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a b s t r a c t   

Fe3C/few-layered graphene core/shell nanoparticles embedded in a carbon matrix are synthesized by a 
novel two-step surfactant sol-gel strategy, where the processes of hydrolysis, polycondensation and drying 
take place in a one-pot. The present approach is based on the combined action of oleic acid and oleylamine, 
which act sterically on the precursor micelles when a densification temperature is performed in a reducing 
atmosphere. The structural and magnetic evolution of the formed compounds is investigated, ranging from 
iron oxides such as Fe3O4 and FeO, to the formation of pure Fe3C/C samples from 700 ºC onwards. 
Interestingly, Fe3C nanoparticles with a size of ~20 nm crystallize immersed in the carbon matrix and the 
surrounding environment forms an oriented encapsulation built by few-layered graphene. The nanos
tructures show a saturation magnetization of ~43 emu/g and a moderate coercivity of ~500 Oe. Thereby, an 
innovative chemical route to produce single phase Fe3C nanoparticles is described, and an effective method 
of few-layered graphene passivation is proposed, yielding a product with a high magnetic response and 
high chemical stability against environmental corrosion. 

© 2022 The Authors. Published by Elsevier B.V. 
CC_BY_NC_ND_4.0   

1. Introduction 

The advances and developments of magnetic materials have re
cently focused their attention on magnetic nanocomposites based on 
carbides and carbon-metal alloys. Commonly such ceramic materials 
have exhibit noticeable hardness and high chemical resistance [1,2]. 
Since the discovery of such “nobility”, provided by its electronic 
structure properties, they have been investigated for their unique 
catalytic [3], electrocatalytic [4,5] and remarkable good magnetic 
properties [6], particularly at the nanoscale [7–9]. Specifically, the 
nano-intermetallic iron carbide (Fe3C) compounds are being broadly 
applied in energy and biomedical-related fields due to the magnetic 
and chemical activity of iron, and/or mechanical strength and che
mical inertness of carbon [10], establishing a good protection against 
chemical corrosion or oxidation [11]. In terms of magnetic 

properties, Fe3C is a ferromagnetic material at room temperature 
and displays a saturation magnetization (Ms) of ~140 emu/g [12]. 
Thus, having a Ms degradation value regarding the α-Fe (217 emu/g)  
[13] not as highlighted as those exhibited from Fe3O4 (92–100 emu/ 
g) [14], α-Fe2O3 (0.3–1 emu/g) [14,15], γ-Fe2O3 (60–80 emu/g) [14], 
and/or ε-Fe2O3 (15–20 emu/g) [16,17]. Therefore, if the magnetic 
properties are combined with its structural and thermodynamic 
properties, Fe3C is considered as a promising material for multiple 
technological applications requiring a high magnetic response with 
high chemical stability. 

A high chemical stability extends the lifetime of the nano
particles (NPs) and reduces their toxicity in physiological environ
ments, making them suitable for application in biological media: as 
innovative magnetically controlled nanoplatforms for many pro
spective biomedical applications [18], drug and gene delivery sys
tems, detection of diseases, hyperthermia [19,20], biochemical 
sensing, magnetic resonance imaging [21], even in other fields like 
electromagnetic microwave absorption [22,23], or spintronics [24]. 
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Although this material has already spawned a wide field of re
search involving a large and assorted applications in the steel-based 
industry [25], there are still no reproducible synthesis methods to 
obtain pure Fe3C NPs with a control of particle size and physical 
properties, which might be partly due to the elevated temperature 
and reducing conditions required for their synthesis. In the recent 
literature can be found some successful Fe3C NPs synthesis routes, 
for example based on nanocasting [7], metal-organic chemical vapor 
deposition [26], in-flight plasma treatment of gas aggregation source 
of NPs [27], colloidal synthesis [28], and detonation decomposition 
reaction [29]. Lately, the traditional sol-gel method for the synthesis 
of metal oxides NPs [30] has turned around in some different var
iants that has become one of the most promising tools for its in
dustrial production. Sol-gel technique provides high versatility in 
the use of precursors, the morphology can be controlled with rela
tively narrow size distributions, and chemical reactions can take 
place at room temperature [31,32]. Advances commonly draw from a 
starting homogeneous gel-like-network made of organic gelators 
(“urea-glass-route”) or using biopolymers like gelatin, followed by 
the formation of Fe3C NPs by xerogel carbothermal reduction, under 
inert atmosphere, of prior nucleation of Fe3O4 into Fe3C-carbon NPs  
[8,33,34]. In this framework, as a variant of “urea-glass-route”, the 
oleic acid (OA) and oleylamine (OY) macromolecules have shown 
their capacity for acting as surfactants in sol-gel synthesis for nickel- 
carbon NPs by a calcination process at 320 °C in a nitrogen atmo
sphere [35]. In contrast of their well-known behavior as a surfactant 
stabilizer for obtaining homogenous dispersive NPs [36]. In addition, 
a solvothermal synthesis of capped Fe3O4 NPs have employed OA 
and OY as surfactants and in-situ photoelectron spectroscopy char
acterization as a function of the temperature revealed a NP surface 
reduction with the presence of Fe3C at 650 °C [37]. 

In this study, we propose a novel non-aqueous sol-gel synthesis 
route with OA and OY as surfactants. The role of these precursors is 
to act as steric agents to control the particle size and as reducing 
agents with the aim of promoting the carbonization of the precursor 
micelles instead of its oxidation, advantageously, at very much lower 
temperatures (~700 °C) [34] than the known use of ore-coal as a 
carbon source (> 1000 ºC) [38]. Our non-aqueous approach uses only 
ethanol as a solvent for precursor iron salts, against other synthesis 
reported in literature [34], avoiding the conventional water addition 
for the use of alcohol-dissolved alkoxides as precursors. Thus, no 
excess of water is present, promoting a fast hydrolysis and 

polycondensation of the precursor micelles obtaining more homo
geneous and reproducible samples. The presence of an excess of 
carbon provides an adequate incorporation of the aliphatic carbon 
from the surfactants into the prior oxide NPs promoting the for
mation of the Fe3C nanostructures at densification temperatures 
above 650 ºC. In addition, the similar linear-chain structure of the 
surfactants makes them cooperate effectively, constraining the size 
of the precursor micelles. Compositional, structural, and magnetic 
studies are carried out as a function of the densification tempera
ture, establishing a thermal limit for the formation of Fe3C single 
phase. Furthermore, it is revealed that the Fe3C NPs are encased by 
several oriented graphene layers, presenting a core/shell structure. 
Therefore, the two-step surfactant method promotes the formation 
of graphene structures surrounding the Fe3C NPs that can provide 
multifunctional properties with competitive magnetic responses at 
room temperature. 

2. Experimental techniques 

2.1. Synthesis of the Fe3C/few-layered graphene core/shell 
nanostructures by sol-gel 

Fe3C/few-layered graphene core/shell nanostructures were pre
pared using a novel sol-gel synthesis based on a two-step surfactant 
strategy. As a first step, 12 mmol of Fe(NO3)3.9 H2O (Sigma-Aldrich 
+98%) were dissolved in absolute ethanol (PanReac +99%). The so
lution was kept under a vigorous magnetic stirring for 15 min at 
40 °C (Fig. 1i). Then, 30 mmol of OY (ACROS Organics 80–90%) was 
added dropwise to ensure an adequate homogenization of the mi
celles in the solution, avoiding the formation of undesirable organic 
aggregates. After 15 min, 30 mmol of OA (Sigma-Aldrich 90%) were 
added, maintaining a molar ratio of 1:1 respectively. Finally, 100 µL 
of HNO3 were added to keep the pH among 1–2, promoting the room 
temperature hydrolysis and polycondensation processes at that 
stage. 

The resulting solution is magnetically stirred for 24 h (Fig. 1ii), 
promoting the homogenization of the sol and the evaporation of the 
alcoholic products. In this first stage, hydrolysis and polycondensa
tion happens at the same time. The OY adheres to the surface of the 
first ionic micelles stabilizing them and the oleic acid separates the 
micelles formed, increasing the steric capacity of the hydrophobic 
tails of oleylamine itself. The temperature was subsequently set to 

Fig. 1. Sol-gel synthesis scheme to obtain Fe3C/few-layered graphene core/shell nanostructures. (i) Iron nitrate nonahydrate salt precursor is diluted in absolute ethanol and the 
solution is kept under magnetic stirring for 15 min (ii) OY is added dropwise into the dissolution and after 15 min, oleic acid is incorporated in the same way into the solution. The 
solution is kept for 24 h at 40 ºC under a vigorous magnetic stirring. (iii) Drying step for 48 h at 80 ºC. (iv) Densification treatment performed between 500 and 800 ºC in a nitrogen 
atmosphere showing the lower bound (T  >  700 ºC) for the consolidation of Fe3C. (v) Milling of the resulting powder on an agate mortar. The obtained flakes (scanning electron 
microscopy (SEM) image) composed by small NPs (transmission electron microscopy (TEM) image). 
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80 °C on a hot-plate and kept there for 48 h in an air environment, 
and the magnetic stirring was also maintained. From this point, the 
viscosity was gradually increased, and no alcoholic groups remained. 
The OY and OA did not evaporate at 80 ºC due to their high boiling 
point, 364 and 360 ºC respectively [39], ensuring the high carbon 
content required for the formation of iron carbides. In such a way, 
the gel aging occurred, and a dark brown xerogel was obtained 
(Fig. 1iii). 

The densification of the xerogels was carried out in a horizontal 
tube furnace between 500 and 800 ºC under a nitrogen flow of 
20–50 cm3/min of 99.8% of purity. A heating rate of 5 °C/min was 
fixed and the system was kept for 1 h at the selected densification 
temperature (Fig. 1iv). For densification temperatures equal or 
greater than 650 ºC, the carbothermal reduction occurs and the 
oxygen present is gradually removed with temperature, obtaining 
pure Fe3C/few-layered graphene core/shell nanostructures. After
wards, a cooling rate of 10 ºC/min was set up to room temperature. 
To conclude, the resulting powder is milled manually using an agate 
mortar (Fig. 1v). 

2.2. Morphological, structural, and magnetic characterization 

The crystal structure, composition and volume-weighted average 
crystallite size of the samples were obtained from Rietveld refine
ments of X-ray diffraction (XRD) data measured using a PANalytical 
Empyrean system in a Bragg-Brentano configuration with Cu Kα 
radiation (λ = 1.542 Å) in the 2θ range 10–100°. The Rietveld analysis 
was performed using the software FullProf Suite [40]. Morphological 
features, crystalline structure, and particle size distribution of the 
nanostructures embedded in the carbon matrix were determined by 
scanning transmission electron microscopy (STEM) with a JEOL JEM 
ARM200CF with a cold field emission source, working with a CEOS 
aberration corrector operated at 200 kV. 

The magnetic properties of the nanostructured powder were 
examined with a vibrating sample magnetometer (VSM) coupled to 
a physical property measurement system (PPMS model 6000 con
troller, Quantum Design). Magnetic hysteresis loops were collected 
at room temperature with a maximum applied magnetic field of 
50 kOe. 

3. Results and discussion 

3.1. Structural properties and phase composition 

A first aim is to investigate the evolution of the crystal structure 
and composition, from the first crystalline materials formed after the 
evaporation of the organic compounds to the stabilization of the 
single-phase Fe3C/few-layered graphene-based nanostructures em
bedded in a carbon matrix. The existing chemical routes to produce 
Fe3C use organic surfactants such as hexamethylenetetramine  
[41,42], melamine [43], and glucose [44]. In addition, the use of 
biopolymers like gelatine is an effective method to obtain pure Fe3C 
samples following a sol-gel route [8]. All those chemical approaches 
require temperatures above 600 ºC to produce the formation and 
subsequent evaporation of the CO2 and the carburization of Fe is 
favored by carbothermal reduction [8]. Moreover, there are studies 
where Fe3C is decomposed into metallic Fe and C products with 
increasing temperature, obtaining Fe/Fe3C composites [34,42,43]. To 
unveil all those reacting mechanisms following the proposed two- 
step surfactant sol-gel strategy, the thermal range chosen for the 
densification process of the xerogels is between 500 and 800 ºC. 

Fig. 2a shows the evolution of the X-ray diffractograms with 
temperature. Rietveld refinements of the XRD data allowed ex
tracting quantitative information of the composition and average 
crystalline sizes for each densification temperature (see Supporting 
Information). Three thermal regions (TR1, TR2 and TR3) can be dis
tinguished attending to the resulting compositions (Fig. 2b1). The 
first one, TR1, with a predominance of iron oxides, encompasses 
from 500 to 600 °C. The diffractogram corresponding to 500 ºC 
sample shows intense peaks associated to magnetite (Fe3O4, Fd3m  
[14,56]) at 2θ(º) = 30.1, 35.5, 43.1, 53.5, 57.0, 62.8 and wüstite (FeO, 
Fm3m [14,55]) at 2θ(º) = 36.6, 61.6, 74.0, with refined lattice para
meters of aFe3O4 = 8.393(1) Å and aFeO= 4.266(1) Å. The diagram 
corresponding to 600ºC sample, where a gradual carbothermal re
duction of the prior Fe-oxides begins, shows a broadening of the iron 
oxide diffraction peaks. The rest of the phases present at this tem
perature, i.e., Fe3O4, FeO and graphite, are often found when syn
thesizing Fe3C by other chemical routes [46] and they are precursors 
of the target material. In the present work, the formation of Fe3C is 
confirmed by the detection of its most intense peaks at 2θ(º) = 37.7, 

Fig. 2. (a) Some XRD diffractograms of samples densified between 500 and 800 ºC and the contribution of each phase predicted by Rietveld refinement. (b1) Crystallite size and 
(b2) compositional percentage obtained from Rietveld analyses. 
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39.8, 40.7, 43.0–49.2, attributed to the orthorhombic unit cell of 
cementite (Fe3C, Pnma [12,57]) with lattice parameters aFe3C 

= 5.089(3) Å, bFe3C = 6.744(4) Å, and cFe3C = 4.526(5) Å. In turn, the 
crystallite sizes in the TR1 decrease with temperature from 11.7(2) 
nm to 3.1(1) nm and 12.4(5) nm to 5.1(4) nm for Fe3O4 and FeO 
respectively. In contrast, the Fe3C phase has a greater size with a 
mean crystallite of 47(4) nm (Fig. 2b2). Regarding their composi
tional percentage (in wt%) displayed in Fig. 2b1, both iron oxides are 
constant in the TR1 with a 12% for FeO and a 41% for Fe3O4 re
spectively. The emergence of Fe3C represents a 9% in the 600 ºC 
sample and it is established as the minimum temperature needed for 
its formation following the two-step surfactant strategy described in 
this work. The minor content of metastable phase FeO may be due to 
its lower thermal stability [48]. Rietveld analysis also establishes a 
graphite (2 H) phase contribution with lattice parameters a2 H- 

C= 2.445(1) Å and c2 H-C= 6.858(1) Å [50,59]. In addition, the Bragg 
reflections of the graphite peaks are relatively broad in the TR1, 
obtaining crystalline sizes of 1.2(1) and 1.5(2) nm respectively with a 
percentage content decreasing from 47% (500 ºC) to 38% (600 ºC). 
These results might also be correlated with a strong contribution of 
amorphous C from matrix, since there is probably a relatively high O 
content coming from the decomposition of the OA and the Fe3C 
precursor micelles, before carbothermal reduction processes occur 
(600 ºC). Therefore, it is proposed that the Fe3C formation is ac
companied by the progressive decrease of Fe3O4 and FeO along with 
the decrease of the C contribution coming from the matrix. 

The second thermal region, TR2, is a transition stage for the 
consolidation of Fe3C at 650 °C, and iron oxides are no longer de
tected (Fig. 2a). The 650 °C diffractogram reflects intensity max
imums belonging entirely to the Fe3C peaks except several new 
rising peaks. The peak at 25.8º is associated with the (002) crystal
lographic direction of pristine graphite [50]. Additionally, a promi
nent peak located at 44.6º followed by 65.0º and 82.3º corresponds 
to α-Fe (Im3m) phase with a lattice parameter aFe = 2.868(6) Å [60]. 
The crystallite size of the α-Fe phase is relatively large (52(5) nm, 
(Fig. 2b1)) with a compositional percentage of 4.7(4) % (Fig. 2b2)  
[43]. The occurrence of metallic Fe provides clues on the composi
tional evolution of the Fe3C precursor micelles when is subjected to 
its progressive reduction and a subsequent carburization process. In 
other works, it is found that metallic Fe interacts with carbon nitride 
species to obtain Fe3C and the graphitization of the C must be pro
duced or catalyzed by the presence of Fe NPs at 650 ºC [43]. 
Therefore, both results are intimately correlated and lead to the 
stabilization of Fe3C. However, interestingly, the Fe3C crystalline size 
decreases abruptly from 47(4) nm (TR1) to 20.2(6) nm (TR2) against 
1.5(2) – 2.8(2) nm for the graphite. This suggests that both, α-Fe 
emergence, and the increase of the graphite crystalline size might be 
caused by graphitization decomposition of the metastable Fe3C 
phase at 600 ºC, temperature below its eutectic point (723 ºC) [52]. 
Hence, a breaking of the Fe3C into smaller crystalline domain sizes at 
650 ºC might be motivated by the pressure that results from the 
increase of the total volume sum of α-Fe and graphite phases, taking 
into account that some parts of surrounding Fe3C environment 
was still not decomposed according to graphitization [12]: 
Fe Fe graphiteC(V ) 3 (0. 91V ) (0. 23V ) 1. 14Vcem cem cem cem3 + = . Furthermore, 
we understand that the decomposing reduction of the iron oxide 
phases is activated through carbon oxidation (2CO + O2 = 2CO2), 
preceding the Fe3C formation, in which the effective formation of 
graphite carries a slower kinetics (Fig. 2). 

The third thermal region, TR3, goes from 700 to 800 °C and 
evidences the predominance of the single-phase Fe3C. It is worth 
mentioning that in most syntheses related to Fe3C, good structural, 
catalytic, and magnetic properties are obtained, but there is a sig
nificant contribution from metallic Fe [26,34,42,43]. From the point 
of view of the purity attained, the two-step surfactant strategy 
method designed in this work represents a breakthrough in the 

synthesis of stable, single-phase Fe3C where the chemical processes 
of hydrolysis, polycondensation, and drying take place in one pot. In 
addition, the stabilization of the crystalline domain size and phase 
content is also achieved with a size around 24(3) nm and 31(1)% 
respectively (Fig. 2b1–2). Furthermore, the carbon contribution re
presents a 69(3)% and future studies will be carried out by reducing 
the amount of surfactant added to reveal the minimum amount of 
carbon source (surfactants) necessary to form pure Fe3C samples 
with no traces of metallic Fe. The stabilization of the crystalline 
domain size of the Fe3C indicates that its growth could be con
strained by the carbonaceous matrix crystallization acting as size 
stabilizer [53], obtaining a crystallite size of 23.6(5) nm at 700 ºC, 
25.8(8) nm at 750 ºC, and 22.7(8) nm at 800 ºC. In addition, no α-Fe 
contribution predicted by Rietveld analysis remains at 700 ºC and 
above (Fig. 2), indicating a fully carburization into Fe3C. Going above 
the eutectic temperature (723 ºC), no traces of decomposition of Fe3C 
are observed by X-ray analyses and it is chemically stable up to 800 
ºC. Likewise, no impurities of other crystalline carbide or nitride 
phases are present as usually happens in other investigations re
ported in literature [29,43]. 

TEM analyses have been carried out for the optimal densification 
temperature to obtain single-phase Fe3C at 700 °C. Fig. 3a1 shows a 
low magnification annular bright field (ABF) image where Fe3C NPs 
are embedded in a carbon matrix. The shape of the NPs seems to be 
uneven, but mainly tending to be spheric-like, and its physical size 
ranges from 5 to 40 nm. The particle size distribution, Fig. 3a2, fol
lows a normal fit with a mean value of 19.4(1) nm and full width 
high maximum (FWHM) value of 13.6(1) nm size-distribution. These 
values are within the same the order reported in the literature  
[8,26]. Interestingly, the obtained mean value is similar to the 
crystalline size of 23.6(5) nm subtracted by Rietveld analyses 
(Fig. 1b1), indicating the NPs are single-crystal. 

A high-resolution ABF image is presented in Fig. 3b to unveil the 
close environment and the structural properties of the NPs. A core- 
shell morphology is detected, where an effective passivation with 
few graphene layers surrounding the Fe3C surface is achieved. These 
graphitic layers are formed when the amorphous carbon is dissolved 
in the Fe place by carbon-mediated metal diffusion [8]. In addition, 
in the XRD patterns, can be noticed that the graphite (002) peak 
shifts toward higher angles ~ 26º (see Fig. 2a and Supporting 
Information). The content of crystalline carbon in the carbon matrix 
increases with temperature as the growing trend of the 2θ = 25.8º 
intensity shows. This suggests that graphite crystallization could be 
leaded by the curvature of the graphitic shell of the NPs, i. e., a 
shifting (002) peak and increasing the shell thickness likewise. This 
trend is in a good agreement with observations in multiwalled 
carbon nanotubes with diameter increasing [54]. Here we consider 
that the close environment of the Fe3C NPs might follow a similar 
behavior. Consequently, the shell is greatly settled at temperatures 
above 700 ºC, stabilizing the Fe3C core and avoiding its decomposi
tion and growth. Therefore, the NPs are chemically stable, and no 
undesirable crystalline phases are obtained. 

The fast Fourier transformations (FFT) calculated from different 
areas of the core-shell nanostructure are shown in the insets 1–2 of 
the Fig. 3b respectively. The crystalline core shows interplanar dis
tances of ~0.208 nm and ~0.226 nm corresponding to the crystal
lographic directions (102) and (002) of the orthorhombic Fe3C Pnma 
62. Hence, the zone axis subtracted corresponds with the [010] di
rection. Similarly, the interplanar distance of the shell is ~0.320 nm, 
matching with the (002) direction of graphite. The interface is 
abrupt and clear, free of secondary phases, as is showed by the ABF 
and high angle annular dark field HAADF images, Fig. 3c1-c2. The FFT 
inset of the ABF image unveils shared binding planes for a bluntly 
interface between the (002) graphite and (112) Fe3C, with their 
corresponding interplanar distances of ~0.365 nm and ~0.196 nm 
respectively. 
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Fig. 3. (a1) Low magnification ABF image for Fe3C NPs embedded in a carbon matrix and (a2) its particle size distribution. (b) ABF image of a core-shell nanostructure and insets 1/ 
2 corresponds to the FFT of Fe3C/few-layered graphene respectively. (c1) ABF and (c2) HAADF images for a representative interface of the core-shell nanostructure. The inset shows 
the FFT acquired from the yellow square region highlighted with a yellow square in Figure (c1). 

Fig. 4. (a) Magnetic hysteresis loops, (b) saturation magnetization, and (c) coercivity for densified samples between 500 and 800 ºC.  
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3.2. Magnetic properties 

Fig. 4a shows the hysteresis loops for samples densified at dif
ferent temperatures. A magnetic field of 30 kOe results enough for 
reaching the saturation magnetization. The values of saturation 
magnetization (Ms), coercive field (Hc), and remanent magnetization 
(Mr) are displayed in Table 1. The three regions discussed on XRD 
section analysis can be differentiated in Fig. 4b for Ms (T), and 4c for 
Hc (T), displaying a good correlation. The hysteresis loops related to 
the TR1 present a similar Ms ~21 emu/g, but the Hc goes from ~0.5 to 
~170 Oe with temperature. This magnetic hardening is in a good 
agreement with the presence of iron oxides at 500 °C and Fe3C 
emergence at 600 °C. In the TR2, it is obtained the highest Ms of 
61(2) emu g−1 and Mr of 12.8(7) emu/g−1, in agreement with the 
contribution of the α-Fe phase detected by Rietveld analysis. In 
terms of Hc, a consolidation of Fe3C is achieved with an abrupt in
crease up to ~485 Oe. The values of Ms obtained for the samples 
densified in the TR3 are 50.7(3), 42.9(3) and 42.1(2) emu g−1 re
spectively. This trend shows a stabilization of the Ms and an effective 
transformation from α-Fe into Fe3C is depicted, in agreement with 
Rietveld analyses predictions. Those values become completely 
stable at 750–800 °C. 

The devaluated Ms values for samples respect to the Fe3C are 
mainly due to the content of excess carbon from shells and matrix, 
which not being magnetic, both contribute to a decreasing of the Ms 

(emu g−1) by the sample mass normalization. Such Ms values can be 
renormalized (Ms

R), considering: (i) the compositional percentage 
from Rietveld analysis in Fig. 2(b1) and (ii) an approximated Ms bulk 
magnetic behavior for the Fe3C NPs synthesized in this work 
(~20 nm), neglecting surface affects, i. e., considering Fe3C cores 
hypothetically close to a Ms ~140 emu/g. The Ms

R for the samples 
belonging to TR2 and TR3, are shown in Table 1. The Ms values cal
culated for 650 and 700 ºC may would be overestimated by the α-Fe 
contribution not detected under the resolution of the technique or 
the bulk values considered to perform the estimations. Nevertheless 
750 and 800 ºC throws 139(5) and 137(4) emu g-1, close to bulk Fe3C 
value [12]. Despite being probably alike overestimated, since bulk 
approximation for cores neglect surface magnetic effects, this fact 
manifests consistent values for compositional percentages for Riet
veld analysis. In such a way, the Fe3C NPs has higher Ms than pre
dicted by taking into account the carbon matrix contribution, and 
they are perfectly competitive with the higher values that other 
authors have reported in literature [8]. 

Regarding the coercivity, it is constant with temperature from 
650 to 800 °C with a range value of 440–550 Oe, Table 1, according 
with the Fe3C nanosized value reported in literature [12]. 

We understand that this work constitutes the first step of this 
novel one-spot synthesis on the obtention of high purity Fe3C/few- 
layered graphene core-shell NPs. The products obtained highlight by 
its purity, controlled growth through carbon matrix, its surface 
passivated by the few-layered shell, and a good magnetic property 
making them perfectly competitive and applicable for the whole 
vanguard proposed applications existent for this nano sized Fe3C. In 
the future we hope to explore this sol-gel approach towards both the 
higher Ms of products reducing the quantity of surfactants 

introduced till no contaminant phases presence like α-Fe, and ex
plore how the ratio between OA and OY could modulate the NPs 
morphology. 

4. Conclusions 

In this report we have successfully stabilized a well-defined Fe3C/ 
few-layered graphene core/shell NPs as a single phase embedded in 
a carbon matrix by a novel sol-gel synthesis based on a two-step 
surfactant strategy, gelation, and densification, using OY and OA as 
surfactants. XRD data reveal the presence of FeO and Fe3O4 between 
500 and 600 ºC and a small contribution of α-Fe at 650 ºC. In turn, 
the progressive formation of Fe3C NPs occurs by carbothermal pro
cesses from 600 ºC. The optimal densification temperature to obtain 
the consolidation of the single phase Fe3C (cementite) is 700 ºC and a 
gradual crystallization of a tridimensional carbon matrix is identi
fied. The crystallization process of Fe3C is due to the effective ali
phatic C bonding from the surfactants with the increase of the 
densification temperature. The STEM analyses show that the particle 
size distribution is relatively homogeneous with an average particle 
size of 19.4(1) nm and with nearly spherical shapes. This finding is 
consistent with the crystallite size calculated by Rietveld analyses is 
23.6(5) nm and therefore, the NPs are single crystal. Interestingly, 
the high-resolution STEM images unveil that the NPs are coated by 
oriented few-layered graphene, passivating the Fe3C core with 
abrupt interfaces. The magnetic properties, Ms and Hc, displayed are 
in a good agreement with their values for the crystalline phases 
obtained at each temperature. The Ms and Hc values achieved in the 
range 750–800 ºC are ~ 43 emu/g and ~500 Oe respectively. 
Considering the large weight contribution of the carbon matrix of 
~70%, the Ms value of the Fe3C NPs is ~138 emu/g. This value is high 
and close to its theoretical Fe3C bulk value of 140 emu/g. Therefore, 
the two-step surfactant strategy is proposed to be an effective 
synthesis procedure to obtain competitive and potential magnetic 
properties displayed by the core/shell nanostructures embedded in a 
carbon matrix. 
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