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of a-Fe,03-graphitic carbon (a-Fe,O;@GC) composite microspheres, in which, a-Fe,O3
nanoparticles with sizes of 30—50 nm are well-encapsulated by onion-like graphitic carbon

shells with a thickness of 5—10 nm. In the constructed composite, the a-Fe,O3; nanoparticles act
as the primary active material, providing high capacity. Meanwhile, the graphitic carbon shells
serve as the secondary active component, structural stabilizer, interfacial stabilizer, and
electron-highway. As a result, the synthesized a-Fe,O;@GC nanocomposite exhibits superior
lithium-ion battery performance with high reversible capacity (898 mA h g at 400 mA g™,
outstanding rate capability, and excellent cycling stability. Our product, in terms of the facile
and scalable preparation process and excellent electrochemical performance, demonstrates its
great potential as a high-performance anode material for lithium-ion batteries.

Introduction

Lithium-ion batteries (LIBs) have been widely employed in
portable electronic devices. They have also been identified as
the power sources of choice for upcoming hybrid, plug-in
hybrid, and all electric vehicles (EVs), which require high
energy and power density, long calendar life, and high safety.* 2
Graphite, the most popular anode material in current
commercialized LIBs, is limited by its low theoretical capacity
(372 mA h g%) and safety. Stimulated by the urgent demand of
high-performance anode materials, transition metal oxides
(TMOs) have been subject to extensive research due to their
high theoretical capacity.>  Among the TMOs, hematite (o-
Fe,03) has attracted much attention because of its non-toxicity,
abundance in the earth's crust, and high theoretical capacity
(1007 mA h g™).° Unfortunately, the practical application of a-
Fe,O3 in LIBs has thus far been hindered by the large volume
expansion during lithiation and low electrical conductivity,
which result in fast capacity decay and poor rate performance.
To circumvent the above-mentioned problems, two
promising strategies have been developed. The first approach,
known as nanostructuring, relies on the fabrication of unique
nanostructures to shorten the lithium ion diffusion length and
alleviate the mechanical strain generated from repeated volume
expansion/contraction. In this context, various a-Fe,0O;
nanostructures, such as nanotubes,®® nanorods,®*? nanosheets,™
porous materials,* *°* and hollow structures,'*? have been
designed and utilized in LIBs. The second approach, so-called
nanocompositing, introduces a second component, such as
carbon or conductive polymer, to improve the structural
stability and conductivity of the active material.?>?’ As an
example, a-Fe,Oz-reduced graphene oxide (Fe,03;-RGO)
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composite shows much improved cycling stability than bare a-
Fe,O5 nanoparticles.”® 2 As another example, o-Fe,Oz-carbon
nanotube (Fe,O3-CNT) hybrids exhibit not only better cycling
stability but also better rate capability than pristine a-Fe,04.25%’

Graphitic carbon (GC) has been known for its superior
conductivity, thermal stability, and chemical resistance to
amorphous carbon.?® 2° When applied as the anode material for
LIBs, it shows not only higher reversible capacity but also
better rate performance than commercialized graphite.® % It is
hypothesized that the Fe,O3-GC nanocomposite would integrate
the advantages of both Fe,O; (high capacity) and GC (high rate
capability and good cyclability). Nevertheless, the preparation
of Fe,03-GC nanocomposite has achieved limited success. The
challenge for the preparation of Fe,O5-GC lies in the fact that
graphitic carbon is wusually obtained at extremely high
carbonization temperatures in inert atmosphere (> 2000 °C);*
while the Fe,O; can be reduced to metallic Fe or Fe;C under
similar conditions

Herein, a novel "spray drying-carbonization-oxidation"
strategy has been developed for the fabrication of a-Fe,O;@GC
nanocomposite, in which the a-Fe,O3; nanoparticles are well
encapsulated by onion-like graphitic carbon shells. In this novel
composite, the a-Fe,O3; nanoparticles act as the primary active
material, providing high capacity. The graphitic carbon shells
serve as i) the secondary active component contributing to the
total capacity, ii) the structural stabilizer buffering the large
volume expansion of a-Fe,O3; nanoparticles, iii) the interfacial
stabilizer avoiding the direct exposure of a-Fe,O5; nanoparticles
to the electrolyte, and iv) the electron-highway making the
whole composite highly conductive. When applied as an anode
material in LIBs, the synthesized a-Fe,O;@GC manifest a high
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Fig. 1 Schematic illustration for the synthesis of a-Fe,0;@GC nanocomposite. Step I: spray drying, Step Il: carbonization at 700 °C in N, and

Step I11: oxidation at 350 °C in air.

reversible capacity of 898 mA h g* with excellent cycling stability
and rate capability.

Experimental

Synthesis

The a-Fe,0;@GC nanocomposite was synthesized by a "spray
drying-carbonization-oxidation" strategy using iron (Il1) citrate
and sucrose as raw materials. Briefly, iron citrate (10 mmol)
and sucrose (10 mmol) were dissolved in water (100 mL) to
obtain a light yellow solution. The solution was then spray
dried in a Buchi mini spray drier B-290 with nitrogen as the
drying gas. The instrument parameter settings were as
following: inlet temperature of 220 °C, aspirator rate of 100 %,
rotameter setting of 60 mm, and pump rate of 5 % (~1.5 mL
min™). The spray dried product (iron citrate-sucrose composite)
was then carbonized at 700 °C for 5 hours in nitrogen. The
carbonized sample was then re-oxidized in air at 350 °C for
another 5 hours to obtain the a-Fe,0;@GC nanocomposite.
Pure graphitic carbon microspheres were obtained by
eliminating o-Fe,O; from the a-Fe,O;@GC using 2M HCI.
Pristine a-Fe,O5; nanoparticles were prepared according to our
previous work.?*

Materials characterizations

The morphology of the products was investigated by field
emission scanning electron microscope (FESEM, JEOL 7001F)
at 10 kV and transmission electron microscope (TEM, JEOL
2100) at 200 kV. X-ray diffraction (XRD) patterns were
recorded on a Rigaku Miniflex X-ray Diffractometer with Co
Ko radiation (A=0.179 nm). X-ray photoelectron spectra (XPS)
were recorded on a Kratos Axis ULTRA X-ray photoelectron
spectrometer. Thermo gravimetric analysis (TGA) was
performed on a TGA/DSC1 STAR?® System in air flow (25800
°C, 5°C min™).

Electrochemical measurements

The electrochemical measurements were carried out on a MTI 8
Channels Battery Analyzer at room temperature with lithium
chips as both the counter electrode and reference electrode. The
working electrode was prepared by casting a slurry containing
active material (80 wt%), conductive acetylene black (10 wt%),
and polyvinylidene fluoride (PVVDF) binder (10 wt%) onto a Cu
foil. Afterwards, the electrode was dried in a vacuum oven at
115 °C overnight and punched into small disks with a diameter
of 13 nm. The electrolyte is composed of 1 M LiPFg in a
mixture of ethylene carbonate, dimethyl carbonate, and diethyl
carbonate (1:1:1 in volume). Swagelok-type cells were
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fabricated in an Ar-filled glovebox with moisture and oxygen
concentrations below 0.1 ppm. Cyclic voltammogram (CV)
measurements were performed on a Solartron 1480 MultiStat
instrument a scan rate of 0.1 mV s between 0.001 V and 3.0
V. The capacity was calculated based on the mass of a-
Fe,0;@GC in the electrode. After cycling, the cell was
disassembled and the electrode was dispersed in
acetone/ethanol by sonication and washed with acetone/ethanol
for three times.

Results and Discussion

The a-Fe,0;@GC nanocomposite was synthesized by a facile,
low-cost, and scalable "spray drying-carbonization-oxidation"
method as schematically illustrated in Fig. 1. In step I, iron
citrate-sucrose composite microspheres were obtained by spray
drying an aqueous solution of iron citrate and sucrose, which is
similar to the preparation of iron nitrate-sucrose microspheres
in synthesizing a-Fe,O; multi-shelled hollow spheres.'® In step
11, the iron citrate-sucrose microspheres were carbonized at 700
°C under inert atmosphere. Multistep and complex processes
took place in step Il, mainly involving 1) the decomposition of
iron citrate into iron oxides; 2) the decomposition of organic
species into amorphous carbon; 3) the reduction of iron oxides
to metallic Fe and/or Fe;C; and 4) the formation of graphitic
carbon around the in situ generated Fe/Fe;C nanoparticles
through dissolution of amorphous carbon into Fe/Fe;C followed
by the precipitation of graphitic carbon,**** which led to the
formation of Fe3;C/FesO,@GC (Fig. S1). In step I, the
Fe;C/Fe;0,@GC was oxidized at 350 °C in air. The Fe;C and
Fe;0, were converted into a-Fe,Os, while the graphitic carbon
shells survived the oxidation due to their high resistance to
oxidation, leading to the formation of a-Fe,0;@GC
encapsulation structure. The graphitic carbon cannot be formed
at carbonization temperatures lower than 700 °C. As a result,
only pure a-Fe,Os; was obtained after oxidizing (Fig. S2) when
a lower carbonization temperature of 500 °C was applied in step
1.

The crystalline structure of a-Fe,O;@GC was characterized
by XRD (Fig. 2a). The major peaks with high intensity can be

a boo—
/ | i =
=y | " I - \
= e il L h. M2 Carbon: 27%,
| " s flas \
=~ LA VI N WA Y .3.).’80
‘@ a-Fai0y JCPDS No. 33-0664 - ",‘
c = \
5 |
£ | | g 41 o
‘ FesOy JCPDS No. 19-0629 é
| 80
20 0 40 50 60 70 80 0 200 400 600 800

20 (degree) Temperature (°C)

Fig. 2 XRD pattern (a) and TGA thermogram (b) of a-Fe,0s@GC.
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Fig. 3 SEM (a), TEM (b, c), high-resolution TEM (d, e), and elemental mapping (f) of a-Fe,0;@GC.

assigned to a-Fe,O3 (hematite, JCPDS No. 33-0664); only very
weak diffraction peaks from Fe;O,4 (magnetite, JCPDS No. 19-
0629) are observed. The broad peak located at 30.3° originates
from the (002) diffraction peak of graphitic carbon. By
applying the Scherer Equation to the diffraction peaks, the
crystallite size of a-Fe,O3 is determined to be 20.0 nm; while
the thickness of graphitic carbon is calculated to be 8.2 nm.

The carbon content of a-Fe,0;@GC was determined by
TGA (Fig. 2b). Usually, the combustion of amorphous carbon
in air takes place below 430 °C.*® In our case, a dramatic weight
loss is observed between 400 to 550 °C, suggesting the higher
stability of graphitic carbon. The high resistance of graphitic
carbon to oxidation enables the successful synthesis of a-
Fe,O;@GC by oxidizing the Fe;C/Fe;O,@GC at 350 °C in air.
The weight percentage of carbon is determined to be 27 wt%.

The structure and morphology of a-Fe,0;@GC was
investigated by SEM and TEM. As shown in Fig. 3a—3c, the a-
Fe,0;@GC shows microspherical morphology with sizes
ranging from several hundred nanometers to two microns.
According to the literatures, such microspherical morphology
not only provides high tap density but also better fits the current
slurry coating manufacturing process for electrodes.*® The o-
Fe,O3 nanoparticles are well embedded in the graphitic carbon
matrix, resulting in a relatively smooth surface (Fig. 3a—3c).
This conclusion is further supported by the XPS result (Fig.
S3), where only very weak signals of Fe can be detected. A
typical a-Fe,O3; nanoparticle@graphitic carbon encapsulation
structure is presented in Fig. 3d. An onion-like graphitic carbon
shell with a thickness of 5-10 nm surrounding the Fe,O;
nanoparticulate core with a size of 30-50 nm can be clearly
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observed. Well-resolved lattice fringes with a spacing of 0.27
nm from the core and an interplanar spacing of 0.34 nm from
the shell can be clearly distinguished (Fig. 3e), which
corresponds to the (104) interplanar distance of a-Fe,O3 and the
(002) interplanar distance of graphitic carbon, respectively.
Energy dispersive X-ray spectroscopy elemental mapping
results (Fig. 3f) show that carbon, oxygen and iron are
homogenously distributed throughout the composite.

The electrochemical performance of a-Fe,0;@GC was then
examined in an active material/Li half cell configuration. Fig.
S4 shows the CV curves of a-Fe,0;@GC. The relatively broad
peak at 0.5 V from the first cathodic scanning is corresponding
to the reduction of a-Fe,O5; to metallic Fe and the formation of
solid electrolyte interphase (SEI) layer on the electrode surface.
The peak located at 2.0 V in the following anodic process can
be ascribed to the oxidation of metallic Fe to Fe**. The curves
overlap well after two cycles, indicating the good cycling
stability of a-Fe,O;@GC.

Fig. 4a presents the representative charge-discharge profiles
of a-Fe,0;@GC at a current density of 400 mA g between
0.01 and 3.0 V. The composite delivers an initial discharge
capacity of 1363 mA h g™*; in the subsequent charge process, a
charge capacity of 898 mA h g* is achieved, leading to a
Coulombic efficiency of 66 %. The irreversible capacity loss
(467 mA h g% in the first discharge-charge process can be
attributed to the inevitable decomposition of electrolyte and
formation of SEI film on the surface of the electrode, which is
commonly observed in transition metal oxide based anode
materials.” *% 3-3° To investigate the effect of graphitic carbon
on the irreversible capacity loss in the first cycle, the
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Fig. 4 Representative charge-discharge profiles of a-Fe,0;@GC at 400 mA g™ (a), cycling performance of pristine a-Fe,O3 nanoparticles, bare
graphitic carbon, physically mixed a-Fe,Os/graphite, and a-Fe,0;@GC at 400 mA g™ (b), representative charge-discharge profiles at various
current densities (c), and rate performance (d) of a-Fe,0;@GC. 1 C = 1000 mA g™,

electrochemical performance of pure graphitic carbon
microspheres obtained by eliminating o-Fe,O3; from the a-
Fe,O;@GC was also tested (Fig. S5). The pure graphitic carbon
spheres show an irreversible capacity of 670 mA h g* in the
first cycle. Considering the carbon content (27 %) of the a-
Fe,0;@GC composite, the graphitic carbon would contribute a
high irreversible capacity of 181 mA h g* to the a-Fe,0;@GC
composite in the first discharge-charge process. The initial
Coulombic efficiency of a-Fe,O;@GC can be improved from
66 % to 85.5 % by applying a prelithiation strategy (Fig. S6).%°
In the subsequent cycles, the Coulombic efficiency increases
dramatically to 96 % and levels off at 97-100 % onwards. The
cycling performance of a-Fe,O;@GC is presented in Fig. 4b. A
high capacity as high as 841 mA h g is still maintained even
after 100 cycles, suggesting the excellent cycling stability. For
the purpose of comparison, the electrochemical properties of
pristine a-Fe,03 nanoparticles and bare graphitic carbon
spheres were also studied. The a-Fe,O5; nanoparticles with sizes
of 25-50 nm (Fig. S7) show an initial discharge capacity of
1023 mA h g, fading to 223 mA h g* after 100 cycles. The
pure graphitic carbon spheres exhibit a relatively low reversible
capacity of approximately 370 mA h g with outstanding
cycling stability. Physically mixed a-Fe,Os/graphite shows fast
capacity fading under the same test conditions. A capacity of
140 mA h g? is retained after 100 cycles (Fig. 4b). These
results ambiguously demonstrate that the graphitic carbon not
only contributes to the Li storage capacity but also plays a
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crucial role in enhancing the structural stability and thus the
cycling stability of the electrode.

The rate performance of a-Fe,0;@GC was further
investigated at various current densities ranging from 0.4 to 6 C
(Fig. 4c, 4d). A high capacity of 880 mA h g is achieved at 0.4
C. The capacity decreases slightly with the stepwise increase of
current density. Even at a high current density of 6 C, a
capacity of 350 mA h g™ is still retained. Remarkably, a stable
capacity of 860 mA h g can be resumed when the current is
reduced to 0.4 C, which remains 97.7 % of the initial capacity
before high rate test. Such an excellent electrochemical
performance in terms of cycling stability and rate capability is
superior to or at least comparable with those of state-of-the-art
a-Fe,03 based anode materials in previous reports (Table S1).

The high reversible capacity, excellent cycling stability, and
outstanding rate capability can be attributed to the unique
structure of a-Fe,O;@GC. In the constructed composite, the a-
Fe,O3; nanoparticles act as the primary active material,
providing high capacity. Considering the weight percentage of
a-Fe,0j3 in the composite, it can contribute 735 mA h g™ (1007
mA h g x 73%) to the total capacity. The nanocrystalline
characteristic of a-Fe,O5 greatly shortens the diffusion lengths
for both electrons and lithium ions, contributing to the high rate
capability. Meanwhile, the graphitic carbon shells serve four
main purposes. 1) They act as the secondary active component,
contributing to the total capacity of the composite. Assuming a
capacity of 372 mA h g* for graphitic carbon, the graphitic

This journal is © The Royal Society of Chemistry 2012
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carbon in the o-Fe,0;@GC could contribute 100 mA h g* (372
mA h g x 27%) to the total capacity. 1) The graphitic carbon
shells serve as the structural stabilizer, effectively buffering the
large volume change, inhibiting the aggregation, and preventing
the pulverization of a-Fe,O;. To demonstrate the structural
stability, the morphology of the active material before and after
100 cycles at 400 mA g was checked by SEM. As shown in
Fig. S8, the original microspherical morphology of a-
Fe,0;@GC can be well maintained. Bearing the structural
integrity in mind, it is not surprising that the a-Fe,O;@GC
shows significantly improved cycling stability than pristine o-
Fe,O; nanoparticles and physically mixed a-Fe,Os/graphite
(Fig. 4b). I11) The graphitic carbon shells serve as the interfacial
stabilizer, preventing the direct exposure of o-Fe;Os
nanoparticles to the electrolyte, and thus resulting in a stable
electrode-electrolyte interphase.®® *! 1V) The graphitic carbon
matrix wires the whole composite, acting as a highway for
electron transport, and thus significantly enhancing the rate
capability.

Conclusion

In summary, a novel "spray drying-carbonization-oxidation"
strategy has been developed for the fabrication of a-Fe,O;@GC
nanocomposite. With the o-Fe,O; nanoparticles well-
encapsulated in onion-like graphitic carbon shells, the resulting
o-Fe,0;@GC exhibits remarkable electrochemical
performance. A reversible capacity as high as 898 mA h g* can
be achieved at 400 mA g, maintaining 841 mA h g after 100
cycles. Our product, in terms of the facile and scalable
preparation process and excellent electrochemical performance,
demonstrates its great potential as a LIBs anode. It is also
expected that this strategy could be extended to the fabrication
of other transition metal oxide-graphitic carbon nanocomposites
such as Co,0,@GC, NiO@GC, and Mn,0,@GC.
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