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and voltage profile.

Unique hollow Fe304/C spheres are prepared by a simple one-pot solvothermal method, with spinel
structure and 750 nm in diameter identified by X-ray diffraction (XRD), scanning electron microscopy
(SEM) and transmission electron microscopy (TEM) techniques. The hollow Fe304/C spheres exhibit
excellent cycling and rate performance as anode material for lithium ion batteries, delivering reversible
specific capacities of 984 mAh g~ even after 70 cycles at 0.2C, 620mAhg-' at 2C, and 460 mAhg~! at
5 C, respectively. Lithium insertion mechanisms are also proposed in terms of the ex situ XRD analysis of
the electrodes after discharged and charged to certain voltages together with cyclic voltammetry (CV)

Crown Copyright © 2011 Published by Elsevier B.V. All rights reserved.

1. Introduction

In recent years, nano transition metal oxides such as titanium
oxides, manganese oxides, and iron oxides have been investigated
as anode materials for lithium ion batteries (LIBs) [1-3]. Fe304 is
an interesting one due to its high theoretical specific capacity, low
cost and environmental benignity [4-10]. However, it suffers much
from its low rate capabilities, big difference between charging volt-
age and discharging one, and poor capacity retention arising from
kinetic limitations, agglomerations and large volume expansion
occurring during cycling. Carbon coating [11-13] and porous struc-
ture [14] have been demonstrated as effective ways to overcome
the above-mentioned shortage in other transition metal oxides. But
to our knowledge, there is no report on combined use of these two
strategies for Fe30;4.

Herein, nearly mono-dispersed hollow Fe304/C spheres were
successfully self-assembled with small particles by a facile and
energy-saving solvothermal route with superior lithium storage
performance as anode materials for LIBs. In addition, possible
lithium insertion mechanisms are also proposed based on the ex
situ XRD analysis of the electrodes after discharged and charged to
selective voltage.

* Corresponding author. Tel.: +86 20 34685679; fax: +86 20 34685679.
** Corresponding authors.
E-mail addresses: zhicong@ust.hk, zcshi@dlut.edu.cn
(Z. shi), chyfdeng@scut.edu.cn (Y. Deng), kechengh@ust.hk (G. Chen).

2. Experimental

Uniform hollow spherical Fe304/C composites were synthesized
by solvothermal treatment of FeCl3-6H, 0 (5 mmol), urea (45 mmol)
and PEG-2000 (1.00 g) in ethylene glycol (EG, 35mL) solution at
200 °C for 48 h, with the following cooling, centrifugation, and dry-
ing at vacuum oven at 100°C for 12 h.

The crystalline structure and morphology were characterized by
XRD (Bruker D8 ADVANCE, Cu Ka radiation, A =1.5406 nm), SEM
(JEOL 6300F) and HRTEM (PHILIPS TECNAI F30). The carbon con-
tent was 2.3 wt% confirmed by elemental analysis (Elementar vario
EL III). Composite electrodes consisting of 50 wt% Fe304/C, 30 wt%
acetylene black and 20 wt% polyvinylidene fluoride (PVdF) were
made on copper foil. The specific capacities were calculated based
on the mass of Fe304/C. Coin-type half-cells (CR2025) were assem-
bled in an argon-filled glove box (MBRAUN LAB MASTER130) with
1.0 mol L-1 of LiPFg solution in ethylene carbonate/ethylene methyl
carbonate/dimethyl carbonate (EC:EMC:DMC=1:1:1, v/v/v) as the
electrolyte and Celgard 2400 as the separator, and were tested in
the voltage range between 3.00 and 0.01V on battery test station
(NEWARE CT-3008W). The cyclic voltammetric (CV) measure-
ment was performed on an Electrochemical Workstation (AUTOLAB
PGSTAT 101) at a scan rate of 0.1 mVs~! in the range of 3.00-0.01V
vs. Li/Li*. The ex situ XRD experiments were investigated using the
Bruker D8 ADVANCE powder diffractometer with Cu Ko radiat-
tion at 40kV and 40 mA in steps of 0.02. At the end of discharge
in certain cycles, the AC impedance spectra of the cells were mea-
sured on an electrochemical workstation (ZAHNER ZENNIUM) in
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Fig. 1. XRD pattern (a), SEM (b), TEM (c), and HRTEM (d) images of Fe;04/C synthesized via solvothermal method at 200 °C for 48 h.

the frequency range from 10° to 102 Hz with the excitation voltage
of 10mV.

3. Results and discussion

The structure and composition of the as-synthesized samples
were confirmed by XRD and elemental analysis (EA). All the peaks
in XRD pattern are indexed to be from the cubic phase of Fe304
(JCPDS Card No. 19-0629) (Fig. 1a). The EA result shows that the
carbon content of this sample is 2.3 wt%. However no diffraction
peak corresponding to graphitic carbon was observed in the XRD
pattern, revealing that the carbon was amorphous. The chemical
composition of 97.7 wt% Fe304 and 2.3 wt% carbon leads to a the-
oretical specific capacity of 911.3 mAh g~ for the Fe304/C spheres
when being used as anode material for LIBs.

Unique hollow Fe304/C spheres can be identified by the SEM,
TEM, and HRTEM images. The nano-particles stacked products are
hollow spherical with opening on the surface for electrolyte passing
through and an average diameter of 750 nm (Fig. 1b). The spheres
wall is 200 nm in thickness (Fig. 1c) with the carbon film of 15 nm
coated on the Fe304 lattice (Fig. 1d). We also performed Raman
analysis of the samples and proved the existence of the carbon.
Therefore, EA, HRTEM, and Raman analysis clearly confirmed the
successful coating of carbon on the surface of the hollow Fe304/C
spheres by one-pot solvothermal route. In this system, the presence
of EG played three important roles as high-boiling-point solvent,
reducing agent, and carbon precursor for the preparation of hollow
Fe304/C spheres [15,16].

The electrochemical properties of the hollow Fe304/C spheres
as anode material for LIBs were investigated. The voltage profile
of Fe304/C between 3.00 and 0.01V in the first discharge shows a
short voltage plateau at 0.85V and a long one at 0.80 V (Fig. 2a). The
first discharge curve shows a continuous voltage decrease from the
open circuit voltage to 0.85V with 0.6 mol Li* intercalating during
a single-phase reaction, which can be ascribed to the formation of
LixFe304 [9]. The following Li* insertion results in a voltage plateau
at 0.85V, which extends up to a consumption of 1.0 mol Li* to form
LiFe304 phase. At 0.80V, phase transformation reaction happened
with the incomplete reduction of Fe3*/Fe?* to Fe2*/Fe® and the
formation of amorphous Li;O. As the voltage decreases gradually
down to 0.01V, an whole initial specific capacity of 1259 mAhg~!
attributed to further reduction of Fe2* to Fe%can be achieved, which
is higher than the theoretical one of Fe304. The extra capacity over
the theoretical one arises from the decomposition of the solvent
in the electrolyte to form a solid electrolyte interphase (SEI) and
lithium ions insertion into acetylene black [15,17-19]. This first
discharge profile of the Fe304/C is similar to the reported ones
[4-8], except for a small 0.85V plateau. The first charge curve
shows no voltage plateau with an overall specific capacity of
864mAh g1, corresponding to the reversible oxidation of Fe® to
Fe2* and Fe3*. The following voltage profiles were changed into
slopes during Li* insertion/deinsertion process, which well agrees
with the two cathodic/anodic peak pairs in the CV profiles (Fig. 2¢).
The reversible specific capacity of Fe304/C gradually increases to
998 mAh g1 until the 12th cycle corresponding to the activation
process associated with the partial crystallinity degradation of the
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Fig. 2. Charge-discharge curves (a), cycling performance (a, inset) at 0.2 C, rate performance (b), and cyclic voltammograms (c) at a scan rate of 0.1 mVs~! of the Fe304/C
spheres vs. Li*/Li. Ex situ XRD patterns (d) of Fe304/C discharged and charged to certain voltages (vs. Li*/Li) during the initial and following cycles.

Fe304/C spheres during initial cycling [20] (Fig. 2a, inset). Then
the specific capacity decays very slowly and almost maintains at
984 mAh g~ during 70 cycles at 0.2 C, demonstrating high capacity
retention capability of unique Fe304/C spheres.

Besides the improved cycling performance, the hollow Fe304/C
spheres also display very good rate performance (Fig. 2b). A
reversible specific capacity of 620mAhg-! at 2 C and 460 mAhg~!
at 5 C can be obtained, far higher than that of commercial graphite.
The capacities of the Fe304/C were higher than or comparable to
reported carbon-coated or graphene-wrapped Fe304 [4,6-9]. After
charging/discharging at high rates, the specific capacity can be
recovered to 1000 mAhg-! at 0.1 C. The high capacities observed
at high rates imply that this kind of Fe304 hollow spheres could
be promising anode materials for power LIBs. The enhanced rate
and retention capability of Fe304 material are attributed to the
unique hollow spherical structure and evenly dispersed carbon,
which not only favor a fast kinetic property with facilitating the
electron transportation and the Li* insertion/deinsertion but also
less volume expansion during cycling.

The CV profiles for the initial three cycles are shown in Fig. 2c.
In the first cycle, the sole peak at 0.70V in the cathodic process
could be attributed to the reduction of Fe3* and Fe?* to Fe® [9].
While two peaks at 1.60 and 1.75V were recorded in the reverse
process, corresponding to the reversible oxidation of Fe to Fe2*
and Fe?* [4-8]. Caused by the polarization of the Fe304/C in the
first cycle, both cathodic and anodic peaks are positively shifted in
the subsequent cycles [10]. A new peak at 1.30V in the cathodic
process was observed, which may relate to the reaction of Fe3*
and Fe?* to Fe occurs in two steps that involve intermediate
phases. During the anodic process, both the peak current and the

integrated area of the anodic peak are almost unchanged, indi-
cating excellent capacity retention during the following charging
process.

Fe304 as anode materials for LIBs has been widely investigated
in previous literatures, but the exact lithium insertion mecha-
nism is still controversial. We herein propose the lithium insertion
mechanisms in terms of the ex situ XRD analysis of Fe304/C after
discharged or charged to certain voltages (Fig. 2d) together with
charge/discharge curves (Fig. 2b). When the Fe304/Li cell was first
discharged to 0.85V, the diffraction peaks of Fe304 disappeared,
accompanied by some new broad peaks ascribed to LixFe304
(0<x<2)[9,21,22]. Therefore, a two phase reaction was being con-
ducted at 0.85V. A new peak at 20=33.5° in the XRD pattern
corresponding Li,O (PDF-12-0254) was observed when the cell
was discharged to 0.80V, which existed until the deep discharge
limit of 0.01 V. However, no obvious XRD peaks corresponding to
metallic Fe could be found when the cell discharged to 0.01V due
to diffraction peaks broadening, which can be attributed to the
nanoparticle nature of the electrochemically formed species [23].
When the cell was recharged to 3.00V at the first cycle, diffraction
peaks corresponding to LixFe304 appeared again with that of Li,O
resulting from the irreversible Li*. However, this LiyFe304 inter-
phase is observed for the first time in charge process, which has not
been mentioned in the previous literatures [9,21,22]. The LixFe304
phase faded away at the 12th cycle, which agreed well with the fact
that the material conducted an activation process during the first 12
cycles (Fig. 2a). However, new peaks corresponding to Fe304 began
to appear in the 12th charge state and this peak became stronger
in the 70th charge state, which could in turn prove its excellent
cyclability after 12th cycle (Fig. 2a inset).
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Fig. 3. AC impedance (Nyquist plots) of Li/Fe;04 cells performed in the frequency
range between 10° and 10-2 Hz at the open-circuit voltage of fresh or full discharged
state after certain cycles.

Based on the discharge/charge curve and ex situ XRD analysis,
the possible lithium storage mechanism of the Fe304/C spheres is
proposed. A total of 8 mol Li* per formula participate in the initial
discharge process, x mol of Li* (0<x<2) ions for the intercalation
reaction [Eq. (1)] and (8 —x) Li* ions for the conversion reaction
Eq. (2). A total specific capacity of 924mAhg-! can be obtained
from the two reactions. The extra capacity of 333 mAhg~! can be
attributed to the decomposition of the solvent in the electrolyte to
form a gel-like film and the formation of a solid electrolyte inter-
phase (SEI)/irreversible Li,O in the first cycle [15,17,18,20]. The
first charge up to 3.00V recovers a capacity of 864 mAhg~!, which
matches well with Eq. (3), however the 12th and 70th charge spe-
cific capacities are 982 and 978 mAh g~ respectively, which are all
higher than the consume capacity of Eqs. (3) and (4). This capacity
rise phenomenon has been widely demonstrated in the transition
metal oxide electrodes, which is attributed to the formation of a
gel-like organic layer on the surface of hollow spheres and hol-
low nanoparticles. These hollow structures may bring more active
sites, such as mesopores, defects and vacancies in the walls of hol-
low nanoparticles, for lithium ion storage, hence to improve the
specific capacity [5,21,24,25].

Fe304 +xLit +xe~ — LixFe304 (1)
LiyFe304 + (8 —x)Li™ 4 (8 —x)e™ — 4Li,O + 3Fe (2)
3Fe + 4Li;0 — LixFe304+ (8 —x)Lit +(8 —x)e~ 3)
LixFe304 +xe~ — xLiTFe304 + xe~ (4)

To further understand the superior electrochemical perfor-
mance of spherical Fe30,4/C as anode material, the AC impedance of
Fe304/Li cells in the fresh and discharged states after certain cycles
(1st, 5th, 12th, 30th and 50th) are performed (Fig. 3). The Nyquist
plots are similar to each other in the shape, with a depressed semi-
circle in the high and medium frequency ranges and a straight
line in the low frequency. For the fresh cell, the depressed semi-
circle in the high and medium frequency region is attributed to the
impedance containing charge transfer resistance (R¢;) and double
layer capacitance (Cq;). After discharge process, a surface layer nor-
mally named solid electrolyte interface (SEI) will be formed on the
surface of anode material. But it is interesting that we cannot find
2 separated semicircles in the Nyquist plots to identify 2 electro-
chemical processes through double layer and SEI, which is totally
different from that in the previous report on Fe304 with submicron
spheroids [9], nanorods [19], and nanofibers [25] structures. During

cycling, the resistances calculated from the depressed semicircles
decrease gradually from 60 €2 in the 1st discharge state to 112
in the 12th discharge state as evident from Fig. 3. Then the resis-
tance again slowly rises to 13 Q2 in the 30th discharge state, and
remains almost unchanged after the 30th cycle. This impedance
evolution can well match the excellent electrochemical perfor-
mance with the reversible specific capacity gradually increasing
from 864 mAh g~ at the 1st cycle to 998 mAh g1 at the 12th cycle,
and then decrease a little to 984 mAh g~! during the latter 40 cycles
(Fig. 2a, inset).

4. Conclusions

In summary, hollow Fe304/C spheres have been synthesized via
a one-pot solvothermal method using low cost starting materials.
The synthesized hollow spheres were used for the first time as
anode materials for LIBs. A large initial discharge specific capacity
of 1259 mAh g~! was obtained with 984 mAh g~! retained after 70
cycles at 0.2 C rate. This material exhibited good rate performance
and cycling stability, which could be attributed to the enhanced
kinetic properties of the hollow spherical structure and improved
conductivity via the even dispersed carbon in the composite mate-
rial. Lithium insertion mechanisms are also proposed in terms of
the ex situ XRD analysis of the electrodes in this work. These finding
motivates us to design novel hollow spherical structure electrode
materials for LIBs to be applied in electrical vehicles and energy
storage area.
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