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This article reports a solvothermal method to fabricate sub-micrometer hematite «-Fe, O3 hollow sphere,
and Fe;04—C sphere is obtained with further carbothermal reduction process. The key trick of the
solvothermal method is to use crystal water of the raw material Fe(NO3)3-9H,0 as the water phase
in the water/oil “micro-reactor” system. Interestingly, one hole is found on the surface of almost each a-
Fe,03/Fe304 hollow sphere. The obtained material is characterized by X-ray diffraction, scanning electron

microscopy, transmission electron microscopy, Brunauer-Emmer-Teller analysis, elemental analysis and
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its electrochemical properties are also studied. This Fe3;04—C composite material shows a high reversible
capacity of 917.3mAhg ' at 90 mAg', 849.3 mAhg-! at 9000mA g, and can be employed as excellent
anode material for high energy-density lithium ion battery.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

In the last two decades with the increasing demand in the
electronic market, many research groups are engaged in devel-
oping secondary lithium ion battery and its electrode materials
[1]. In order to improve the lithium ion battery performance, new
electrode materials with high specific capacities are necessary.
Recently, transition metal oxides (MyOy, M=Fe, Co, Ni, Cu, etc.)
show remarkable specific capacities about 600 mAh g~! (for exam-
ple, 928 mAh g~ for Fe304 material) [2], much larger than that of
the conventional graphite anode material (372 mAh g~1)[3], which
make them next generation promising anode materials for high
energy-density lithium ion battery.

To deal with the poor lithium ion diffusion in electrode
materials which greatly affects the electrochemical performance,
many approaches have been employed, such as carbon coat-
ing [4-9], nanostructure [10-12], and modified by electronically
conductive phases [13-15]. Wan and co-workers [5] synthesized
carbon-coated Fe304 nanospindles with high reversible capac-
ity (~745mAhg-1 at C/5 and ~600mAhg-! at C/2). Wexler and
co-workers [16] obtained Fe304—C composite nanorods exhibit-
ing ~400mAh g1 after 100 cycles. And Kim and co-workers [17]
reported that Fe-Fe304 composite nanostructure material release
a charge/discharge capacity of about 600 mAhg-! after 50 cycles.
Above all, these methods make Fe304 or its composites more
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suitable for high energy-density lithium ion battery. However, its
poor high-rate performance has not been greatly improved, and
more work need to be carried out.

Herein, we fabricated Fe304—C sub-micrometer open hollow
sphere as superior anode material for lithium ion battery by the
combination of solvothermal method and carbothermal reduction
process. The open hollow sphere is self-assembled with nanopar-
ticles (about 20 nm in diameter) covered with amorphous carbon
shells, which improve the electronic conductivity and act as bar-
riers to protect the inner materials as well as maintain their
high specific capacity. In this experiment, the obtained Fe304—C
open hollow sphere composite material exhibits excellent capacity
retention and outstanding rate performance.

Morphology of the Fe304—C open hollow sphere compos-
ite material was characterized by means of scanning electron
microscope (SEM), transmission electron microscope (TEM), X-ray
diffraction (XRD), elemental analysis and electrochemical experi-
ments to understand the unique properties of the Fe304—C open
hollow sphere composite material.

2. Experimental details
2.1. Synthesis of anode material

Fe, 03 open hollow sphere was synthesized through the solvothermal method.
The starting materials were Fe(NOs3)s;-9H,0 (99.5% Beijing Chemical Works),
sodium dodecyl sulfate (SDS, Sinopharm Chemical Reagent Co., Ltd), N,N’-
dimethylformamide (DMF, 99.5% Beijing Chemical Works), hexadecyltrimethyl
ammonium (CTAB, Sinopharm Chemical Reagent Co., Ltd.), urea (99% Beijing Chem-
ical Works) and ethylene glycol (Beijing Chemical Works). In a typical synthesis,
Fe(NO3)3-9H,0 (1.404 g) was dissolved in DMF (160mL) to form a clear solution.
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Fig. 1. SEM images of the sample with different urea additions: (a) 0g, (b) 0.6 g, (c) 1.2 g and (d) 1.8 g. (e) and (f) are TEM image and overall SEM of the sample in (b).

CTAB (0.333 g) and SDS (1.008 g) were added into above solution with vigorous stir-
ring. After 0.5 h, the solution became transparent with CTAB and SDS completely
dissolved. Then urea (0.6 g) and ethylene glycol (2 mL) were added into above solu-
tion. The obtained solution was sealed in a teflonlined stainless-steel autoclave
(50 mL capacity). Then the autoclave was maintained at 150°C for 12 h, and allowed
to cool down to room temperature naturally. The mahogany precipitate was washed
by deionized water/ethanol for several times and vacuum-dried at 50°C for 8 h.
In order to get Fe;04—C, the mahogany precipitate was calcined under nitrogen
atmosphere in two consecutive steps: at 50°C for 0.5h and 550°C for 0.5 h.

2.2. Characterization of synthesized materials

The morphologies of the as prepared Fe,03; and Fe30,—C materials were char-
acterized by scanning electron microscope (SEM, Hitachi-530) and transmission
electron microscope (TEM, JEOL JEM-2010). N, adsorption/desorption isotherms
were carried out using a Micromeritics ASAP 2010 (USA) analyzer at liquid nitrogen
temperature.

Crystal structure of the Fe;03 and Fe;0,—C materials were characterized by X-
ray scatting (XRD) carried out on Bruker D8 Advance X-ray diffractometer with Cu Ka
radiation (A =1.5405 A). And carbon content of the Fe;0,—C material was obtained
by elemental analysis. X-ray photoelectron energy spectra (XPS) were recorded
using monochromatic AlIK (1286.6 eV) X-ray sources with 30 eV pass energy in 0.5 eV
step over an area of 650 pm x 650 wm to the sample.

2.3. Electrochemical evaluation

To prepare the anode electrode, polyvinylidene difluoride (PVDF, Alfa) was dis-
solved in N-methylpyrrolidinone (NMP), and then Fe;04,—C and super-P carbon
black (Alfa) were added (Fe304—C, super-P and PVDF were mixed in 80:10:10, w/w)
and the solution changed into slurry. The slurry was cast on the copper foil and
dried at 120°C under vacuum for 8 h. Then the film was pressed at a pressure of
about 10 MPa and punched into round disks with 12 mm in diameter for further
experiments.

Standard 2032 coin cell was assembled in a dry Ar-filled glove box to test the
electrochemical properties of the Fe30,—C material. Lithium metal foil was used
as the counter electrode and 1M LiPFs in EC/EMC/DEC (1:1:1, v/v) as the liquid
electrolyte. A Celgard 2400 microporous polypropylene membrane was used as the
separator. After aging for 4 h, the cell was charged and discharged in the voltage
range between 0.5V and 3.0V at a current density of 0.1C (900 mAh g~! was assumed
to be the 1C rate current) and 1C for 30 cycles. The rate capability was measured by
charging at 0.1C current and then discharging at different current densities: 0.2C,
0.5C, 1C and 2C.

3. Results and discussion

The sub-micrometer a-Fe;03 open hollow sphere was fab-
ricated with a solvothermal method including a water/oil
“micro-reactor” system. In this system, DMF served as the oil phase,
crystal water of Fe(NO3)3-9H,0 as the water phase, CTAB and SDS
as surfactants and carbon sources, urea as OH~ provider [18-20]
respectively. Fe304—C sphere was obtained with further carbon
reduce process.

3.1. Structure and morphology evolution of the Fe;03 open
hollow sphere

Morphology evolution of Fe;03 open hollow sphere material
with the amount of urea added into the solvothermal system is
shown in Fig. 1. For the first case that there is no urea as shown
in Fig. 1a, the product shows multiple morphologies including par-
ticle, hollow sphere, etc. With the increment of urea addition to
0.6g in Fig. 1b, the as prepared material shows uniform hollow
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Fig. 2. (a) SEM and (b and c) TEM images of Fe;0,—C micrometer open hollow sphere. And (d) HRTEM image from the sample (c) (inset is high magnification image).

sphere morphology with the diameter of 2 wm. And an interesting
thing should be noted that there is a hole (about 70 nm in diame-
ter) on the surface of each hollow sphere. This morphology might
be induced by the micelle state under these CTAB and SDS contents
in the water/oil “micro-reactor”, which should be studied for more
detailed information in the future. When the urea addition comes
up to 1.2 g shown in Fig. 1c, the product has the similar morphology
to the sample in Fig. 1b, except for the hole diameter decreases to
about 50 nm. With urea addition further increased to 1.8 g in Fig. 1d,
a composite of particle and hollow sphere with coarse surface can
only be obtained.

In order to investigate the microstructure of the representative
sample of Fig. 1b in more detail, TEM is carried out. Fig. 1e shows
a TEM image of the sample in Fig. 1b, which reveals that the as-
prepared Fe; 03 open hollow sphere has the diameter of 2 um and
the wall thickness of about 200 nm from about 20 measurements
on the TEM image using the computer software SemAfore 4.0. Fig. 1f
shows an overall plan view SEM image of the sample, Fig. 1b, which
reveals that the uniform product is well dispersed with high yield
ratio as 95%.

3.2. Structure and morphology of the Fe30,4—C micrometer open
hollow sphere

Fig. 2 shows typical SEM and TEM images of the products of
Fe304—C micrometer open hollow sphere material. It can be seen
from Fig. 2a that the Fe304—C composite material also has open
hollow sphere morphology in shape with 1.5um in diameter.

Formation yield of Fe304—C micrometer open hollow sphere is as
high as 80%. TEM image in Fig. 2b confirms that Fe304—C microm-
eter composite material has hollow sphere morphology with an
average diameter of ~1.5um and an average wall thickness of
~203 nm from about 20 measurements in the TEM image. Com-
pared with the smooth surface of as-prepared Fe,;03 open hollow
sphere (see Fig. 1b and c), it is noted from Fig. 2a and b that some
tiny particles are located on the Fe304,—C micrometer open hol-
low sphere. They are created during the carbothermal process. The
HRTEM image (Fig. 2c) taken on an edge of Fe304,—C microme-
ter open hollow sphere shows that the sample is assembled by
Fe304 nanocrystals with the diameter of 20 nm. Fig. 2d displays
crystal planes with a d-spacing of 0.25 nm, corresponding to the
(311) plane of Fe304. In addition, it is clearly seen from the HRTEM
image that an amorphous carbon coating with an average thick-
ness of 1.63 nm covered the Fe;04 nanocrystals, And according to
elemental analysis, the carbon content of Fe304—C composite is
1.97 wt%.

In order to clarify the effect of carbothermal temperature on the
as-obtained material structure, XRD experiments are carried out.
Fig. 3 shows the XRD patterns of the as-obtained Fe304—C microm-
eter open hollow sphere materials under different carbothermal
reaction temperatures. When the temperature comes to 350°C in
Fig. 3a, there are only two broad peaks centered at 26 =35.38° and
62.46°. As the temperature increases to 450°C shown in Fig. 3b,
the peaks are characteristic of magnetite Fe30,4 and all the diffrac-
tion peaks could be indexed to spinel phase Fe304 (JCPDS 86-1354)
with cell constant of a=0.8440 nm [21,22]. When the temperature
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Fig. 3. XRD patterns of the samples obtained under different temperatures: (a)
350°C, (b) 450°C, and (c) 550 °C for 30 min.

increases to 550 °Cas seenin Fig. 3c, a pure phase of Fe304 with high
crystallinity is obtained. And no obvious XRD peaks corresponding
to carbon material are found, indicating the carbon coatings are not
well crystallized or smaller than that of detection limit. It should
to be noted here that the y-Fe,03 material has similar XRD pat-
terns to Fe;O4 material. Since XPS is a powerful tool to determine
the valence of ferric oxides, the Fe304—C micrometer open hollow
sphere material was measured by XPS [see Fig. 4] in order to further
confirm the existence of Fe304. As shown in Fig. 4(inset), the bind-
ing energies of Fe2p3;, composed of 711.7 eV and 710.4 eV, which
are the characteristic oxidation state of Fe in Fe304 [23]. And the
XPS data also conforms that there is C in the Fe304,—C composite.
With the aforementioned results, we choose the Fe304—C product
under 550°C to carry out further experiments.

Fig. 5 shows the nitrogen adsorption-desorption isotherm and
the corresponding Barrett-Joyner-Halenda (BJH) desorption pore
size distributions of the as prepared Fe;04—C open hollow sphere.
The isotherm feature hysteresis has a well-defined step for the rel-
ative pressure P[Py ranging from 0.7 to 0.9 between the desorption
and adsorption branches, indicating the sample as a characteris-
tic mesoporous material [24]. According to the BJH analysis (inset),
the pore size distribution of Fe304—C micrometer hollow sphere is
in the range 12 nm, which are helpful to buffer the volume expan-
sion during Li insertion [6,21]. And BET surface areais 57.04m2 g1,

Intensity (a.u.)

0 720 )
v Binding energy [eV]
-
o

1 ¥ 1 L] T L T . T
1000 800 600 400 200
Binding energy (eV)

Fig. 4. X-ray photoelectron spectra for Fe30,—C micrometer open hollow sphere
the expanded spectra of Fe 2p.
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Fig. 5. Nitrogen adsorption-desorption isotherms at 77 K with corresponding BJH
desorption pore size distributions (inset).

rather higher than that of Fe;04 materials with other morphologies.
This open hollow microstructure of the sample with a large surface
area facilitates larger area for the electrolyte contact, resulting in
fast Li ion mobility and lower charge-transfer resistance, in return,
reducing the local density for a given total current [25].

3.3. Electrochemical performance
In order to well understand the performance of the Fe304—C

micrometer open hollow sphere material in lithium ion bat-
tery (specific capacity, cyclic stability and rate capability), the
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Fig. 6. The discharge/charge profiles of (a) bare Fe;04 particle and (b) Fe304,—C
micrometer open hollow sphere in the voltage range 0.5-3.0V at a current rate of
0.1C.
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Fig. 7. (a) Cycle and (b) rate performance of bare Fe;04 particle and Fe;04,—C
micrometer open hollow sphere in the voltage range 0.5-3.0V at a current rate
of 1C.

electrochemical properties with respect to Li insertion/extraction
are investigated. The experiments are carried out by using gal-
vanostatic cycling at room temperature in coin cells with metallic
lithium as the negative electrode. The electrochemical properties of
bare Fe304 particle with similar morphology (synthesized accord-
ing to Ref. [26]) are also investigated for comparison.

The first five discharge/charge cycles are tested at a relative
low current rate of C/10 (=90 mAh g~1), and the corresponding dis-
charge/charge voltage data are shown in Fig. 6. The first discharge
curves of the bare Fe304 and the as prepared Fe304,—C micrometer
open hollow sphere are similar, with a potential plateau at about
0.7V versus Li*/Li, which are close to that described in the litera-
ture for Fe304 anodes [27]. During the first five cycles, the specific
capacities of the bare Fe;0,4 particle sample fade quickly in Fig. 6a,
indicating of poor cycling performance. While the Fe304,—C open
hollow sphere sample shows much better performance, with the
first specific charge capacity as high as 1015.9mAh g, and there
is no obviously fade in cycle 2 to cycle 5, as seen in Fig. 6b. As
reported in Refs. [28,29], the initial discharge capacity calculated
on the basis of the whole mass of both samples exceed the theoret-
ical capacity of Fe304 (928 mAhg~1), which is usually ascribed to
the formation of a polymeric gel-like film and possibly interfacial
lithium storage.

As shown in Fig. 7a, the cycling performances of Fe304—C
open hollow sphere sample as well as the bare Fe304—C sam-
ple are evaluated between 0.5 and 3.0V versus Li*/Li at the
charge/discharge current of 1C. During the first 5 cycles, it was
found that the capacity of the bare Fe304—C sample fade to

390mAhg-! from 837.4mAh g~! immediately and then decreased
to 163.6 mAh g1 after 30 discharge/charge cycles. While the capac-
ity of the Fe304—C open hollow sphere sample also decreased
but remained 587.4mAhg-!, which is 3.6 times of that of the
bare Fe304—C sample and also much higher than that of above-
mentioned references. Fig. 7b shows the rate performance of
Fe304—C open hollow sphere and the bare Fe304—C samples.
During the experiments, the samples were charged/discharged at
different C-rates. For each discharge rate of 0.1C, 0.2C, 0.5C, 1C, and
2C, the discharge capacities of the first cycle are obtained as 849.3,
793.8, 719.1, 659.5, and 613.6 mAhg~!, respectively. Compared
with these data of the bare Fe30,—C sample and above-mentioned
references, the rate performance of the Fe304—C open hollow
sphere sample is greatly enhanced. When the current rate is again
reduced back to 0.1C, the capacity just shows a low initial capacity
857.4mAhg-!, then increases to 899.7 mAhg~! gradually. These
results clearly show that the carbon coating and the unique mor-
phology in Fe304—C open hollow sphere sample plays an important
role in improving the rate capability. The native carbon not only
improves the local conductivity but also prevents the detachment
and aggregation of possibly pulverized Fe304 nanoparticles during
cycling. And the unique morphology as open hollow sphere is help-
ful to reduce local current density and provide buffer space. Base
on these factors mentioned above, the properties of Fe30,—C open
hollow sphere as lithium ion battery anode material are greatly
enhanced.

4. Conclusions

In summary, we report a solvothermal method and further car-
bothermal process to fabricate sub-micrometer Fe304—C material
used as lithium ion battery anode. The as-obtained sample has the
hierarchical morphology as open hollow sphere self-assembled by
carbon-coating Fe30,4 nanocrystals. Due to the unique nano/micro
hierarchical structure, carbon coating and space buffer effect, the
Fe;04—C sample exhibits high capacity, good cycle stability and
enhanced rate capability compared with bare Fe304 particles. And
nano/micro material with carbon coating is a promising method to
enhance the performance of transition metal oxides as lithium ion
battery anode materials.
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