
Nanotechnology

PAPER

Confined space self-propagating room
temperature synthesis of carbon-encapsulated
Fe3O4 nanocrystals and its lithium storage
performance
To cite this article: Boyang Liu et al 2019 Nanotechnology 30 435603

 

View the article online for updates and enhancements.

Recent citations
Toward materials-by-design: achieving
functional materials with physical and
chemical effects
Kunfeng Chen et al

-

This content was downloaded from IP address 159.226.231.70 on 13/04/2020 at 01:42

https://doi.org/10.1088/1361-6528/ab3312
http://iopscience.iop.org/0957-4484/31/2/024002
http://iopscience.iop.org/0957-4484/31/2/024002
http://iopscience.iop.org/0957-4484/31/2/024002
https://googleads.g.doubleclick.net/pcs/click?xai=AKAOjstdHh9nhc2vBOCf3IiGTLz9FAuu86M2BTi1ZkWBjE28Eefb_gv40tBeon89dPeyrPDLQHRJnACG953kJj2pauisM9EgoFKkNXpYp-sh9aL8_HD3YpLj9fZR8sQtTiyNZEJJ2cgcaRSJic1jd5bRFs00RaGqavrwpNg3j7VTko1PpXEVY5OVWevlBGa3YOt4ZK_HzqfW6NTN1IZdWZy8eaYoAQ4HKGP625WeH4hBWNp0tlXT0KFM&sig=Cg0ArKJSzBE7Y6nQwluh&adurl=http://iopscience.org/books


Confined space self-propagating room
temperature synthesis of carbon-
encapsulated Fe3O4 nanocrystals and its
lithium storage performance

Boyang Liu1,4 , Shuyu Ke1, Jianwei Lin2,4, Yuliang Zhang1, Xiqin Zhang1,
Shengchang Yan1, Qi Yu1 and Yingfeng Shao3

1College of Ocean Science and Engineering, Shanghai Maritime University, Shanghai 201306, People’s
Republic of China
2 College of Marine Ecology and Environment, Shanghai Ocean University, Shanghai 201306, People’s
Republic of China
3 State Key Laboratory of Nonlinear Mechanics, Institute of Mechanics, Beijing 100190, People’s Republic
of China

E-mail: byliu@shmtu.edu.cn, jwlin@shou.edu.cn, 423782932@qq.com(Shuyu Ke), ylzhang@shmtu.edu.
cn, xqzhang@shmtu.edu.cn, yanshengchang123@qq.com, 476821830@qq.com(Qi Yu) and shaoyf@lnm.
imech.ac.cn

Received 28 April 2019, revised 25 June 2019
Accepted for publication 17 July 2019
Published 12 August 2019

Abstract
A self-propagating reaction between ferrocene and iron nitrate nonahydrate that is initiated at
room temperature is discovered. Amorphous carbon-encapsulated Fe3O4 nanocrystals
(Fe3O4@C) can be one-step prepared in an autoclave through this reaction. The equiaxed Fe3O4

nanocrystals have typical dimensions in the range of 5–60 nm with a median size of 24.1 nm, and
their weight percent is up to 82.3%. The course of the reaction is recorded, and the formation
mechanism of Fe3O4@C with the core–shell structure is proposed. The scaling-up synthesis is
also achieved, and 52.1 g of the Fe3O4@C can be obtained in a single batch. The shock wave
appeared in the fast gas release self-propagating reaction in confined space plays a decisive role
in the preparation of homogeneous Fe3O4@C with a core–shell structure. The Fe3O4@C anode
shows excellent capacity retention with a high specific capacity of 494 mAh g−1 at 1 A g−1 in the
200th cycle.

Supplementary material for this article is available online

Keywords: carbon-encapsulated Fe3O4 nanocrystals, core–shell, self-propagating synthesis,
lithium-ion batteries

(Some figures may appear in colour only in the online journal)

1. Introduction

Carbon-encapsulated Fe3O4 nanocrystals (Fe3O4@C)
improves the distinctive properties over its single components
and has broad range applications such as energy storage,
optical devices, drug delivery, recyclable catalyst support and

is adsorbent [1–3]. However, its practical application is still
restrained by the complicated laboratory-scale preparation
process with high cost and low throughput [4]. In this case,
hydrothermal treatment can be regarded as the simplest
strategy at present and intensively utilized for one-step
preparation of Fe3O4@C, generally using ferric salts and
glucose as the precursors [5]. The glucose can dehydrate and
aromatize, and eventually convert to a carbon shell below
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200 °C, which is a very low operating temperature for pre-
paring carbon nanomaterials. But the long dwelling time and
the unsatisfied microstructure homogeneity are the main
constraints for scale-up fabrication. Therefore, ongoing
research efforts are still needed to develop a time-effective,
low energy consumption and inexpensive method for indus-
trial-scale mass production. In our previous publications, a
common oxidation route is proposed for the synthesis of
carbon-encapsulated nanocrystals via a moderate detonation
reaction of the organometallic compounds with oxidants
below 200 °C [6–8]. The synthetic approach involves the
oxidation removal of hydrogen from the organics and in situ
generation of carbon shell. It is speculated that the stronger
oxidant is inclined to further reduce the reaction temperature,
and thus iron nitrate nonahydrate (Fe(NO3)3·9H2O) is used
instead to react with ferrocene (Cp2Fe) in this paper. It is
surprisingly found that the reaction can take place at room
temperature with large amounts of heat and gas release,
leading to a quite simple procedure to form Fe3O4@C in an
autoclave. We also prove that the Fe3O4@C is a high-per-
formance anode material for lithium-ion batteries owing to its
excellent cycling stability and rate capability.

2. Experimental section

2.1. Sample preparation

The operation procedure is quite simple and easy to handle.
Typically, 5 mmol of Cp2Fe and 6.25 mmol of
Fe(NO3)3·9H2O were placed in a 50 ml autoclave with a
maximum pressure of 10MPa and kept at room temperature
(ca. 32 °C) for 30 min. Then, the resulting powder was rinsed
with ethanol, magnetically isolated and finally dried at 80 °C.

The mass production of the Fe3O4@C was also carried
out. 46.5 g of Cp2Fe and 126 g of Fe(NO3)3·9H2O were
mixed and put into a 5 l autoclave, which was kept at room
temperature for 30 min. During this process, a strongly exo-
thermic reaction took place with a sudden pressure increase
and a rapid temperature rise. After cooling down, the black
powder was collected and washed with deionized water.
Finally, 52.1 g of Fe3O4@C was obtained in a single batch.

2.2. Characterization

The phase structure of the Fe3O4@C was characterized by an
x-ray PANalytical X’Pert PRO diffractometer (XRD) with a
Cu Kα source and a Bruker micro Raman spectrometer with a
532 nm excitation, respectively. The surface morphology and
elemental analysis were investigated by a JEOL JSM 7500F
scanning electron microscope (SEM) with an attached EDAX
energy dispersive spectrometer (EDS). The microstructure
was visualized by a JEM 2010 transmission electron micro-
scope (TEM). Differential scanning calorimetry (DSC) and
thermogravimetric (TG) analysis were carried out on a
simultaneous thermal analyzer NETZSCH 449 F3 with a
ramp rate of 5 °C min−1 at ambient atmosphere to determine
the carbon content in the Fe3O4@C. NETZSCH DSC 204F1

was also employed to analyze the reaction of the starting
materials in the autoclave using a sealed aluminum pan. The
thermal behavior during the reaction was recorded by an
FLIR E40 thermal imaging camera. The main components of
the exhaust gas in the autoclave were measured by a flue gas
analyzer (MRU Vario Plus, Germany).

2.3. Electrochemical measurement

As the active material, 80 wt% Fe3O4@C was evenly mixed
with 10 wt% Super P carbon black and 10 wt% poly-
vinylidene difluoride (PVDF) in N-methyl-2-pyrrolidone
(NMP) for 24 h. The homogeneous slurry was then coated on
the Cu foil, which was dried in a vacuum at 120 °C for the
following coin cell assembling in the Ar-filled glovebox. The
mass loading of the Fe3O4@C on the foil was about
2 mg cm−2. The lithium foil and microporous polypropylene
film was used as the counter electrode and separator,
respectively. The electrolyte was made up of 1.0 M LiPF6 in a
solution of ethylene carbonate (EC)/diethylene carbonate
(DEC) (1:1 by volume) with 8 wt% fluoroethylene carbonate
(FEC). The cycling stability and rate performance of the cells
were measured at 25 °C using a Neware battery testing
equipment in the voltage of 0.01–3 V. The cyclic voltam-
mogram (CV) was recorded on an electrochemical work-
station (CHI 630 A) at a scan rate of 0.5 mV s−1 between 0.01
and 3 V. After the cycling test, the coin cell discharged at a
current density of 1 A g−1 was disassembled in an argon-filled
glovebox, and the activated material was rinsed with an
electrolyte and taken out for the SEM and TEM observation.

3. Results and discussion

The as-prepared powder dispersed in an aqueous solution can
be vertically attracted by a magnetic bar due to the existence
of Fe3O4 phase in the powder (figure S1, supplementary
material is available online at stacks.iop.org/NANO/30/
435603/mmedia), which can be obviously proved by the
sharp characteristic diffraction peaks of cubic phase Fe3O4

(JCPDS card no. 19-0629) in the XRD pattern (figure 1(a)).
However, there are not carbon diffraction peaks in this profile,
suggesting that no crystalline carbon is formed in the process
on account of the low inner reactor temperature and short
reaction time during the synthesis. And the typical high-
intensity D-band in the Raman spectrum clearly demonstrates
that the carbon shell is amorphous (figure 1(b)). SEM images
indicate the agglomerated nanoparticles are the major product
and have core–shell structure due to the obvious white cores
under the carbon layer (figures 1(c) and (d)). The EDS
spectrum of these nanoparticles in the SEM image further
confirms that Fe, O and C are the only elements in the powder
C (figure 1(e)), corresponding well to the Fe3O4@C. The
DSC-TG curves of the Fe3O4@C in air are shown in
figure 1(f). The 14.2% weight loss started at about 335 °C
associated with a strong exothermal peak is owing to the
complete oxidation of carbon shell and the simultaneous
oxidation of Fe3O4 to Fe2O3. On the basis of the remaining
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Figure 1. (a) XRD pattern, (b) Raman spectrum, (c), (d) SEM images, (e) EDS spectrum, (f) DSC-TG curves at ambient atmosphere, (g), (h)
TEM images with size distribution histogram (inset) of the Fe3O4@C.
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85.1 wt% of Fe2O3 after the complete reactions of Fe3O4@C
in the TG curve, the content of Fe3O4 nanocrystals in the
nanocomposite is calculated to be 82.3 wt%. Thus, the carbon
content should be 17.7 wt%. On the assumption that the
carbon and Fe atoms in the reactants are completely converted
to Fe3O4@C, the weight percent of carbon in the resulting
powder should be as high as 40.9 wt%. It indicates that the
cyclopentadienyl rings in ferrocene partially burn as fuels to
maintain the self-sustainable reaction. As a result, the Fe3O4

content is relatively high in the nanocomposite, which has a
favorable effect on improving the theoretical capacity of the
anode material. The TEM image of figure 1(g) reveals that
most nanocrystals have an equiaxed morphology mainly
concentrated in the 5–60 nm. The median crystal size is
24.1 nm as derived from the cumulative size distribution
curve. The thin amorphous carbon shell of 2 nm with dis-
ordered carbon fringes is distinctly observed on the Fe3O4

nanocrystals (figure 1(h)). Accordingly, the simple method is
valid for one-step preparation of the Fe3O4@C.

The DSC curve of pure Fe(NO3)3·9H2O in the sealed
pan is displayed in figure 2(a). The onset point of the endo-
thermic peak is about 49.3 °C, corresponding well to the
melting point of Fe(NO3)3·9H2O. However, the reaction
behavior of Cp2Fe with Fe(NO3)3·9H2O is quite different, as
shown in figure 2(b). The endothermic peak has an onset
point of 29.7 °C, which is much lower than the melting point
of pure Fe(NO3)3·9H2O, hence illustrating that the reaction
can take place at room temperature. In fact, the colorless
Fe(NO3)3·9H2O particles will very rapidly become dark
blue spherical droplets when in contact with Cp2Fe powder
owing to the fast oxidation of yellow Cp2Fe to blue
Cp2FeNO3 (figure S2) [9, 10]. The Cp2FeNO3 is soluble in
water and the solution color switches from blue to dark
depending on its concentration, as evidenced by the course of
dissolution in figure S3. Therefore, it is suggested that the
Cp2FeNO3 will dissolve in the hydrated melt phase and dis-
persed as droplets, corresponding to the endothermic peak.
With the temperature increases, the strong exothermic peak
started at 47.8 °C should be attributed to the subsequent
oxidation of the dissolved Cp2Fe

+.
The detailed formation mechanism in an open bottle is

discussed according to the real-time video image capture, as

shown in figure 3. During the mixing, the reactant powder
mixture immediately turned dark and sticky (figure 3(a1)),
corresponding to an endothermic reaction indicated by the
blue lower-temperature area at the bottom (figure 3(a2)).
Then, the mixture gradually melted and consistently absorbed
heat, which is in accordance with the DSC result
(figures 3(b1), (b2)). After 600 s, the temperature of the
melted mixture began to self-increase and locally reached a
maximum value of 39.3 °C at 670 s (figures 3(c1)–(d2)). It is
considered that the Cp2Fe

+ molecule would be cleaved by the
strong oxidant, and the Cp ligand underwent oxidation so as
to yield heat during this period. In the following several
seconds, an exothermic eruption was drastically initiated by
the cumulative heat with large amounts of heat and gas
released (figures 3(e1)–(f2)). The reddish-brown gas that had
a characteristic biting odor could be deemed as NO2. The
highest bottle temperature rapidly rose to 324 °C at 690 s and
immediately cooled down to 240 °C at 717 s (figure S4).
These observations prove that it can be referred to as self-
propagating synthesis conducted at room temperature. After
reactants mixing and melting, some parts of the sample were
locally heated by the oxidation-induced reaction, and then a
wave of exothermic reaction was thermally activated and fast
swept through the remaining material. When the reaction took
place in an autoclave, the large amount of heat and gases were
confined in the space and cannot be released to the external
environment, probably forming a propagating shock wave.
The inner sudden high pressure and temperature would
completely destroy the liquid intermediate phase into reactive
radical species, which self-assembly transformed into the
core–shell structure [11]. In addition, when the strong nitrate
radical oxidized the hydrogen in the Cp ligand, the carbon
shell was well preserved because the inadequate oxygen
content in the autoclave and short high-temperature dwelling
time could significantly alleviate its further oxidation. The
small Fe3O4 nanocrystals were obtained associated with the
minimized diffusion at the relatively low temperature. The
carbon shell surrounding the Fe3O4 nanocrystals also inhib-
ited the crystal growth. Consequently, the synthesis schematic
is summarized in figure 4. After the synthesis, an exhaust gas
stream of CO, CO2, NO, NOx and NO2 was qualitatively
detected while evacuating the autoclave (figure S5). In

Figure 2. DSC curves of (a) pure Fe(NO3)3·9H2O and (b) the reactants in sealed pans.
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Figure 3. The reaction behavior in an open bottle recorded by video image capture. (a1), (b1), (c1), (d1), (e1), (f1) The optical photographs.
(a2), (b2), (c2), (d2), (e2), (f2) The thermal images.

Figure 4. The synthesis schematic of the Fe3O4@C.

5
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addition, a strong ammonia smell was identified after opening
the autoclave, meaning that the nitrate radical was markedly
reduced in the reaction. The whole chemical equation is
proposed as follows:

+ 
+ + + +

C H Fe Fe NO 9H O Fe O @C
H O NH CO NO .

5 5 2 3 3 2 3 4

2 3 x x

( ) ( ) ·

When the synthesis was carried out in an open bottle at
ambient atmosphere, the as-prepared black powder could also
be totally attracted by a magnet bar (figure 5(a)), implying
that Fe3O4 formed through the self-propagating reaction.
However, the DSC-TG curves in figure 5(b) carried out in air
reveal that the powder weight loss during the oxidation is
only 3.1%, demonstrating the carbon content is very low in
the powder. Therefore, most carbon had been oxidized in the
synthesis process because the highest temperature was a little
higher for amorphous carbon burning in the oxygen-rich
atmosphere. The low magnification SEM image in figure 5(c)
shows that the powder has a porous sponge-like morphology,
owing to the large amount of gases escaping and short
combustion duration. And the powder actually consists of
agglomerated equiaxed and irregular-shaped interconnected
nanoparticles with a size larger than 100 nm according to high
magnification image (figure 5(d)). The morphology of the
Fe3O4 nanoparticles fabricated in the open bottle is highly
similar to those prepared by the conventional low temperature
sol-gel combustion reaction of iron nitrate nonahydrate with
citric acid, urea or glycine at ambient atmosphere [12–14].
Thus, the sample uniformity was not good using the open

vessel and the Fe3O4 nanoparticles tended to grow larger
without the carbon shell. Conversely, in an autoclave, the
shock wave with large energy would completely break down
the reactants into small atomic radical species, which uni-
formly filled the entire space blown by the large amount of
gases and subsequently recombined for the core–shell struc-
ture. The process is very much identical to the detonation
synthesis in the sealed vessel for the appropriate generation of
small equiaxed nanocrystal cores with carbon shell, because
both the nucleation and crystal growth take place in a very
short time at a high temperature and pressure [15]. In sum-
mary, this self-propagating reaction between Cp2Fe and
Fe(NO3)3·9H2O with a formation of shock wave in the
confined space plays a decisive role for the preparation of
homogeneous Fe3O4@C. But the size uniformity of the Fe3O4

nanocrystals and carbon shell is currently difficult to control
since the reaction is fairly violent and completed in a very
short time. It is speculated that the more reactants in the
confined space, the larger Fe3O4 nanocrystals and thicker
carbon shell will be obtained. When the weight of the reac-
tants is increased, the reaction becomes more violent and the
adiabatic combustion temperature in the autoclave will be
greatly raised, which favors the crystal growth. Moreover, the
large quantity of radical species in the confined space will
frequently collide with each other and aggregate together for a
large-size core–shell structure. However, huge gas emission
in the reaction leads to a high pressure in the autoclave and
safety should be a primary concern.

Figure 5. (a) The powder prepared in an open bottle was attracted by a magnet bar. (b) The DSC-TG curves of the powder carried out in air.
(c), (d) The SEM images of the as-prepared powder at different magnifications.
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Based on the typical self-propagating reaction, the
synthesis procedure is able to be handled in ambient condition
at about room temperature. To the best of our knowledge, it is
the lowest initial reaction temperature to form carbon shell
regardless of the oxygen in the reactor. Since the heating
source is not essential, only a temperature-resistant pressure
vessel is adequate for the very short-time reaction. The scal-
ing-up synthetic parameters are unaffected as exemplified by
the mass fabrication of 52.1 g of Fe3O4@C via the reaction of
46.5 g of Cp2Fe and 126 g of Fe(NO3)3·9H2O in a 5 l

autoclave in 30 min (figures 6(a) and (b)). During the synth-
esis, the pressure in the autoclave firstly suddenly rose to
nearly 8MPa, then the inner temperature rapidly increased to
a maximum value of 184 °C in 1 min due to the considerable
heat liberated by the strongly exothermic reaction (video 1). It
is further proved that a shock wave can appear in the fast gas
release self-propagating reaction conducted in the confined
space, which is helpful for the formation of core–shell
structure. The corresponding XRD and SEM results are
shown in figures 6(c) and (d). The Fe3O4 nanocrystals and

Figure 6. (a), (b) The photographs of the as-prepared Fe3O4@C fabricated in a 5 l autoclave. (c) The XRD pattern and (d) the SEM image of
the Fe3O4@C.

Figure 7. The electrochemical properties of the Fe3O4@C anodes for lithium-ion batteries. (a) CV curve; (b) the initial three voltage profiles
at a current density of 100 mA g−1; (c) the discharge capacity at different current densities; (d) the discharge capacity of three individual cells
at various rates.
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core–shell structure are achieved. Otherwise, no extra useless
elements are included in the reactants, making that the
Fe3O4@C can be easily collected without tedious purification
procedure for eliminating the contaminants. The ferrocene is
also abundantly available in China with an affordable price
about 6000 dollars per ton, meaning that the raw materials are
inexpensive to obtain. For these reasons, the process is very
simple, highly efficient and suitable for the large-scale fab-
rication, which has broad practical applications in industry
and commerce.

The electrochemical properties of the Fe3O4@C anode
are provided in figure 7. The first three CV curves of the
Fe3O4@C in figure 7(a) shows a pair of redox peaks located

at 0.5 and 1.7 V in the first cycle, respectively. The reduction
peak should be ascribed to both the irreversible formation of
solid electrolyte interphase (SEI) layer and the lithiation
reaction of Fe3O4 (Fe3O4+8Li++8e→Fe0+4Li2O),
while the oxidation peak comes from the delithiation reaction
[16]. In the next two cycles, the CV curves become stable and
exhibit good reversibility, implying that the carbon shell can
help prevent the surface contact of Fe3O4 nanocrystals with
the electrolyte and protect the interior Fe3O4 structure. The
discharge/charge voltage-capacity profiles at a current den-
sity of 100 mA g−1 are illustrated in figure 7(b). In the first
cycle, the Fe3O4@C has a flat discharge plateau at 0.85 V
with a very high capacity of 1486 mAh g−1. As a common

Figure 8. (a) The cycling stability and Coulombic efficiency of the Fe3O4@C anode at a current density of 1 A g−1 for 200 cycles; (b), (c) the
SEM and (d), (e) the ex situ TEM images of the Fe3O4@C anode after 200 cycles.
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drawback for the Fe3O4 anode, the initial Coulombic effi-
ciency is as relatively low as 68%, which is probably asso-
ciated with the capacity loss during the formation of SEI film
and irreversible phase conversion from Fe3O4 to FeO
[17, 18]. The amorphous carbon shell with lots of defects and
relatively high surface area also results in the low Coulombic
efficiency at the initial stage [19]. But the Coulombic effi-
ciency greatly increases to 95% in the third cycle and remains
nearly 100% after the 10th cycle, which suggests a facile
lithium insertion/extraction associated with efficient transport
of ions and electrons in the Fe3O4@C anode. The discharge
capacities of the Fe3O4@C at different current densities are
displayed in figure 7(c). The capacity can be retained as high
as 851 mAh g−1 at 100 mA g−1 in the 50th cycle. Moreover,
the superior reversibility of the Fe3O4@C is indicated by the
almost-horizontal curves after five cycles even at high current
densities, and the capacity is equivalent to 471 mAh g−1 at
2000 mA g−1 after 50 cycles. The rate capabilities of three
individual cells are also measured by stepwise increasing the
current density from 100 to 2000 mA g−1 (figure 7(d)). The
capacity suddenly lowers when the current rate is increased
and soon becomes stable in the following ten cycles. The
three similar curves demonstrate that the microstructure of the
Fe3O4@C is homogeneous. The capacity in the every tenth
cycle (red curve) is 800, 649, 473, 360 and 244 mAh g−1

using a current density of 100, 200, 500, 1000 and
2000 mA g−1, respectively. Additionally, a capacity of
758 mAh g−1 is rapidly recovered as the current finally
returns back to 100 mA g−1. Consequently, the carbon shell is
promising for the excellent cyclic capacity retention of the
Fe3O4 anode by stabilizing the microstructure of the Fe3O4

nanocrystals during the charge/discharge process.
In order to further evaluate the stability of the Fe3O4@C

anode, the long-term cycling performance was carried out at a
current density of 1 A g−1 for 200 cycles, as shown in
figure 8(a). After ten cycles, the discharge capacity of the
Fe3O4@C becomes stable with the value holding at
588 mAh g−1 and the corresponding Coulombic efficiency

increases up to 98.5%. In the subsequent cycles, the high
Coulombic efficiency of nearly 100% is maintained, while the
discharge capacity has a slight decay in each cycle and still
retains 494 mAh g−1 in the 200th cycle. It is indicating that
the cycling performance of the Fe3O4@C anode is very
excellent, owing to the good structural stability of the core–
shell structure. The morphology of the Fe3O4@C anode after
200 cycles is also studied by SEM and TEM. In the low
magnification SEM image (figure 8(b)), the surface of the
anode film is quite smooth and only a few cracks can be
observed (indicated by the black arrows) without any peel off
from the Cu foil, suggesting that the anode film is sufficiently
durable even in the long-term charge/discharge process
because the carbon shell can effectively suppress the volume
expansion and pulverization of the Fe3O4 nanocrystals. This
can be strongly proved by the large number of core–shell
structures (indicated by the black arrows) in the high mag-
nification SEM image (figure 8(c)). Additionally, the ex situ
TEM analysis was performed, the undamaged core–shell
structure can be easily found in the large region image
(figure 8(d)). Notably, some hollow cavities between the inner
Fe3O4 core and outer carbon shell are revealed in the high-
resolution TEM image (figure 8(e)). The volume expansion of
Fe3O4 is calculated to be 93% under full lithiation [20].
Hence, the carbon shell periodically suffers from tensile stress
during the cyclic test, which will be enlarged after long cycles
due to the cyclic fatigue damage [21]. Nevertheless, the car-
bon shell can adequately embrace the Fe3O4 nanocrystal cores
after lithiation and play a major role in maintaining the
mechanical and electrical integrity. Considering that there
have been many reports on the application of Fe3O4@C as a
cost-effective anode material for lithium-ion batteries, the
representative capacities of the pure Fe3O4 and Fe3O4@C
anodes at different current densities in the voltage of 0–3 V
are summarized in table 1. It is well documented that the
capacity of bare Fe3O4 nanoparticles decreases very fast
during the course of the initial few cycles, which makes it
impossible to be used individually as the anode material

Table 1. The literature review of the capacity of pure Fe3O4 and Fe3O4@C anode in the voltage of 0–3 V.

Materials Current density (mA g−1) Cycle number Capacity (mAh g−1) References

Fe3O4@C 100 50 851 This work
500 50 621
1000 200 494

Fe3O4@nitrogen-doped carbon 100 50 848 [4]
Bare Fe3O4 nanoparticles (20 nm) 924 38 260 [5]
Fe3O4@C 924 50 784
Bare Fe3O4 nanoparticles (20 nm) 1000 40 240 [17]
3D Fe3O4@C 1000 50 500
Fe3O4@C in 2D carbon nanosheet 1000 100 998
Bare Fe3O4 100 100 93 [22]
Fe3O4/graphene 100 100 650
Fe3O4@C 100 50 826 [24]

500 50 600
Fe3O4@graphene 900 147 960 [25]
Hollow Fe3O4@graphene 100 50 900 [26]
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[5, 17, 22]. With the combination of carbon materials, the
cyclic stability is greatly improved even in the large current
density due to the unchanged morphology of the core–shell
structure during the discharge/charge cycles. Owing to the
different carbon content in the composite, different capacity
values of the Fe3O4@C anode have been displayed. Most
Fe3O4@C anodes have a capacity of 800–900 and
500–800 mAh g−1 after 50 cycles at the current density of 100
and 1000 mA g−1, respectively, which are comparable with
our results [23]. In addition, to date, this novel one-step
preparation procedure for Fe3O4@C is the simplest and most
efficient. The room-temperature carbon encapsulation and
scalable preparation are also strong supports for the practical
application of the Fe3O4@C anode.

4. Conclusion

The Fe3O4@C is successfully prepared through the self-pro-
pagating reaction of Cp2Fe with Fe(NO3)3·9H2O in the
autoclave. The room temperature initiated reaction strongly
releases a considerable amount of gas and heat in a short time.
The instantaneously raised temperature and pressure in an
autoclave will cleave the reactants into small reactive species,
which further turns into the core–shell structure. The carbon
encapsulation can effectively improve the cycling stability
and rate performance of the Fe3O4. As a result, the method is
also desirable for the large-scale preparation of the Fe3O4@C
and will facilitate its potential applications in energy storage
and environmental remediation.
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