growth, the inter-
ction with the matrix leads to the formation of cementite (Fe3C)
t 700 ◦C [21], according to the following reaction:

e + 3C ↔ Fe3C

he backwards reaction corresponds to the thermal decompo-
ition of cementite into elemental iron and a graphitic carbon
anostructure at temperatures above 780 ◦C [22].
The names of the samples in the article are given according to

heir pyrolysis temperature. The pyrolysis time for all samples,
xcept those synthesized at the lowest (700 ◦C) and highest
900 ◦C) temperatures, was 5 min. The process times for the
amples S700 and S900 were 30 and 1200 min, respectively.

. Characterization

The samples were characterized by X-ray diffraction (XRD)
X’Pert Panalytical diffractometer) employing Cu-Kα radiation
λ = 0.15406 nm); 2θ = 10 − 120◦ at room temperature. Crys-
alline phases were identified using ‘‘Crystallographica Search-
atch’’ software and the ‘‘ICDD PDF2’’ database. To determine
rystal cell parameters, crystallite size and phase content, the
ietveld refinement method utilizing the ‘‘MAUD’’ software [23]
as used.
Transmission Electron microscopy (TEM) investigations were

arried out using a FEI Tecnai F20 TEM/STEM/GIF Supertwin mi-
roscope with a field emission gun (FEG) operating at 200 kV,
ielding a point resolution of 0.24 nm.
The magnetic measurements were performed on powder sam-

les using a Vibrating Sample Magnetometer (VSM) (Quantum
esign PPMS DynaCool). Magnetic hysteresis loops were recorded
nder magnetic fields of up to ±9 T, in the temperature range
rom 7 to 300 K.
2

Fig. 1. XRD patterns of the Fe3C-carbon nanocomposite synthesized by solid
state pyrolysis at different temperatures. The (200) α-Fe peak iron is indicated
with an asterisk. Additional peaks related to the formation of Fe5C2 , Fe4C and
-Fe phases in S900 are marked by arrows.

. Results and discussion

.1. X-ray diffraction

Fig. 1 shows XRD patterns of the samples synthesized at dif-
erent temperatures. Rietveld refinement of the patterns was
erformed, suggesting three phases: orthorhombic Fe3C (Pnma,
= 4), hexagonal carbon (P63/mmc) and α-Fe (Im3m) (Fig. 1S).
The predominant Fe-containing phase is the orthorhombic

ementite Fe3C. The presence of α-Fe is confirmed by the obser-
vation of the (200) α-Fe peak at 2θ = 65.08◦. The (110) α-Fe peak
s superimposed with the (031) peak of Fe3C at 2θ = 45.02◦. For
the sample S900, synthesized at the highest temperature and over
a longer time (1020 min), a broadening of the cementite peaks is
observed, indicating a decrease in the crystallite size. At the same
time, additional peaks appear due to thermal decomposition of
Fe3C, indicating the formation of Fe5C2, Fe4C and γ -Fe phases.

Analysis of the XRD data yields the lattice parameters for the
cementite [a = 0.509 ± 0.001 nm, b = 0.675 ± 0.001 nm, c
= 0.452 ± 0.001 nm], which are close to those for the bulk
orthorhombic Fe3C phase [24]. The crystallite size and phase con-
tent of the nanoparticles (volume fraction of α-Fe and Fe3C) were
determined from the Rietveld refinement of the XRD patterns and
the results are summarized in Table 1.

The crystallite size of Fe3C is 9.5 nm for S700, then it in-
creases up to ∼14 nm for the samples fabricated at temperatures
between 800 and 870 ◦C. A reduction in the coherence length
(crystallite size) in the sample synthesized at 900 ◦C for 1020 min
(S900) is observed along with the appearance of new iron-bearing
phases, indicating that the new phases are formed due to the
partial thermal disintegration of Fe3C inside the crystalline grains.

The volume fraction of α-Fe increases almost linearly on in-
creasing the pyrolysis temperature: from 0.5% for the sample
synthesized at 800 ◦C up to 11% for the 900 ◦C pyrolysis tem-
perature. No evidence for Fe oxide formation is seen, outlining
the role of the graphite protective MNP coating.
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Table 1
Structural and phase analysis of the XRD data for the Fe3C-carbon nanocomposites fabricated with different pyrolysis parameters: temperature, Tpyr , and time, tpyr .

Sample Pyrolysis temperature, Tpyr,r , [◦C] Pyrolysis time, tpyr [min] Crystallite size of Fe3C, [nm] Volume fraction of α-Fe, [%]

S700 700 30 9.5 ± 0.7 –
S800 800 5 13.8 ± 0.7 0.4 ± 0.1
S850 850 5 13.1 ± 1.3 3.6 ± 0.7
S860 860 5 13.8 ± 0.8 6.1 ± 1.7
S870 870 5 15.7 ± 3.4 3.6 ± 2.1
S900 900 1020 9.5 ± 1.3 11.0 ± 0.3
Fig. 2. TEM/HRTEM images and particle size distribution histograms for Fe3C-carbon composites synthesized at 700 (a–c), 850 (d–f) and 900 ◦C (g–i). The distribution
f the Fe3C nanoparticle size was fitted using a lognormal function. Amorphous areas of the carbon matrix are indicated by blue arrows, multiwall carbon nanotubes
y red ones. . (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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.2. Transmission electron microscopy

Fig. 2 shows TEM and High Resolution TEM (HRTEM) im-
ges together with particle size distribution histograms for the
e3C-carbon nanocomposites synthesized at 700, 850 and 900 ◦C.
Nanoparticles with an average diameter of 15 nm with a

standard deviation of ∼50%, embedded in a polymorphous car-
bon matrix are formed at the pyrolysis temperature 700 ◦C ≤

Tpyr ≤ 870 ◦C. Particles with diameters smaller than 15 nm are
single crystalline. This observation is in full agreement with the
XRD results. The particles exhibit a well defined core–shell mor-
phology: a Fe3C core surrounded by ∼3–4 nm thick crystalline
graphite shell. High Resolution TEM images confirm the Fe3C
phase. The carbon matrix consists of amorphous carbon with
some amount of carbon nanotubes. The increase of the pyrolysis
temperature combined with a substantially increased pyrolysis
time results in the formation of carbon spheres of 200–700 nm
diameter with embedded Fe3C nanoparticles. The size of the
Fe-containing particles becomes significantly larger and reaches
80 nm (Fig. 2g–i).
 m

3

3.3. Magnetic properties

Magnetization measurements were performed at different
temperatures between 10 and 300 K. The maximum field applied
was ±9 T. Fig. 3 shows the magnetization versus external applied
field loops recorded at 10 and 300 K for the samples fabricated
at 850 and 900 ◦C. The M(H) curves show a typical ferromag-
netic behavior, where the saturation magnetization, the remanent
magnetization and the coercive field decrease with increasing
temperature.

Magnetic data for the Fe3C-carbon nanocomposites are sum-
arized in Table 2.
The saturation magnetization of the Fe/Fe3C-carbon nanocom-

osite material increases as the pyrolysis temperature increases,
hile the coercive field gradually decreases. The remanence to
aturation ratio (Mrem

Ms
), close to 0.5, is measured at low tem-

perature for the samples synthesized in the temperature range
from 800 to 870 ◦C, as theoretically predicted by the Stoner–

ohlfarth model for an array of randomly oriented single do-
ain non-interacting particles with uniaxial magnetic anisotropy.
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Fig. 3. Field dependence of the magnetization for the samples fabricated at 850 (S850) and 900 ◦C (S900), recorded at 10 and 300 K. The insets show the low field
egion of the hysteresis loops.
Table 2
Saturation magnetization Ms , ratio of remanent to the saturation magnetization Mrem

Ms
and coercive field strength Hc measured at 10 and 300 K.

Sample Ms (10 K)

[
A m2

kg

]
Mrem
Ms

(10 K) Hc (10 K)
[ kA

m

]
Ms (300 K)

[
A m2

kg

]
Mrem
Ms

(300 K) Hc (300 K)
[ kA

m

]
S700 12.4 0.25 17.5
S800 17.9 0.46 205.3 14.0 0.38 49.34
S850 18.0 0.46 196.5 14.8 0.32 37.40
S860 19.4 0.48 174.3 15.9 0.30 30.24
S870 19.7 0.47 167.1 16.6 0.28 29.44
S900 21 0.22 76.4 17.74 0.03 10.74
v
n

a
o

c
f
f
a

The lowering of Mrem
Ms

at 300 K points to the fact that a cer-
ain fraction of the nanoparticles turns into a zero-remanence
uperparamagnetic state.
The upper limit for the single-domain state for the nanopar-

icle diameter can be estimated as dSD =
18σ180◦

µ0M2
s

[25], where
180◦

= π
√
AK is a 180◦ domain energy density with A being the

xchange stiffness constant and K being the magnetic anisotropy
nergy constant. Using the values for bulk cementite (A = 8.7 ×

0−12 J
m [26], K ≈ 2 × 105 J

m3 [27], Ms ≈ 1.03 × 106 A
m [28], we

btained 56 nm as the upper diameter limit for the single-domain
tate.
The sample S900 shows a significant decrease in the remanent

agnetization, revealing the multi-domain nature of the mag-
etic particles in this sample, which, in fact, is expected from the
uch bigger average size as outlined by the TEM analysis.
The temperature dependent decay of the coercive field with

ncreasing temperature in an array of the magnetic nanoparticles
s described by Kneller’s law [29]:

c (T ) = Hci

(
1 −

(
T
TB

)αK
)

. (1)

Here Hci is the intrinsic coercivity at T = 0 K, TB is the superpara-
magnetic blocking temperature and αK is Kneller’s exponent. A fit
according to Eq. (1) yields the intrinsic coercivity Hci = 217.5 and
181.6 kA

m for samples S850 and S870, respectively. TB = 365 K and
αK = 0.83 were obtained for both samples. It should be noted
that below the blocking temperature, the Kneller’s exponent is
expected to be 0.5 for an array of non-interacting single-domain
nanoparticles with uniaxial anisotropy. The difference of our re-
sult to the model can be explained by the non-uniformity of the
particle size [29]. Due to the broad particle size distribution of the
Fe C-carbon nanocomposites, one has to consider the presence of
3 m

4

superparamagnetic nanoparticles besides thermally stable single-
domain ones. The fraction of ‘‘zero coercivity’’ nanoparticles, ϵ,
can be obtained from the ratio of remanent to saturation mag-
netization Mr

Ms
= r (1 − ϵ). The numerical factor r depends on the

alignment of the nanoparticles and their symmetry and it is equal
to 0.5 for randomly oriented uniaxial ones. An increasing fraction
of superparamagnetic nanoparticles with increasing temperature
(Fig. 4b) modifies the Kneller’s exponent.

To determine the effective magnetocrystalline anisotropy, the
reversible parts of the isothermal M(H) data for the Fe3C-carbon
nanocomposites in the field range from 1.2 up to 4 MA/m were
fitted by the law of approach to saturation (LAS) for a poly-
crystalline material with uniaxial anisotropy [30,31] (Fig. 3S in
Supplementary Information)

M (H) = Ms

[
1 −

1
15

(
HA

H

)2
]

+ χH, (2)

where Ms is the saturation magnetization, HA is the anisotropy
field, χ is the paramagnetic susceptibility.

The effective magnetocrystalline anisotropy is given by K =
1
2µ0MFM

V HA (µo is the permeability of free space and MFM
V is the

olume magnetization of the ferromagnetic component of the
anocomposite).
Fig. 5 shows the temperature dependence of the effective

nisotropy constant K and the mass saturation magnetization M
f the nanocomposites synthesized at 850 and 870 ◦C.
The saturation magnetization and the anisotropy constant de-

rease with increasing temperature, which is typical behavior for
erromagnetic materials. The saturation magnetization is higher
or the sample synthesized at a higher temperature, while the
nisotropy constant is lower. This is due to the increase of the
agnetically soft iron fraction with higher magnetization. The
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Fig. 4. (a) Temperature dependence of the coercive field for samples S850 and S870. Lines are fits according to Eq. (1). (b) Fraction of the ‘‘zero remanence’’ ‘‘zero
coercivity’’ nanoparticles versus temperature. Inset shows the temperature dependence of the saturation magnetization of the samples.
Fig. 5. Temperature dependence of the effective anisotropy constant (a) and mass saturation magnetization obtained from the fit of the experimental values M(H)
by LAS (Eq. (2)).
value of the anisotropy constant is approximately one order larger
in comparison to that of bulk cementite. We attribute this to the
contribution of the surface anisotropy, magnetostriction effects
and/or deviation from the spherical shape in the nanoparticle
system [32,33].

4. Conclusion

Fe-containing nanoparticle–carbon composites were fabricated
y a simple and up-scalable solid state pyrolysis of iron ph-
halocyanine at different temperatures and time. The resulting
aterial is iron-containing nanoparticles with an average diame-

er of 15 nm embedded in an amorphous carbon matrix. A 3 nm
hick graphite shell is formed on the surface of the particles. The
anoparticles are mainly composed of cementite with a small
mount of iron, the amount of which increases on increasing
he synthesis temperature (Table 1). This results in an increase
f the saturation magnetization and a decrease of the effective
agnetic anisotropy constant for the composites (Table 2). In-
reasing the synthesis time also results in the growth of the
anoparticle diameter, as outlined by the 200–600 nm diameter
arbon nanospheres with embedded magnetic nanoparticles.
5
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