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ABSTRACT: Application of iron fluoride, a promising candidate of
cathode materials for lithium ion batteries, is being hindered by its poor
electrochemical performance caused by low electronic conductivity and
large volume change. Design of carbon-encapsulated transitional metal
compounds (including fluoride, oxide, sulfide, etc.) structure is one of the
most effective strategies in improving their lithium-ion storage performance.
In this work, we successfully synthesize for the first time carbon-nanotube-
encapsulated FeF2 nanorods via a facile in situ co-pyrolysis of ferrocene and
NH4F. This kind of core/shell carbon nanotube/FeF2 nanorod exhibits
better cyclic stability and rate-performance used as cathode materials. Better
electrochemical performance of the nanorods should be attributed to the
protection of the carbon shell because, experimentally, it is observed that
outer carbon shells suffer from high internal stress during Li-ion insertion
but efficiently keep the nanorods in the one-dimensional morphology and make nanorods a good electrical contact with the
conductive carbon black. This work not only prepares high-performance core/shell carbon/iron fluoride cathode materials, but
should also open a facile pathway for design of various novel nanostructures of other metal fluoride/carbon core/shell structures
for future lithium-ion batteries.
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1. INTRODUCTION

Iron fluoride is one of the most potential candidates used as
cathode materials due to its high specific capacity, low cost, and
low toxicity.1−6 Theoretical capacities of FeF3 and FeF2 are ca.
712 and 571 mA h g−1, and their thermodynamic reduction
potential with Li are ca. 2.74 and 2.66 V, respectively.1−6 Many
iron fluoride nanocomposites or nanostructures have been
developed.1−6 However, iron fluoride has the inherent defect of
low electronic conductivity due to the high ionic state of Fe−F
bonds. To improve the electrochemical activity, most efforts
have been devoted to preparing carbon/iron fluoride
composites by high-energy ball-milling of iron fluoride and
traditional carbon materials such as carbon black, active carbon,
or graphite.1−3 With the development of nanocarbons,
composites of iron fluoride and novel nanocarbons such as
carbon nanotubes,7 ordered mesoporous carbons,8 and
graphene nanosheets9,10 have also been prepared. At present,
design of new carbon-based iron fluoride nanostructures is
becoming an interest topic.
Iron fluoride in carbon-based iron fluoride nanocomposites

obtained in previous reports will be directly exposed to the
electrolyte, so it may be difficult to form stable phase interface
between carbon and iron fluoride. Thus, volume change will
lead to exfoliation of iron fluoride from carbon or the current
collector and even to the structural collapse, ultimately resulting

in capacity fading and poor cyclic performance.11 Construction
of carbon-encapsulated transitional metal fluoride (TMF@C)
structure should be one of the most effective strategies in
improving the electrochemical performance of fluoride,12 which
has been used successfully to resolve the problems of both low
conductivity and pulverization of both anode13−19 and
cathode20,21 materials of transitional metal oxide, as shown by
our previous reports13,14 and other references.15−21 On one
hand, carbon shell with moderate electronic conductivity can
ensure good electronic transport during the cycling proc-
ess.13−21 On the other hand, a confined space of carbon shell
can not only efficiently buffer the volume change but can also
be helpful in forming a stable contact between active materials
and the inner surface of the carbon shell.13−21 However,
compared with facile preparation of carbon-encapsulated
transitional metal oxide nanostuctures by simple pyrolysis of
organic carbon sources, it is a big challenge to synthesize
TMF@C because metal fluoride will decompose in the higher
temperature, as described by Reddy et al.11 Reddy and co-
workers have also prepared carbon−FeF2 nanocomposites with
a more stable interface using CFx as inorganic carbon
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resources,11 but no FeF2@C core/shell nanostructures were
obtained. Prakash et al.12 also synthesized a complex carbon/
Fe/Fe3C/LiF nanocomposite by pyrolysis of a mixture of
ferrocene and LiF in which the carbon matrix is consisted of
multiwalled carbon nanotubes and carbon nano-onions; Fe and
Fe3C nanoparticles are encapsulated in the carbon matrix, while
LiF is only simply dispersed within the carbon matrix rather
than is encapsulated by carbon. Qiu et al. has prepared carbon-
nanotube-encapsulated CeF3 nanowires by an arc-discharge
method using graphite and CeF3 as raw materials,22 which is
only one case for a fluoride of a rare-earth metal, but it is
difficult to employ an arc-discharge method to synthesize
TMF@C nanostructures due to its high temperature during the
preparation process.22 Preparation of TMF@C has been very
limited until now, although it has take great efforts to prepare
carbon/transition metal−fluoride composites.1−3,7−12 Very
recently, He and co-workers reported the successful preparation
of FeF2@C nanorods by a one-pot thermal reaction using a
mixture of ferrocene and polyvinylidene fluoride as precursor.23

However, although perfect carbon-enecapsulation layers on the
FeF2 were formed, the carbon shell was so thick that lithium
ion diffusion into the composite was restricted.23 In addition,
FeF2 cores were fully filled in the carbon shells, so there was
not enough buffer space for volume expansion of FeF2 during
the lithiation reactions. These structural drawbacks mean that
the capability of carbon-encapsulated core−shell structures in
enhancing the electrochemical performance of FeF2 is not fully
activated. Therefore, it is still a challenge to design the TMF@
C cathode materials with more favorable microstructures for
lithium-ion diffusions.
Here, we report an in situ synthesis of carbon-nanotube-

encapsulated FeF2 nanorods (FeF2@CNT) by co-pyrolysis of
ferrocene and NH4F at 500 °C for 3 h (see detailed
Experimental Section), where the ferrocene is used as a carbon
and iron source, while the NH4F is used as a fluorine source.
Compared with previous work by He and co-workers,23

fluorine sources do not contain carbon elements, and carbon
sources are only from ferrocene in this work, so carbon content
in the C/FeF2 composites is largely decreased. More important,
as-prepared FeF2@CNT nanorods have more interesting
structures in which the outer CNT-coating layers have open
end points and soft walls, and inner FeF2 cores are not fully
filled in the CNT space. Soft CNT walls and unfilled space are
beneficial to buffer the volume change of FeF2 during the
lithiation/delithiation reactions, while open end points of outer
CNT-coating layers provide more accessible entry for lithium
ion diffusion into the composites. Therefore, as-prepared
FeF2@CNT nanorods not only exhibit a higher reversible
specific capacity but also have better rate-performance
compared with the electrochemical performance of FeF2@C
nanorods in the previous report.23 The approach used here is a
very facile and scalable one-step process that can yield large-
mass FeF2@CNT nanorods with high quality, so it is also
expected to be extended to prepare carbon-encapsulated other
transitional metal fluorides.

2. EXPERIMENTAL SECTION
2.1. Preparation of FeF2 Nanorods@Carbon Nanotube. The

FeF2@CNT nanorods were prepared by an in situ co-pyrolysis
method, which is an effective technology for preparation of
nanocarbon materials. In our previous work, we employed the
ferrocene and other compounds (heavy oil,24−26 durene,27,28 and
sulfur29) as sources via in situ co-pyrolysis in the autoclave to

synthesize various nanocarbons such as carbon-encapsulated Fe3C/Fe
nanocrystals,24−27 carbon-encapsulated FeS microspheres,29 and
quadrangular carbon nanotubes.28 Considering the decomposition
temperature of ferrocene (over 400 °C) and the temperature duration
of the autoclave, the in situ co-pyrolysis preparation of nanocarbons is
generally carried out in the range of 400−800 °C. Here, we used
ferrocene and NH4F as sources to prepare the FeF2@CNT nanorods
via a procedure similar to those in previous reports. Typically,
ferrocene (2.5 mmol) and NH4F (10 mmol) were mixed by grinding
in an agate mortar. Then, the mixture of ferrocene and NH4F was put
into a 30 mL autoclave. After the air in the autoclave was replaced
three times by pure Ar, the autoclave was sealed, and then the co-
pyrolysis was carried out by heating the autoclave to 500 °C at a rate of
5 °C/min and maintaining the temperature at 500 °C for 3 h. After the
reaction system cooled to room temperature, the obtained reaction
products were washed with deionized water and then with acetone to
remove the unreacted NH4F and small molecular species. The
obtained products were FeF2@CNT. Further, carbon nanotubes were
obtained after removing FeF2 cores in FeF2@CNT by HCl solution.
For investigating the formation process of FeF2@CNT, the other
products were also prepared by annealing the mixtures of ferrocene
and NH4F at 450 °C for 3 h and at 700 °C for 10 and 40 min,
respectively.

2.2. Characterization. The measurements on the bright-field
transmission electron microscope (TEM), high-angle annular dark-
field scanning transmission electron microscopy (HAADF-TEM)
images, and corresponding high-resolution transmission electron
microscope (HRTEM) images were carried out using Tecnai G2
F20 U-TWIN electron microscope with an accelerating voltage of 200
kV. Elemental dispersive spectroscopy (EDS) mappings were collected
from an attached EDAX SDD EDS detector on the electron
microscope (Tecnai G2 F20 U-TWIN) to determine the elemental
distribution of C, F, and Fe in the nanorods under 200 kV. The F Kα
peak often can be overlapped by the Fe Lα peak in EDS analysis.
Overlapping elemental peaks were separated by peak deconvolution
algorithms with an automatic routine in the EDS analysis sofware. The
samples for TEM and HREM observations were prepared by
dispersing the products in ethanol with an ultrasonic bath for 15
min, and then a few drops of the resulting suspension were placed on a
nickel grid.

Scanning electron microscope (SEM) observation was conducted
on a Hitachi S-4700 field emission scanning electron microscope.

X-ray diffraction (XRD) measurements were performed with a
Rigaku D/max-2500B2+/PCX system using Cu Kα radiation (λ =
1.5406 Å) over the range of 5−90° (2θ) at room temperature.

2.3. Electrochemical Measurements. The electrochemical
experiments were conducted in a CR2032 type cell, composed of a
lithium sheet and a working electrode. The lithium sheet was used as
both reference and counter electrodes. One molar LiPF6 solution in a
1:1 (volume) mixture of ethylene carbonate (EC) and dimethyl
carbonate (DMC) from Guotai Huarong Chemical New Material Co.,
Ltd., Jiangsu, China, was used as electrolyte. Working electrode was
prepared by the following process: First, a slurry was prepared by
mixing active mass (FeF2@CNT, 80 wt %), carbonaceous additive
(acetylene black, 10 wt %) and poly(vinylidene difluoride) (PVDF, 10
wt %). Then, the slurry was coated on the stainless steel plate. At last,
working electrode was obtained by drying the stainless steel plate
coated by slurry in a vacuum oven at 120 °C overnight and
subsequently pressing the plate under ca. 10 MPa. Morphology of
FeF2@CNT in the working electrode after pressing is observed by
SEM.

The cells were galvanostatically discharged (Li insertion) and
charged (Li extraction) in the voltage range from 1.0 to 4.2 V versus
Li/Li+ at various current densities from 50 to 1000 Ag−1. To observe
the morphology change of FeF2@CNT undergoing the discharge/
charge, the cell is open, and working electrode after cycling is also
investigated by SEM.
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3. RESULTS AND DISCUSSION
3.1. Morphology and Structure of FeF2@CNT Nano-

rods. Figure 1a exhibits the typical SEM image of the as-

prepared FeF2@CNT nanorods. The FeF2@CNT nanorods
own rod-like nanostructure with a length in the range of 2−4
μm and a diameter of 200−500 nm. The XRD pattern of
FeF2@CNT nanorods (Figure 2a) shows that all of peaks
belong to FeF2, indicating the high phase-purity of FeF2
obtained. It can be seen from SEM images (Figure 1a and
Figure S1, Supporting Information) that the nanorods have an
almost transparent shell under the electron beam. TEM image
(Figure 1b) also confirms the core/shell structure of the FeF2@
CNT. Furthermore, HRTEM images reveal that the shell is
composed of turbulent carbon layers (Figure 1c), and the inner
core region has a multicrystal structure (Figure 1d) in which
the lattice of 3.4 and 2.6 Å correspond to (110) and (101)
lattice spacing of FeF2, respectively. Besides, the observed end
point of the FeF2 nanorod is not fully coated by carbon shell.
HAADF-STEM images and elemental mapping (Figure 1e)

reveal the clearer inner structure and detailed elemental
distribution of the FeF2@CNT. Interestingly, HAADF-STEM
image of the nanowire shows the unfilled space of the inner
core, which corresponds to the low-contrast region in TEM

image (Figure 1b). It needs to be stressed that nanorods with
unfilled space can be seen frequently (Figure S2, Supporting
Information), which can be helpful to buffer the volume change
of FeF2 during Li storage.13,14 EDS measurement reveals that
FeF2@CNT is composed of C, Fe, and F elements (Figure S3,
Supporting Information). Elemental mapping images (Figure 1
e,iii−v) clearly demonstrate that carbon is detected weakly at
the core and in unfilled regions but strongly at the edge region,
and Fe and F elements are detected strongly in the core region
and away from shell and unfilled regions, indicating further that
there is no FeF2 in the unfilled region. These results indicate
that the core consisting of Fe/F compound is coated by a
carbon shell, which is in good agreement with bright-field
observation.
To analyze in detail the structure of shell, we removed the

FeF2 cores using HCl. The XRD pattern of the residual carbon
materials (Figure 2b) shows one peak at 26°, which should be
attributed to turbulent graphene layers of the carbon shells.
SEM images (Figure 3a,b) show that tube-like nanostructure of

Figure 1. (a) SEM image of FeF2@CNT obtained at 500 °C for 3 h,
(b) bright-field TEM images of a typical FeF2@CNT nanorod, (c)
HRTEM images of shell area in red box of image b, (d) HRTEM
image of core area in yellow box of image c, and (e, i) HAADF-STEM
image of the nanowire shown in image b, (ii) HAADF-STEM image in
blue box of image i and corresponding elemental mapping of (iii) C,
(iv) Fe, and (v) F.

Figure 2. XRD pattern of (a) FeF2@CNT obtained at 500 °C for 3 h
and (b) CNTs obtained after removing FeF2.

Figure 3. (a) SEM image of CNT obtained by removing the FeF2 in
FeF2@CNT nanorods, (b) SEM image in the selected area in image a,
(c) TEM image of CNT, and (d) HRTEM image of the wall of CNT
in the selected area of image c.
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carbon shell is well retained after the removal of FeF2.
Interestingly, it can be seen that the CNT shell can collapse
when losing the support of interior FeF2 rod, indicating that
CNTs own soft walls, which can provide an effective buffer for
volume changes caused by lithiation/delithiation when the
FeF2@CNT nanorods are used as electrode materials. More-
over, agreeing with the TEM observation of FeF2@CNT
(Figure 1b,d), the end point of the obtained CNT is open.
Compared with the closed end point of FeF2@C obtained by
annealing ferrocene and PVDF,23 the open end point of FeF2@
CNT can be more beneficial to the inward/outward diffusion of
Li ion in the iron fluoride.28 In addition, the TEM image shows
that the average thickness of the shell is ca. 10 nm (Figure 3c),
which is also thinner than that of carbon shells described in ref
23. The HRTEM image (Figure 3d) show that the wall of the
nanotube is a semigraphitic structure, which is consistent with
the above analysis (Figure 1b,e). FeF2 content in the FeF2@
CNT nanorods were calculated to be ca. 71 wt % by TG
measurement (Figure S4, Supporting Information).
3.2. Formation Mechanism of FeF2@CNT Nanorods. It

is very interesting to consider how the FeF2@CNT grows up
because this process involves not only the growth of iron
fluoride cores but also the formation of carbon shells coating
the cores. At 450 °C for 3 h, only short nanorods and
nanoparticles are found (Figure S5, Supporting Information).
The carbon shell on the particles is very thin or even lacking on
some particles. Therefore, the formation mechanism of FeF2@
CNT can be described by Figure 4. First, ferrocene will be

decomposed into clusters of iron and carbon atoms and
hydrocarbons24−28,30−32 (Figure 4b). Then, iron clusters will
react with NH4F into short FeF2 nanorods (Figure 4c). FeF2
may play the role of catalyst in the growth of carbon shells

(Figure 4d). Also, the catalytic ability of FeF2 is related to
temperature. At low temperature (450 °C), catalytic activity of
FeF2 is very low, and partial, bare, short nanorods are found. At
suitable temperature, the turbulent carbon shells will
preferentially form on the surface of FeF2, as shown in Figures
2 and 3. Even at 700 °C for 10 min, FeF2@CNT nanorods are
also obtained, and very interestingly, the nanostructures of
CNT-coated many FeF2 nanoparticles can be found easily due
to the shorter growth time (Figure 5 and Figure S6, Supporting
Information). Therefore, it can be deduced that the carbon
shells are grown first and then FeF2 nanoparticles are filled into
the hollow inner of carbon shells, as shown in Figure 4e, and
carbon shells play a crucial role of template in the subsequent
growth of one-dimensional FeF2 nanorods. Compared with the
closed end point and thicker shells formed in the reaction
system of ferrocene and PVDF, open end point and thinner
shells of FeF2@CNT are facile to be obtained in the system of
ferrocene and NH4F due to less carbon sources. However, at
700 °C and when time is prolonged to 40 min, FeF2 is
decomposed fully into α-Fe and even becomes Fe3C by
reacting with C (Figure S7, Supporting Information). These
results indicate that the appropriate reaction temperature for
FeF2@CNT nanorods should be limited in the range of 450−
700 °C. Here, we emphasize that the formation mechanism in
the case of FeF2@CNT is obviously different from the well-
known dissolution/precipitation mechanism of metal@C
nanostructures.24−27,31,32 Additionally, carbon-coated other
metal fluoride structures may also be prepared by a similar in
situ approach.

3.3. Electrochemical Performance of FeF2@CNT Nano-
rods. The electrochemical performance of FeF2@CNT was
evaluated by galvanostatic charge/discharge measurements.
Figure 6a shows the initial two charge/discharge curves of
FeF2@CNT electrode, which are very similar to the previous
reports.4,11,23,33 There are two lithiation regions in the initial
discharge curve. The first region is a slope from open circuit
voltage to ca. 1.6 V, which should be attributed to insertion of
Li ion into the Fe3+ impurities to form Li2xFe1−xF2.

4,33 The Fe3+

impurities may be attributed to the exposure of FeF2@CNT
nanorods to air. However, no obvious impurity phase is
observed in the XRD pattern (Figure 2a) due to the protection
of outer carbon shells, so the discharged specific capacity in the
first region is only ca. 25 mA h g−1, indicating no obvious Li-

Figure 4. Schematic illustration of formation process of FeF2@CNT
nanorods.

Figure 5. (a) SEM image of the sample obtained by co-pyrolysis of ferrocene and NH4F at 700 °C for 10 min, and (b) magnified SEM image of red
box in the image a, which shows that many aggregated FeF2 nanoparticles are coated in the thin CNT shell.
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intercalation reaction, which is also consistent with previous
reports.4,33 The second lithiation region in the first discharge
curve is a redox plateau at ca. 1.6 V, which should be attributed
to the conversion reaction from FeF2 to α-Fe.

4,11,23,33 However,
in the second discharge curve, the voltage plateau increases to
ca. 2.2 V, which is ascribed to the reduction of particle size after
the first lithiation of FeF2.

4 The charge voltage plateau keeps in
the range of 2.5 to 4.0 V for the first and second charge
processes, corresponding to the reconversion from α-Fe to
FeF2.

4,33 The first discharge capacity is ca. 352 mA h g−1 at 50
m A g−1, which is ca. 87% of theoretical capacity (405 mA h
g−1) of FeF2@CNT calculated via 571 mA h g−1 of FeF2
multiplied by its content of 71 wt % in the composite.
FeF2@CNT electrode exhibits better cycle stability and high-

rate performance. At 50 mA g−1, the first reversible capacity
(Crev) of FeF2@CNT is ca. 263 mA h g−1. After 50 cycles, there
is almost no capacity fading. At 100 mA g−1, the first Crev is ca.
221 mA h g−1 (Figure 6b), which is 84% of that at 50 mA g−1,
and the Crev remains 181 mA h g−1 after 50 cycles. It can be
found that at the smaller current densities, the specific
capacities of our FeF2@CNT nanorods is similar to that of
the FeF2@C nanorods in He and co-workers’ work (Table S1,
Supporting Information),23 where the first reversible capacities
at 50 and 100 mA g−1 were 314 and ca. 200 mA h g−1,
respectively. However, the capacity of FeF2@C nanorods at 50
mA g−1 was decreased into 217 mA h g−1, indicating that our

FeF2@CNT nanorods own better cycling stability. In addition,
the cycling performance of core/shell FeF2/C nanocomposites
shown both in our work and in He and co-workers’ work23 is
better than that of bare iron fluoride and iron fluoride/C
composites without a core/shell structure (Table S1,
Supporting Information). For example, in previous reports,
the FeF3 nanowires

34 or FeF2/CFx composites
11 exhibit higher

initial Crev, but they suffer from fast capacity fading. For
example, Crev of reported FeF2/CFx composites can reach 422
mA h g−1 at the first cycle but fade quickly to 171 mA h g−1

after 25 cycles at 22.7 mA g−1 in the voltage window of 1.3−4.3
V at 25 °C.11 FeF3 nanowires without carbon coating yield a
capacity as high as 543 mA h g−1 at the first cycle and retain a
capacity of 223 mA h g−1 after 50 cycles at 50 mA g−1 at room
temperature.34

Moreover, at the higher current densities, the electrochemical
performance of our FeF2@CNT nanorods is much better than
that of the FeF2@C nanorods in He and co-workers’ work.23 At
500 mA g−1 and 1 Ag1−, the first reversible capacities of FeF2@
CNT nanorods are still up to 153 mA h g−1 and 133 mA h g−1,
respectively. However, the reversible capacities of FeF2@C
nanorods23 at 500 mA g−1 and 1 Ag1− were ca. 100 and 50 mA
h g−1, respectively, which are obviously lower than those of
FeF2@CNT nanorods. After 50 cycles, the reversible capacities
of FeF2@CNT nanorods at 500 mA g−1 and 1 Ag1− remain at
124 and 92 mA h g−1, which are 81 and 69% of the
corresponding first Crev, respectively, indicating better cyclic
stability at high-rate. In addition, the rate-performance of
FeF2@CNT nanorods here is even comparable with those of
graphene/CNT-based FeF3 cathode materials (Table S1,
Supporting Information).7,9,10

Based on the analysis of electrochemical performance, better
cyclic stability and rate-performance of FeF2@CNT nanorods
should be attributed to the protection of CNT shells and their
special microstructures, including unfilled inner-space and open
end points. On one hand, open end points and thinner walls of
the CNT shells, as well as unfilled space of FeF2@CNT
nanorods in this work, can favor the diffusion of Li ions, while
thick carbon shells and complete coating of FeF2@C will block
the diffusion of Li ions into the composite.23 Therefore, here,
FeF2@CNT nanorods exhibit much a better rate performance
than that of FeF2@C nanorods.23 On the other hand, FeF2@
CNT nanorods retain their stable structures, which is beneficial
to the improvement of cyclic stability during the discharge/
charge processes. Before cycling, SEM image of FeF2@CNT
are laid on the plate (Figure 6c). And some inner FeF2
nanorods have been snapped off under the pressure of 10
MPa (see the Experimental Section), but outer carbon shells
remain intact due to their flexible structure, as shown in the red
box of Figure 4c. After 50 cycles, the FeF2@CNT remains the
morphology of one-dimensional nanorods (Figure 6d), and a
clearer SEM image (yellow box of Figure 6d) shows that a
crack appears on the carbon shell, implying the high internal
stress during Li-ion insertion. However, the nanorods still keep
good electrical contact with the conductive carbon black,
indicating that outer flexible carbon shells and unfilled inner-
space can efficiently buffer phase transformation of FeF2 and
prevent the active materials from falling off the electrode.

4. CONCLUSION
In summary, FeF2@CNT nanorods have been synthesized
successfully via a facile in situ co-pyrolysis of ferrocene and
NH4F. When they are used as cathode materials for LIBs,

Figure 6. (a) The initial two charge/discharge curves and (b) cycling
performance of FeF2@CNT at various current densities, and SEM
images of FeF2@CNT electrode plate (c) before and (d) after charge/
discharge of 50 cycles at the current density of 50 mA g−1.
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FeF2@CNT nanorods exhibit a higher specific capacity, better
cyclic stability and better high-rate performance, which should
be attributed to the protection of the CNT shell and special
microstructures of FeF2@CNT nanorods, including unfilled
inner-space and open end point. These novel core−shell
structures are also expected to be applied in supercapacitors
and catalysts, for example.
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