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Carbon nanocomposites containing iron-based nanoparticles are attractive materials for the catalyst sup-
ports used for magnetic (induction) heating catalysis. The metallic, soft-magnetic iron nanoparticles pro-
vide local heating of the support in an alternating magnetic field and ensure rapid magnetic separation of
the nanocomposite particles from reaction suspensions. In this work, magnetic carbon nanocomposites
were prepared by annealing the precursor particles consisting of iron-oxide nanoparticles dispersed in a
carbohydrate matrix. The annealing was conducted at 600 °C and 750 °C in an Ar atmosphere. At both
temperatures the carbothermal reduction of iron oxide to Fe/FesC was observed; however, at the lower
temperature the rate of reduction and the growth of the nanoparticles were considerably slower. The FesC
was formed in negligible amounts only after a prolonged period of annealing at 600 °C. A detailed structural
analysis showed that the Fe/FesC nanoparticles catalyze the graphitization of the carbonaceous precursor
material already at 600 °C, resulting in the formation of a graphitic shell that surrounds them. This shell is
tight enough to prevent the areal oxidation of the encapsulated Fe nanoparticles; their magnetic properties
remained unchanged even after 1 year of storage under ambient conditions. At the higher annealing
temperature, the growth of the Fe/FesC nanoparticles caused bursting of the graphitic shell and thus par-
tially exposed their surfaces to the atmosphere. All the nanocomposites exhibited ferromagnetic behavior in
accordance with their compositions. The nanocomposite that was predominantly composed of a graphitic
shell, encapsulated Fe nanoparticles and a negligible amount of FesC, showed the highest specific ab-

sorption rate (760 W/gg. at 274 kHz), even at a relatively low AC-field amplitude (88 mT).
© 2023 Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://
creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

The use of renewable or carbon-neutral electricity in the che-
mical industry will be one of the most important measures for re-
ducing the carbon footprint of society. The direct conversion of
renewable electricity, through electrocatalytic processes into che-
micals such as fuels (H, and NH3 for example), monomers, solvents,
etc., is becoming an important strategy to achieve this goal [1].
However, the use of electricity to supply the heat for thermo-cata-
lytic processes that are currently relying on fossil fuels is equally
important. In general, microwave and so-called magnetic or induc-
tion heating are two of the most promising alternatives. Rapid and
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extensive heating of magnetic nanoparticles (MNPs) under the in-
fluence of an alternating magnetic field to drive chemical reactions
has only recently been demonstrated [2-9]. Kirschning et al. showed
that magnetic nanoparticles can heat sufficiently to drive technolo-
gically important chemical reactions in continuous operation and
significantly improve the yield compared to conventional heating
[3]. Ru-bearing iron carbide MNPs have been used to demonstrate
magnetically induced batch CO and continuous CO, hydrogenation
[5,8]. Recently, our group developed a method for the preparation of
magnetically separable carbon with a high loading of magnetic na-
noparticles, which was used to prepare highly active Ru-based na-
nocatalysts for the valorization of biomass [10-13]|. The use of
magnetic (induction) heating to deliver heat where needed is re-
garded as an enabling technology suited to push many catalytic re-
actions beyond the reactor’s heat-transfer limits, to the limits of the
process kinetics [7]. The advantages of the technology are the more
favorable energy balance, process intensification, reactor-setup
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simplification, reduced safety issues, minor operational costs, and
increased process productivity [7].

Typical catalysts for the conversions of biomass into value-
added chemicals are (precious) metal nanoparticles supported on
a high-surface-area inert material such as carbon, TiO,, ZrO, and
Al;03, to mention just a few [14]. Carbon as a support material for
catalysts has long been relevant due to its commercial availability,
thermochemical stability, low density and simple preparation
from various natural sources, such as biomass, sugars and fatty
acids [15-18]. However, for magnetic (induction) heating appli-
cations, the carbon material must contain magnetic nanoparticles.
Due to their low price, ease of preparation and low toxicity, iron
and iron oxide nanoparticles are very attractive. Iron nano-
particles are magnetically soft with a high saturation magnetiza-
tion, which makes them more appealing than iron oxide
nanoparticles. However, iron nanoparticles are prone to oxidation,
if not suitably protected, making their handling and storing under
oxidizing atmospheres practically impossible. Our research was
inspired by findings related to the syntheses of carbon nanotubes
and graphene surface layers. The established path to the con-
trolled synthesis of carbon nanotubes (CNTs) is catalytic chemical
vapor deposition. The observation of carbon nanotubes during
their growth at near-ambient pressure using in-situ transmission
electron microscopy and quantum mechanical calculations pro-
vided a clear picture of the process [19,20]. The main findings
show that single-wall CNTs start their growth by forming a cap on
the surface of the catalyst nanoparticle, while their growth pro-
ceeds with the addition of carbon atoms at the nanoparticle/na-
notube interface [19,20]. Iron-based nanoparticles were the most
studied catalysts and the results of several studies showed that
only nanoparticles smaller than 3-4 nm can catalyze the growth
of single-wall CNTs [19,21]. At the other end of the catalyst size
spectrum, some recent research showed that a flat, metallic Ni
surface under carefully controlled CVD conditions catalyses the
formation of a graphene layer, which despite its single-layer
thickness protects the Ni surface from areal oxidation [22]. This
led us to believe that Fe nanoparticles that are significantly larger
than 5 nm would not catalyze the formation of the CNTs due to
their larger size, but that they would, under the conditions of an
“unlimited” carbon supply (as opposed to CVD, where the carbon-
precursor supply is carefully controlled and kept low), catalyze
the formation of a graphitic shell. In this paper, based on recent
mechanistic findings describing the formation of CNTs catalyzed
by small Fe nanoparticles and the formation of a graphene single
layer by a flat metallic surface, we developed a proof-of-concept
to synthesise oxidation-resistant Fe nanoparticles using the car-
bothermal reduction of iron oxide nanoparticles embedded within
biomass-derived carbonaceous precursors. The Fe and FesC na-
noparticles, in the size range 15-50 nm, catalyze the graphitiza-
tion, resulting in their encapsulation with a thin, graphitic shell.
The close control of the phase composition enabled the prepara-
tion of a nanocomposite showing an exceptionally high specific
absorption rate, the figure of merit for the heat the material
generates in an AC-field, and having excellent oxidation stability.

2. Experimental
2.1. Materials

Iron (IIT) sulfate hydrate (Fey(SO4)3 - XH,0, Sigma-Aldrich), iron
(I1) sulfate hydrate (FeSO,4 - 7 H,O 92%, Alfa-Aesar), ammonium hy-
droxide (NH40H 25% solution, J.T. Baker), citric acid monohydrate
(ACS 99-102%, Alfa-Aesar), acetone (reagent grade, Carlo-Erba),
glucose (p-glucose 99%, Alfa-Aesar), and 2-propanol (ACS reagent
grade, VWR) were used in the as-received condition.
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2.2. Synthesis

Citric-acid-coated magnetic iron oxide nanoparticles (MNs) were
synthesized using a previously published method with simple co-
precipitation, followed by the adsorption of the citrate ions in an
aqueous solution [23]. The MNs were dispersed in DDI water, to
which glucose was added. The final concentration was 9 g/L of MNs
and 90 g/L of glucose. A concentrated solution of NaOH was used to
adjust the pH to a value of ~10. A total of 800 mL of the suspension
was transferred to a 1-litre stainless-steel Parr autoclave equipped
with a stirrer. The suspension was treated at 180 °C for 12 h. The
brown flock (MN-C) was magnetically separated, washed several
times with DDI water and dried at 80 °C in an oven. The dried
powders were annealed in a tubular furnace at 600 °C or 750 °C for
1h,2hor6hinanatmosphere of Ar. Samples are denoted as MN-C-
T-t, where T means the temperature of annealing and t means the
time of annealing. The black powders (MN-C-T-t) were grinded as a
2-propanol slurry in an agate mortar, dried under vacuum and stored
in desiccator.

2.3. Characterization

X-ray powder-diffraction (XRD) patterns were collected using a
Siemens D5005 diffractometer with a monochromator in the dif-
fracted beam. Quantitative phase analyses based on a Rietveld re-
finement of the XRD patterns was made using DIFFRACplus Topas®
software. Jeol JEM2100 and Jeol JEM2010F transmission electron
microscopes (TEM) operated at 200 kV and a Cs-corrected Jeol ARM
200CF STEM scanning transmission electron microscope (STEM)
operated at 80 kV were used to observe the samples deposited on a
copper-grid-supported lacy carbon foil (See SI for details). The
Raman spectra of the samples were recorded with a NT-MDT model
Integra Spectra for Materials Science equipped with a confocal mi-
croscope (20 x magnification) at room temperature using a 633-nm
laser diode for the excitation (See SI for details). Nitrogen adsorp-
tion/desorption isotherms were measured for the samples at liquid-
nitrogen temperature using a Nova 2000e (Quantachrome) nitrogen-
sorption analyser. Prior to the measurements the samples were de-
gassed over night at 120 °C in a vacuum. The surface area was cal-
culated using the Brunauer-Emmett-Teller (BET) equation with
nitrogen-adsorption data in the P/P, range between 0.05 and 0.3 (7-
point analysis), and the pore volume was extracted from the deso-
rption branch of the isotherm using the Barrett-Joyner-Halenda
(BJH) method. Room-temperature magnetization curves of the
samples were measured with a vibrating-sample magnetometer
(VSM) LakeShore 7307 VSM. The Fe content in the MN-C-T-t samples
was non-destructively determined by using an energy-dispersive X-
ray fluorescence spectrometer (EDXRF) and utilizing our in-house-
developed QAES (Quantitative Analysis of Environmental Samples)
software [24,25] (See SI for details). The specific absorption rate
(SAR) of the MN-C-T-t was determined from measurements of the
temperature increase in an AC-field using an Ambrell (USA) HTG-
6000 (6 kW) high-frequency generator coupled to a copper-tube coil
(Induktio d.o.o., Slovenia).

3. Results and discussion
3.1. Results

The magnetic carbon nanocomposites MN-C-T-t were prepared
by annealing the precursor MN-C in an inert atmosphere. The MN-C
contains homogeneously dispersed magnetic iron oxide nano-
particles (~8 nm in size) in an amorphous carbonaceous matrix
(Table 1) [10]. Annealing of the MN-C at 600 °C and 750 °C changed
the phase composition of the MN-C-T-t (Fig. 1).
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Table 1
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Estimated crystallite size, room-temperature magnetic properties and specific surface area of the magnetic nanoparticles MN, precursor MN-C and nanocomposites. S is spinel

iron oxide, F is BCC Fe, C is FesC and G is graphite.

Sample dygrp/nMm Magnetic properties Surface area
S F C G M; (Am?/kg) M, H. SpET Vp

: b (Am?/kg) (mT) (m?/g) (cm’/g)
MN 8 / / / 61 / / / / /
MN-C 8 / / / 9.4 / / / 8.1 0.0799
MN-C-600-1 10 16 / / 13.1 62.1 1.0 3.8 311 0.302
MN-C-600-2 11 17 / / 14.2 84.2 14 49 309 0.269
MN-C-600-6 14 54 30° 5.2 319 142.6 8.1 410 258 0.379
MN-C-750-1 15 37 40.5 4.6 29.8 129.2 5.8 341 241 0.369
MN-C-750-2 16 43 47.8 4.7 31.0 131.8 6.0 351 240 0.361
MN-C-750-6 20 49 452 4.6 39.7 133.7 54 215 227 0.331

2 Magnetization normalized per mass of sample.
> Magnetization normalized per amount of iron.
€ Very low weight fraction, estimation unreliable.

A quantitative phase analysis based on a Rietveld refinement of
the XRD patterns showed that the cubic spinel iron oxide nano-
particles were reduced to BCC Fe and orthorhombic FesC (Fig. 2). At
600 °C the kinetics seems to be sluggish, as only a small amount
(roughly 15 wt%) of the iron oxide nanoparticles reduced to Fe na-
noparticles within the first 2 h of annealing (Fig. 2). Within 6 h, most
of the iron oxide was reduced to Fe and a relatively small amount of
Fe3C (Fig. 2). While the size of the iron oxide nanoparticles remained
almost unchanged during the whole 6 h, the Fe nanoparticles grew
from 17 nm to 54 nm during the last 4 h of the annealing at 600 °C
(Table 1). Nanocrystalline graphite was detected by XRD only in the
sample MN-C-600-6, coexisting with the FesC (Figs. 1 and 2). At
750 °C most of the iron oxide nanoparticles were reduced already
within the first hour of annealing (Figs. 1 and 2). After 2 h of an-
nealing, the FesC is the most abundant iron-containing phase, while
after 6 h the Fe becomes dominant and the cubic spinel iron-oxide
fraction seems to increase slightly (Figs. 1 and 2). A large amount of
nanocrystalline graphite was already formed within the first hour of
annealing and neither its crystal size nor its fraction changed sig-
nificantly afterwards.

The TEM analysis showed that the MN-C-T-t samples are in the
form of irregularly shaped agglomerates composed of homo-
geneously dispersed nanoparticles that appear dark in the BF images
within the brighter matrix of carbon (Fig. 3). EDXS and SAED were
used to match the iron-based nanoparticles with the phases in-

dicated by the XRD.
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Fig. 1. XRD powder patterns of the precursor MN-C and the annealed nanocomposite
samples. S corresponds to reflections of cubic spinel (iron oxide) (space group Fd-
3 m), C to reflections of orthorhombic FesC (space group Pnma), F to reflections of BCC
iron (space group Im-3 m) and G to reflections of graphite (space group P63mc).

In the samples MN-C-600-1 and MN-C-600-2, only spherical
iron-oxide nanoparticles, ~10 nm in size, are visible, corroborated by
the XRD, while the carbon matrix is relatively thick, well rounded
and of uniform contrast, indicating its amorphous nature (Fig. 3(a)
and (c)). In the sample MN-C-600-6 the contrast of the carbon
matrix is non-uniform (insets in Fig. 3(e)) and besides the brighter
iron oxide nanoparticles (Fig. S1), larger (between 20 nm and 100 nm
in diameter) and darker nanoparticles are clearly visible (Fig. 3(e)).
Selected-area electron diffraction patterns of those larger and darker
nanoparticles showed that they are either BCC Fe (which is the
dominant Fe-containing crystalline phase by wt% in the sample ac-
cording to the Rietveld analysis) or orthorhombic FesC (Fig. 4 and
S2). Using the EDXS analysis, the iron oxide nanoparticles can be
clearly differentiated from the Fe and FesC nanoparticles (C is pre-
sent in all the samples and the presence of the C K peak in the EDXS
spectrum is not indicative of the Fe;C). To differentiate between the
Fe and FesC nanoparticles a SAED pattern was used. In the following
discussion, when referring to the nanoparticles as Fe or FesC nano-
particles, such a specific distinction was experimentally made using
the SAED pattern. When referring to the nanoparticles as Fe/Fe;C
nanoparticles, such a distinction was not made, and the nano-
particles are either BCC Fe or orthorhombic FesC. The HRTEM image
of the interface between the Fe nanoparticle and the carbon matrix
clearly shows that a graphite shell crystallized on the nanoparticle
surfaces (lower inset in Fig. 4). The periodicity of the lattice image of

o - -
:‘}_\
20 =
S L
0 T T v T T T T T 10

T ¥ T
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Fig. 2. Estimated weight fractions of crystalline phases determined by XRD (stacked
columns) and amount of Fe (red squares with error bars) in the carbonized samples. S
corresponds to cubic spinel (iron oxide), C to orthorhombic cohenite FesC, F to BCC
iron and G to graphite.
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(a) 600 °C 1 h

500 nm _

500 nm
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750°C 1h

Fig. 3. TEM images of nanocomposites MN-C-600-1 (a), MN-C-600-2 (c), MN-C-600-6 (e), MN-C-750-1 (b), MN-C-750-2 (d) and MN-C-750-6 (f). Amorphous carbon marked
with yellow arrows, graphitic carbon with black, iron-oxide nanoparticles with brown and Fe/Fe;C nanoparticles with blue. Insets are TEM images acquired at higher magnifi-

cations.

graphite (3.70 /}) is larger than the interlayer spacing in crystalline
graphite (3.35A) with a Bernal structure, indicating so-called tur-
bostratic stacking, i.e., rotationally random stacking [26,27]. HRTEM
imaging of the upper part of the Fe nanoparticle (upper inset in
Fig. 4) shows that a thin layer of the cubic spinel iron oxide grew

Fig. 4. TEM image of the Fe nanoparticle in the MN-C-600-6 with the corresponding
SAED pattern. Upper inset is a HRTEM image of the Fe-iron oxide interface and the
lower inset is the HRTEM of the Fe-graphite interface (S is cubic spinel iron oxide, F is
BCC Fe and G is graphite).

epitaxially on the surface of the iron particle(s) at the parts where
the graphitic shell is broken because of the partial oxidation of iron
in contact with the ambient air. Sample MN-C-750-1 appears similar
to sample MN-C-600-6; however, the contrast of the carbon matrix
varies more (Fig. 3(b)). Samples MN-C-750-2 and MN-C-750-6 are
composed of nanoparticles with two sizes: larger particles of ap-
proximately 40-50 nm in diameter and smaller particles of ap-
proximately 20 nm (Fig. 3(d) and (f)). The graphitic shell around the
larger ones is mostly broken, while the smaller ones are pre-
dominately encapsulated (Fig. 3(d) and (f)). Empty graphitic shells
are also clearly visible (Fig. 3(d) and (f)). The slight increase of the
spinel iron oxide phase in the sample MN-C-750-6 relative to the
MN-C-750-2 (Figs. 1 and 2) is most likely related to a larger number
of the Fe nanoparticles being exposed to the air atmosphere in the
sample MN-C-750-6 (more extensive braking of a graphitic shell).
Those are more prone to the surface oxidation and thus more spinel
iron oxide is formed.

To better characterize the carbon matrix, Raman spectroscopy
was performed.

The first-order Raman spectrum of the MN-C (Fig. S3) shows only
two broad poorly defined maxima centered at approx. 1300 cm™! and
1600 cm™', indicating presence of graphitic and polyene structures.
The first-order Raman spectra of the MN-C-T-t shows two broad
peaks that are clearly composed of five individual bands (Fig. 5). The
molecular approach to interpreting Raman spectra associates the G
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Fig. 5. Raman spectra of the carbonized samples. Dots represent experimental data,
dashed lines individual bands fitted with a Lorentzian function and the full line is a
sum of Lorentzian functions.

band with the stretching of all the pairs of sp? C atoms in rings and
chains [28], D1 to breathing modes of the sp? C atoms in rings [28],
D2 to the edges of the graphitic crystallites [29,30], D3 to the
amorphous C phase [31,32] and D4 to the vibrations of polyenes [33].
The areas and the band positions of the G, D1 and D2 bands re-
mained relatively constant during annealing (Fig. 5 and Table S1 in
SI). However, the area of the D3 and D4 bands reduced significantly,
indicating the disappearance of the amorphous C and the polyenes
(Table T1 in SI). Usually, the ratio of I(D)/I(G) is used to estimate the
crystal size of the graphite; however, in the presence of sp> C phases
and when the expected size is significantly below 100 nm, the ex-
citation-energy-independent G bands’ half-width-at-half-maximum
(HWHM) is used to estimate the lateral size of the graphite domain
L,, which is usually interpreted as the crystallite size of nanographite
[28,34]. The estimated L, remained practically constant during the
annealing, between 6 and 7 nm (Table S1 in SI). An analysis of the
spectra indicates that the nanocrystalline graphite, polyenes and
amorphous carbon were formed within the first hour of annealing at
600 °C. The amount of graphite must be relatively low because it was
not detected by the XRD analysis. During annealing at 600 °C the
amounts of polyenes and amorphous carbon decrease, while only
the number of graphitic domains increases. The process is much
faster at 750 °C, where only after one hour of annealing, the in-
tensities of the D3 and D4 bands (relative to the D1, D2, G bands) fall
below those measured for any of the samples annealed at 600 °C.
Furthermore, at 750 °C the D3 and D4 band intensities do not de-
crease significantly with an increasing annealing time.

To obtain a better insight into the formation of the graphite an
EELS analysis in the STEM was performed for the two distinctly
different samples: the MN-C-600-2 (XRD showed no graphite and
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Fig. 6. BF (a) and HAADF (b) STEM images with corresponding elemental maps (d,e,f)
showing distribution of Fe, C and O in the analyzed area of the MN-C-600-2 sample.
Image (c) shows superimposition of the three elemental maps.

FesC) and MN-C-750-2 (graphite and FesC detected by XRD).
Elemental mapping and analysis of the C K ELNES spectra enabled us
to spatially differentiate between the iron oxide, Fe/Fe;C, graphitic
and non-graphitic carbon (Figs. 6 and 7).

Unfortunately, we could not differentiate between the Fe and
Fe;C nanoparticles because the differences in the Fe L5 edge are
below the resolution of our EELS system (~0.8 eV, FWHM of zero loss
peak) and the C K edge is dominated by the C from the matrix. A
detailed analysis of the C K ELNES enabled a visual representation of
the spatial distribution of the graphitic and non-graphitic carbon in
the form of maps (Figs. 8 and 9, see SI for details). We establish a
ratio between the different regions of C K ELNES (A/B ratio) to dis-
tinguish between the two forms of carbon: for an A/B ratio> 1.2 the
area is graphitic, for a ratio < 1.0 the area is non-graphitic and for the
values in between the nature of the area cannot be inter-
preted [35,36].

20 nm 20 nm

Fig. 7. BF (a) and HAADF (b) STEM images with corresponding elemental maps (d and
e) showing distribution of Fe and C in the analyzed area of the MN-C-750-2 sample.
Image (c) shows superimposition of the three elemental maps.
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Fig. 8. BF STEM image (a) and A/B ratio map of the same area (b) of the MN-C-600-2.
Yellow area is graphitic carbon and blue area non-graphitic. Iron oxide nanoparticle is
marked with an arrow.
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Fig. 9. BF STEM image (a) and A/B ratio map of the same area (b) of the MN-C-750-2.
Yellow area is graphitic carbon and blue area non-graphitic.

The maps clearly show that the graphitic shells formed ex-
clusively around the Fe/FesC nanoparticles and not around the iron
oxide nanoparticles.

The magnetic properties were measured at room temperature.
The magnetizations are reported as magnetic moment per mass of
sample M (Am?/kg) in Fig. 10 (a) and as magnetic moment per mass
of Fe that the nanocomposites contain M (Am?/kgg.) in Fig. 10 (b).
Magnetization as moment per mass of the sample reflects the total
composition, considering non-magnetic phases as well. The mag-
netic nanoparticles MN show the highest saturation magnetization
(moment per mass of the sample) of 62 Am?/kg and practically zero
coercivity and remanence, indicating their superparamagnetic
nature (Fig. 10 (a) and S5 and Table 1). The saturation magnetization
of the MN-C is significantly lower because of the incorporation of the
magnetic nanoparticles in a non-magnetic matrix. The saturation
magnetization of the MN-C-600-1 and MN-C-600-2 increased
slightly, and the samples became ferri/ferromagnetic, displaying low
values of coercivity and remanence, characteristic of magnetically
soft Fe (Fig. 10 and S5 and Table 1).

As the time/temperature of the annealing increased the magne-
tization increased, reaching the highest value of 39.7 Am?/kg in the
sample MN-C-750-6 (Fig. 10 (a) and Table 1). The increase in the
magnetization is not only related to the formation of Fe and FesC,
which both display higher saturation magnetizations of 217 Am?/kg
and 130 Am?/kg, respectively [37], than the iron oxide, but also to
the evaporation/decomposition of the non-magnetic carbon matrix
during the annealing. The coercivity increased from 3.8 mT for the
sample MN-C-600-1, reaching a maximum of 41 mT for the sample
MN-C-600-6 and decreased to 21.5 mT for the sample MN-C-750-6
(Table 1 and Fig. S2). Among the three magnetic phases present in
the samples, Fe3C is magnetically the hardest and dominates the
coercivity [37,38]. In general, the coercivity of the magnetic particles
is a function of the crystallite size and has a maximum value just
before the transition from the single domain to the multi-domain
state [37]. The estimated crystallite size of the FesC for the transition
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Fig. 10. Room-temperature magnetization curves normalized per mass of the sample
(a), normalized per mass of the Fe (b) and SAR values normalized per mass of Fe (c).

is in the range 30-50 nm and for the spinel iron oxide and Fe it is
well above 100 nm [37,38]. Most likely the MN-C-600-6 displays the
highest coercivity because it contains FesC particles in the single-
domain regime, while all the MN-C-750-t samples contain larger,
multi-domain nanoparticles. Because Fe is the only magnetic ele-
ment present in all the magnetic phases, the saturation magneti-
zation normalized per amount of Fe reflects the composition of the
magnetic phases present in the sample. Sample MN-C-600-6 shows
the highest saturation magnetization per kg of Fe (Fig. 10 (b)) be-
cause it contains, relatively speaking, the largest amount of Fe na-
noparticles. Samples MN-C-750-t contain FesC nanoparticles, which
reduce their magnetization per kg of Fe. Among the MN-C-750-t
samples their saturation magnetization directly reflects their
varying ratios between the magnetic phases, i.e., samples MN-C-
750-1 and MN-C-750-2 contain practically identical amounts of
iron oxide, Fe and Fe3C nanoparticles and their saturation
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magnetization is also practically identical (Figs. 2 and 10 (b)). The
sample MN-C-750-6 contains a significantly larger amount of Fe
nanoparticles. However, the content of iron oxide nanoparticles in-
creased as well; therefore, its saturation magnetization is only
marginally higher than that of the former two samples (Figs. 2 and
10 (b)). The saturation magnetizations of the MN-C-600-1 and MN-
C-600-2 samples are significantly smaller, reflecting their high
content of iron oxide nanoparticles (Figs. 2 and 10 (b)).

The heating powers (SAR) generated by the samples in the AC-
magnetic fields were determined from the temperature increase of
their suspensions in isopropanol at a frequency of 273 kHz. The SAR
values are normalized per gram of Fe that the sample contains as a
function of the AC-magnetic field’s amplitude (Fig. 10 (c)). Samples
MN-C-600-1 and MN-C-600-2 show a monotonous, nearly linear
increase and a saturation of the SAR value above 85 mT (Fig. 10 (c)).
Sample MN-C-600-6 shows an abrupt increase of the SAR value
above 60 mT and a saturation above 85 mT (Fig. 10 (c)). Above 60 mT
the MN-C-600-6 displays the highest SAR value among the samples
(Fig. 10 (c)). In contrast, the samples MN-C-750-t display a mono-
tonic linear increase of the SAR value up to maximum AC-field am-
plitude of 97 mT (Fig. 10(c)).

3.2. Discussion

During carbonization of the precursor MN-C, three important
transformations occur: the formation of graphite, the reduction of
iron oxide to Fe and the formation of FesC (Figs. 1 and 2). The for-
mation of Fe/FesC nanoparticles seems favorable from the applica-
tion point of view, because the magnetization of the nanocomposites
increases strongly (Table 1 and Fig. 10 (b)). However, measurements
of the SAR clearly indicate the disadvantage of the FesC, since
composites containing the largest amounts of the FesC exhibited the
lowest SAR values (Fig. 10 (c)). In general, the SAR is proportional to
the area of the dynamic hysteresis loop of the magnetic mate-
rial [39].

Magnetically soft materials such as iron oxide, and especially Fe,
that have a high magnetization are desirable because their dynamic
hysteresis has a larger area at low AC-field amplitudes when com-
pared to magnetically harder materials such as FesC [40,41]. The
MN-C-600-6 sample contains the largest amount of well-dispersed
Fe nanoparticles in a graphitic matrix, giving it the best properties
for the magnetic (induction) heating among the prepared samples.
Moreover, the MN-C-600-6 sample exhibits a SAR value of ap-
proximately 800 W/gg., a value that is, to the best of our knowledge,
the highest for a high-surface-area magnetic-nanoparticles/carbon
nanocomposite material [42]. The TEM, STEM and Raman analyses
indicated that the small amount of graphite formed as soon as the
Fe/Fe3C nanoparticles formed at 600 °C. ]. Hoekstra et al. [26] con-
ducted a similar study and concluded that T > 715 °C is necessary for
the carbothermal reduction of iron oxide to Fe, a temperature at
which the Fe nanoparticles are already too mobile to become en-
capsulated by a graphitic shell and fully graphitize the amorphous
carbon precursor by migration through the matrix, the so-called
catalytic graphitization. In contrast, our results clearly show that the
carbothermal reduction of iron oxide to Fe already proceeds at
600 °C; however, its kinetics is sluggish. More detailed TEM analyses
revealed that a graphitic shell was also formed around the Fe na-
noparticles (Fig. 3), protecting them well from ambient oxidation
(Fig. S6 and table T2). As the temperature increased, the Fe/Fes;C
nanoparticles grew and migrated through the carbon matrix, leaving
behind empty graphitic shells. During the process some of the larger
Fe/FesC nanoparticles burst the graphitic shell around them and
became exposed to the atmosphere (Fig. 3(d) and (f) and Scheme 1).
Upon exposure to the air a thin epitaxial layer of spinel iron oxide
forms on the exposed surfaces of the Fe nanoparticles (Fig. 4). This
thin oxide layer and a graphitic shell protect the Fe nanoparticles
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Scheme 1. Schematic representation of the magnetic-nanoparticles/carbon nano-
composite formation.

well from further oxidation, as is evident from the only marginal
decrease of the magnetization of the nanocomposites, measured
after being exposed to the air for one year (Fig. S6 and Table T2). The
relative surface area of the nanocomposites decreased during the
annealing because part of the carbon matrix decomposed/evapo-
rated and because of the formation of Fe/FesC, both of which have a
higher density than the iron oxide (Fig. 2 and Table 1).

4. Conclusions

In conclusion, we prepared a series of magnetic carbon nano-
composites suitable for novel applications in magnetically heated
catalysis. The nanocomposites were prepared by annealing a car-
bohydrate-coated iron oxide nanoparticle precursor in an inert at-
mosphere. During annealing at 600 °C the carbothermal reduction of
iron oxide nanoparticles is relatively slow and a significant quantity
of Fe nanoparticles was formed after only 6 h of annealing, while
only a minor amount of Fe3C was formed. Fe and Fe3;C nanoparticles
were well encapsulated by a thin shell of polycrystalline turbostratic
graphite, protecting them from aerial oxidation. Because of the high
initial susceptibility and the large magnetization due to the Fe na-
noparticles the nanocomposite annealed at 600 °C for 6 h exhibited
an exceptionally high SAR value of approximately 800 W/gg.. The
value is, to the best of our knowledge, the highest value for a high-
surface-area magnetic carbon nanocomposite that exhibits excellent
stability against oxidation. Increasing the annealing temperature to
750 °C accelerates the formation of Fe and Fe;C nanoparticles. Their
migration, promoted at the higher temperature, catalyzed the gra-
phitization of the carbonaceous matrix, while their growth causes
cracking of the graphitic shell and partially exposes their surface. An
epitaxial layer of cubic spinel iron oxide is formed on those surfaces,
providing their long-term stability against oxidation (in addition to
the graphitic shell). Those nanocomposites containing larger
amounts of magnetically hard FesC had lower values of SAR that
monotonically increased with the increasing field amplitude. The
study clearly highlights the structure-properties relationship be-
tween iron-based nanoparticles in a carbon matrix and their prop-
erties with respect to magnetic heating and oxidation resistance. It
also shows how the phase composition and nanostructuring can be
controlled by the synthesis parameters, thereby providing an im-
portant basis for the optimization of nanocomposites for catalytic
applications.
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