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ion via vesiculation: improved
reversible capacity of g-Fe2O3@C/MWNT
composite anodes for lithium-ion batteries†

Yongfei Liu,*a Junmin Xu,b Xiaoying Qin,*a Hongxing Xin,a Xueqin Yuan,a Jian Zhang,a

Di Lia and Chunjun Songa

Capacity fading caused by pulverization is the basic issue for transition-metal-oxide anodes in lithium-ion

batteries (LIBs). Here we report a simple and scalable fabrication of core–shell structured g-Fe2O3@C

nanoparticle based composites incorporated with multi-walled carbon nanotubes (MWNTs), through a

vacuum-carbonization of the synthesized metal–organic complex and MWNT hybrids. In the

constructed g-Fe2O3@C/MWNT architecture, the carbon shell layers can not only buffer the volume

change of g-Fe2O3 nanoparticles but also improve their conductivity; while the flexible and conductive

MWNT networks can maintain the structural and electrical integrity of the electrodes during the charge/

discharge cycles. As a result, such g-Fe2O3@C/MWNT electrodes, tested as anodes for LIBs, exhibit

excellent cycling performance with monotonically increased reversible capacities along with cycles. For

instance, the specific capacity rises at a rate of �6.8 mA h g�1 per cycle to 1139 mA h g�1 after 60 cycles

at the current density of 100 mA g�1. Such electrode activation was revealed to be closely related to the

increased active surface area of the electrode arising from the gradual vesiculation in Fe2O3@C

nanoparticles during lithiation/delithiation in the as-prepared robust g-Fe2O3@C/MWNT architecture.
Introduction

Rechargeable lithium-ion batteries (LIBs) are increasingly used
in portable electronics, electric vehicles, and other applica-
tions.1–4 Since the commercial graphite anode material has
already approached its theoretical limit (372 mA h g�1),5 it is
urgent nowadays to seek alternative anode materials with a high
reversible capacity and a long lifetime. In this context, Fe2O3-
based materials have emerged as promising candidates for next
generation LIB anodes because of their high theoretical capacity
(1007 mA h g�1), low cost, and environmental acceptance.
However, Fe2O3 electrodes suffer from poor electrical conduc-
tivity and poor cycle performance with large capacity fading
because of pulverization caused by the drastic volume change
during the charge/discharge process,6,7 which hinder its practical
applications in LIBs. Several strategies have been proposed to
overcome these drawbacks and further enhance the structural
stability of the Fe2O3-based materials. One approach is to
increase the effective contact area between the active materials
and the electrolyte by designing nanostructure and hierarchical
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micro/nanostructures, or controlling pore structures, such as
using a-Fe2O3 nanoakes,8 a-Fe2O3 nanorods,9 Fe2O3 micro-
boxes,10 spindle-like mesoporous a-Fe2O3 particles,11 which can
reduce the path lengths for the transport of electrons and lithium
ions. Another approach is to use hybrid electrodes composed of
Fe2O3 and carbon materials, such as single-walled carbon
nanohorns/a-Fe2O3 composites,12 reduced graphene oxide/Fe2O3

composites,13 and Fe2O3/CNT/graphene hybrid materials,14

which can effectively improve the conductivity and fast charge/
discharge rates of the electrodes. Meanwhile, these carbon
materials can also accommodate the mechanical strain of
lithium ion insertion/extraction much better than the bare Fe2O3

electrode materials. These strategies inspire us to rationally
design and synthesize an anode material system with unique
structures to enhance their electrochemical performance.

As we know, the capacity of lithium storage for Fe2O3 anodes
is mainly achieved through the reversible conversion reaction
between Li+ and Fe2O3 active materials.8 Recent studies have
noticed that interfacial lithium storage generally takes place as
a result of the electrochemical reaction at the interface of active
materials, in which a gradually increased capacity is exhibited
during the initial several cycles.11,15 However, the detailed acti-
vation mechanism involved is not yet fully understood,15 and
the relationship between electrode activation and microstruc-
ture evolution with cycles has also not been deeply studied. On
the other hand, although a-Fe2O3 materials have been widely
investigated as anodes for LIBs nowadays,8–17 only a few studies
This journal is © The Royal Society of Chemistry 2015
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Fig. 1 (a) Schematic illustration of the preparation of g-Fe2O3@C/
MWNT. (b) SEM and (c) TEM images of g-Fe2O3@C/MWNT. (d) TEM
image of a g-Fe2O3@C particle.
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were performed on the electrochemical performance of g-Fe2O3

anode materials.18,19 Lee et al. fabricated g-Fe2O3/carbon
microparticles through a hydrothermal method followed by
chemical vapor deposition. They obtained a specic capacity of
900 mA h g�1 aer 40 cycles at 100 mA g�1 when tested as an
anode.18 Vargas and co-workers reported the hydrothermal
synthesis of g-Fe2O3/graphene nanosheet composites, which
retained a reversible capacity of 429 mA h g�1 aer 100 cycles at
1000 mA g�1.19 Very recently, Natelson's group showed that a
composite material made of graphene nanoribbons and g-
Fe2O3 nanoparticles could exhibit a high discharge capacity of
�910 mA h g�1 aer 134 cycles at 100 mA g�1.20 Despite the
progress achieved to date, the research studies on the facile and
scalable synthesis of g-Fe2O3-based materials with a high
specic capacity and a long lifetime are still in a very early stage.

Herein, we report the fabrication of core–shell structured g-
Fe2O3@Cnanoparticle based composites incorporated withmulti-
walled carbon nanotubes (MWNTs). When tested as anodes for
LIBs, such g-Fe2O3@C/MWNT electrodes exhibit excellent cycling
performance and monotonically elevated reversible capacity. For
instance, their capacity rises at a rate of�6.8mA h g�1 per cycle to
1139 mA h g�1 aer 60 cycles, as the charge/discharge current
density is equal to 100 mA g�1; or their capacity rises at a rate of
�2.0 mA h g�1 per cycle to 723 mA h g�1 aer 200 cycles at the
current density of 1000 mA g�1. By ex situ high-resolution trans-
mission electron microscopy (HRTEM) examinations, we show
that the core–shell structured g-Fe2O3@Cnanoparticles transform
into a vesiculate structure without pulverization during the cyclic
charge/discharge. As the vesiculate structure develops, the core–
shell structured g-Fe2O3@C/MWNT anodes are gradually acti-
vated. It was revealed that the activation of the electrode is closely
related to the increase of the active surface area arising from the
gradual formation of the vesiculate structure.
Experimental
Synthesis of g-Fe2O3@C/MWNT composites

The reagents were obtained from commercial sources and used
without further purication. The g-Fe2O3@C/MWNT composite
was synthesized through a carbonization of the hybrid of metal–
organic complexes and MWNTs. Typically, terephthalic acid
(PTA, 3.99 g), LiOH$H2O (2.01 g), and MWNTs (0.63 g) were
dissolved and dispersed in 500 mL of warm ionized water (60
�C) with supersonic treatment for 30 min. Then 6.66 g of
FeSO4$7H2O was added into the mixed solution with stirring for
24 h to form the hybrid of ferrous benzoate and MWNTs. Aer
ltering, the as-prepared precursors were vacuum sealed in a
quartz tube and calcined at 500 �C for 4 h. Then the obtained
powders were further annealed at 200 �C for 24 h in air to form
the g-Fe2O3@C/MWNT composites (Fig. 1a). For comparison,
core–shell structured g-Fe2O3@C nanoparticles were also
prepared in the absence of MWNTs.
Characterization

Scanning electron microscopy (SEM) investigations were con-
ducted on a FEI Sirion 200 eld emission SEM. TEM and
This journal is © The Royal Society of Chemistry 2015
HRTEM experiments were performed on a JEOL JEM-2010 TEM.
Powder X-ray diffraction (XRD) was conducted on a Panalytical
X'Pert Pro MPD X-ray diffractometer using Cu Ka radiation (l ¼
1.54 Å). X-Ray photoelectron spectroscopy (XPS) analysis was
conducted on a VG ESCALAB Mark II X-ray photoelectron
spectroscope. Thermogravimetric analysis (TGA) was conducted
on a Perkin-Elmer Pyris 1 thermogravimetric analyzer at a
heating rate of 10 �C min�1 from 25 �C to 700 �C in air ow.
Battery fabrication and electrochemical measurement

Scanning the electrodes were done through a standard proce-
dure as follows: active materials (g-Fe2O3@C/MWNT and
g-Fe2O3@C composites), super-P carbon black, and poly-
vinylidene uoride (PVDF), in a weight ratio of 7 : 2 : 1 were
blended in N-methylpyrrolidone (NMP) to form a homogenous
slurry. Electrodes were prepared by coating the slurry on copper
foil and then vacuum-dried at 120 �C for 12 h. Standard CR2032
coin cells were assembled in an Ar-lled glove box, using
lithium foil as the counter electrode, 1 M LiPF6 in ethylene
carbonate/dimethyl carbonate/diethyl carbonate (1 : 1 : 1 by
volume) as the electrolyte, and Celgard 2325 as the separator.
Cyclic voltammetry (CV) measurement was conducted at 0.2 mV
s�1 in the range of 0–3.0 V on a CHI660C electrochemical
workstation. The electrochemical impedance spectroscopy (EIS)
of the cells was evaluated in the frequency range from 0.01 Hz to
100 kHz at the Zahner Zennium electrochemistry workstation.
Discharge/charge measurements of the cells were performed
between the potential range of 0.01–3.0 V (vs. Li/Li+) under a
Neware BTS TC53 battery test system. All of the specic capac-
ities were calculated on the basis of the total weight of the
g-Fe2O3@C/MWNT or g-Fe2O3@C composites.
Results and discussion

As shown in Fig. 1a, the synthetic protocol of the g-Fe2O3@C/
MWNT composite is mainly composed of two steps. First, the
J. Mater. Chem. A, 2015, 3, 9682–9688 | 9683
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ferrous benzoate and MWNT composites were synthesized by a
modied procedure based on the reported work.21 In this
synthesis, the introduced LiOH$H2O provided an alkaline
condition to dissolve PTA into the ionized water, which facili-
tated the next reaction. In the second step, aer vacuum
annealing, the as-prepared ferrous benzoate precursor was
converted to g-Fe2O3 nanoparticles capsulated by a carbon
layer, while the MWNT network still remained, thus leading to
the formation of g-Fe2O3@C/MWNT composites.

Fig. 1b shows a typical SEM image of the as-prepared
g-Fe2O3@C/MWNT composites. Evidently, a large number of
dispersed particles of �100 nm in size are distributed homo-
geneously in the 3D MWNT networks. The corresponding TEM
images reveal that these nanoparticles are composed of
agglomerated nanograins with sizes ranging from�10 to 50 nm
and entangled with MWNT networks (Fig. 1c), and the carbon
shell layer encapsulating around the core is �3 nm in thickness
(Fig. 1d). It should be emphasized that the addition of MWNTs
in the synthesis is favorable for forming robust hybrid nano-
architectures, but does not affect the formation of core–shell
structured g-Fe2O3@C nanoparticles, which can also form in
the absence of MWNTs (see ESI Fig. S1a–c†).

XRD patterns of the samples are shown in Fig. 2a. All the
peaks of the Fe2O3@C powders can be indexed to g-Fe2O3 with a
cubic phase (JCPDS card no. 39-1346). No obvious peaks of
carbon were detected, indicating the amorphous attribute of the
carbon shell layer. In comparison, the XRD pattern of the
g-Fe2O3@C/MWNT shows an additional peak at 26�, which can
be attributed to the (002) plane of the graphitic structure
contributed from the MWNTs. HRTEM images of the
g-Fe2O3@C nanoparticle clearly demonstrate that the g-Fe2O3

nanoparticle is highly crystallized and the carbon shell presents
the amorphous state (see Fig. S1c†), highly in agreement with
the XRD result. The lattice fringe images (see Fig. S1c and d†)
reveal the clear core interfringe distance of 0.48 nm and the
nanotube interfringe distance of 0.33 nm, which are in good
agreement with that of the (111) plane of g-Fe2O3 and the (002)
plane of MWNTs, respectively.
Fig. 2 (a) XRD patterns of the composites; (b) and (c) XPS spectra of
the g-Fe2O3@C/MWNT composite; (d) TG curves of the composites.

9684 | J. Mater. Chem. A, 2015, 3, 9682–9688
In order to further conrm that the synthesized iron oxide
cores are maghemite (g-Fe2O3), an XPS examination was per-
formed. The typical survey spectrum shows the presence of Fe,
C, and O elements in the g-Fe2O3@C/MWNT composite
(Fig. 2b). The high-resolution spectrum of Fe reveals that, in
contrast to the Fe3O4 XPS spectrum, it contains the charge
transfer satellites of Fe 2p3/2 and Fe 2p1/2 at 720 eV and 732 eV,
respectively, which indicate the absence of Fe2+, conrming that
the core is maghemite (g-Fe2O3).22,23 Furthermore, TGA was
used to reveal the precise chemical composition of the
composites (as shown in Fig. 2d). The results show that
g-Fe2O3@C nanoparticles have a chemical composition of
79 wt% g-Fe2O3 and 21 wt% C, and the g-Fe2O3@C/MWNT
composites have a chemical composition of 59 wt% g-Fe2O3,
15.7 wt% C, and 25.3 wt% MWNTs (based on the consideration
that the ratio of g-Fe2O3 to the carbon layer is unchanged).

To measure the electrochemical performance of the as-
prepared composites, CR2032 coin cells were fabricated
according to a widely reported procedure.24,25 Their charge
storage behaviors were rst characterized by cyclic voltammetry
(CV). Fig. S2a† shows the representative CV curves of the
g-Fe2O3@C electrode at room temperature between 0 and 3.0 V
at a scan rate of 0.2 mV s�1. In the rst discharge cycle, a well-
dened cathodic peak at 0.44 V can be observed clearly, which is
usually ascribed to the formation of a solid electrolyte inter-
phase (SEI) layer and the complete reduction of Fe2O3 to Fe.25

This peak disappears in the subsequent cycles, while three weak
peaks at 0.78, 0.96, and 1.2 V appear, indicating the occurrence
of an irreversible phase transformation during the lithiation/
delithiation process in the rst cycle.8,16 During the charge
process, a broad anodic peak composed of two peaks (at 1.68
and 1.96 V) are observed, corresponding to the oxidative reac-
tions of Fe0 to Fe2+ and Fe2+ to Fe3+, respectively, highly in
accord with the electrochemical process of a-Fe2O3-based
anodes.17,26 The g-Fe2O3@C/MWNT composite shows similar
CV characteristics (see Fig. S2b†).

As shown in Fig. 3a and b, the charge/discharge proles for
the g-Fe2O3@C and g-Fe2O3@C/MWNT electrodes are also very
similar. A potential plateau appears at �0.75 V during the rst
discharge process, which represents the reduction of Fe2O3 to
form nano-sized Fe0 and an amorphous Li2Omatrix.8 The initial
discharge and charge capacities are 1091 and 666 mA h g�1 for
g-Fe2O3@C, and 1523 and 857 mA h g�1 for g-Fe2O3@C/MWNT,
corresponding to irreversible capacity losses of �39% and
�43%, respectively. Such high capacity losses may be ascribed
to the inevitable formation of the SEI layer and the decompo-
sition of the electrolyte, which is usually observed in Fe-based
anode materials.11 This characteristic is also in agreement with
the CV results that the intense cathodic peak at 0.44 V that
existed in the rst scan is absent aerward (see Fig. S2†). The
discharge voltage plateau at�0.75 V in the rst cycle is different
from those in other cycles aerward at �1.0 V (Fig. 3a and b),
further indicating that irreversible reactions occurred in the
rst cycle.26

The cycling performances of the two electrodes are shown in
Fig. 3c at a current density of 100 mA g�1 from 3.0 to 0.01 V. The
core–shell structured g-Fe2O3@C nanoparticle electrode
This journal is © The Royal Society of Chemistry 2015
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Fig. 3 Charge/discharge voltage curves of (a) g-Fe2O3@C and (b) g-Fe2O3@C/MWNT electrodes at a current density of 100 mA g�1. Cycling
performances and Coulombic efficiencies of the electrodes at the current densities of (c) 100 mA g�1 and (d) 1000 mA g�1.
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demonstrates a gradually increased discharge capacity up to
906 mA h g�1 aer 50 cycles. While the as-prepared g-Fe2O3@C/
MWNT composite electrode delivers higher discharge capac-
ities, increasing at a rate of �6.8 mA h g�1 per cycle to 1139 mA
h g�1 aer 60 cycles, much higher than that of the g-Fe2O3@C
electrode, indicating a signicant enhancement in the cycling
performance due to the introduction of MWNTs. This value is
also higher than the theoretical capacity of g-Fe2O3 (1007 mA h
g�1), such high capacity should be ascribed to the interfacial
(surface) Li storage via a pseudo-capacitive mechanism.27–29 The
Coulombic efficiencies for the g-Fe2O3@C/MWNT electrode
rapidly increase from 56.3% for the rst cycle to about 99% aer
ten cycles and remain over 97% thereaer (as shown in Fig. 3c),
which suggests a facile lithium insertion/extraction.30 In order
to further conrm the advantages of this g-Fe2O3@C/MWNT
composite in lithium storage, the capacities of the two elec-
trodes have been investigated upon 200 cycles at the rate of 1000
mA g�1 and the cycling performances are displayed in Fig. 3d.
Thirteen cycles were rst performed at 200 mA g�1 and then 187
cycles at 1000 mA g�1. One can see that the reversible capacity
for the g-Fe2O3@C electrode rst rises to 400mA h g�1 within 65
cycles and then decreases to 265 mA h g�1 at the 200th cycle,
while that for the g-Fe2O3@C/MWNT electrode rises steadily at
a rate of�2.0 mA h g�1 per cycle from the initial 350 mA h g�1 to
723 mA h g�1 aer 200 cycles. In addition, the electrochemical
performance of pure MWNTs is also examined for comparison.
As shown in Fig. S3,† one can nd that the specic discharge
capacities of the MWNTs decrease gradually during the initial
several cycles and then stabilize at about 200 mA h g�1. This is
This journal is © The Royal Society of Chemistry 2015
much lower than the reversible capacities of the g-Fe2O3@C
electrode, indicating that the capacity enhancement (g-
Fe2O3@C vs. g-Fe2O3@C/MWNT, as shown in Fig. 3c and d) is
due to the synergistic effect of g-Fe2O3@C nanoparticles and
MWNTs. The superior cycling stability of the g-Fe2O3@C/
MWNT electrode should be attributed to the exible and
conductive MWNTs. One can see that lots of cracks exist in the
cycled g-Fe2O3@C anode, while no obvious cracks can be
observed in the cycled g-Fe2O3@C/MWNT anode (see Fig. S4†).
This result indicates that the addition of MWNTs can not only
accommodate the mechanical stress induced by the volume
change of the g-Fe2O3@C nanoparticles, but also inhibits the
breakdown of the electrical connection of the g-Fe2O3@C
nanoparticles from the anode and thus maintains the structural
and electrical integrity of the electrode during the cyclic charge/
discharge processes. Such cycling stability at low and high
charge/discharge rates are signicantly higher than previously
reported works on carbon coated porous g-Fe2O3 microparticles
(900 mA h g�1 aer 40 cycles at 100 mA g�1)18 and g-Fe2O3/
graphene nanosheet composites (429 mA h g�1 aer 100 cycles
at 1000 mA g�1).19

It is noteworthy that both of the two electrodes show
increased capacities at different current densities during the
rst dozens even hundreds of cycles, implying a gradual acti-
vation of the electrodes. A similar phenomenon was also
reported for the bare a-Fe2O3 electrode, which exhibited a
discharge capacity rise (�6%) during the initial several cycles.11

It was ascribed to the reversible formation of a gel-like layer
generated from the electrolyte decomposition or further
J. Mater. Chem. A, 2015, 3, 9682–9688 | 9685
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interfacial lithium storage as a result of the electrochemical
reaction at the interface of active materials.11,15,31 However, for
our g-Fe2O3@C/MWNT electrode, the percentages of the
increase of the capacity are up to �48% (from 770 to 1139 mA h
g�1 at the current density of 100 mA g�1) and �106% (from 350
to 723 mA h g�1 at the current density of 1000 mA g�1),
respectively, which are not common in the reported various
nanostructured metal oxide electrodes.7,32–36

To clarify the mechanism of this activation of the elec-
trodes, the CV test was performed for a g-Fe2O3@C/MWNT
electrode aer different cycles at 100 mA g�1. As shown in
Fig. 4a, one can see that the intensity of the anodic peak (ipa)
at �1.8 V and the integral area of the curve (corresponding to
the capacity) rise gradually along with the charge/discharge
cycles, suggesting that the electrode has been gradually acti-
vated and forms a more stable structure, which is capable of
withstanding the volume change. According to the Randles–
Sevcik equation,37 the peak current can be described as
follows:

ipa ¼ (2.69 � 105)n3/2ACD1/2v1/2 (1)
Fig. 4 (a) Representative CV curves of a g-Fe2O3@C/MWNT electrode
after different cycles and (b) Nyquist plots (Z0 vs. �Z0 0) of the 2nd and
51st cycles of the g-Fe2O3@C/MWNT electrode. Symbols represent
experimental data and continuous lines represent fitted data using the
equivalent electrical circuit of the inset of (b).

9686 | J. Mater. Chem. A, 2015, 3, 9682–9688
where n is the electron stoichiometry during the oxidation/
redox reaction, A is the active surface area of the electrode, C is
the concentration of the diffusing species, D is the diffusion
coefficient of Li+, and v is the voltage scan rate. For our solid
state g-Fe2O3@C/MWNT electrodes, the n value is constant
during the cycles, and the C value can also be considered to be
unchanged due to the excess of the solid lithium counter elec-
trode. Hence, the rise of ipa indicates a gradual increase of A
and/or D along with the charge/discharge cycles, which should
be closely related to the microstructure evolution of the active
materials.

In this context, ex situ TEM and HRTEM analyses of the
electrodes were performed to examine their structural changes
along with the cycles (Fig. 5). During the initial several cycles
(Fig. 5a–c), the TEM images show that the dense Fe2O3 nano-
particles have progressively transformed to the vesiculate
structure, which should originate from the aggregation of the
vacancies produced during the extraction of Li, as revealed in
the dealloying for Li-alloying anodes.38–40 The HRTEM image
reveals that the Fe2O3 particle still possesses a relatively inte-
grated microstructure with a distinct lattice fringe (Fig. 5e).
Aer 50 cycles, the Fe2O3 particles become more loose and
porous due to the formation of larger pores at the expense of
small pores (Fig. 5d). The corresponding HRTEM image as
Fig. 5 TEM and HRTEM images showing the structure evolution of the
g-Fe2O3@C particles with the lithiation/delithiation cycles: (a) 0 cycle,
(b) 1 cycle, (c and e) 5 cycles, and (d and f) 50 cycles. All of the cycled
electrodes are sampled from the cells in a fully charged status. A
vesiculate structure of the g-Fe2O3@C particle was gradually formed
during the cycles. The interplanar distances of the selected areas are
calculated to be 0.30 and 0.27 nm, which agree with the (220) and
(310) planes of g-Fe2O3, respectively.

This journal is © The Royal Society of Chemistry 2015
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revealed in Fig. 5f indicates that the Fe2O3 nanoparticle has
transformed to clusters composed of some small nano-domains
with almost common crystallographic orientation. Hence, one
can conclude that the considerable interface including the
surfaces of the pores and the interface within the clusters form
aer the cyclic charge/discharge, which are active sites for
further interfacial lithium storage.11,15,41 Meanwhile, in contrast
with the well crystallized zones in the Fe2O3 nanoparticles, the
formed vesiculate structure and the interface (the domain
boundaries with the clusters) can also serve as the tunnel for Li+

transport, leading to a faster diffusion of Li ions. As a result,
both the active surface area and the diffusion coefficient
increase, highly in agreement with the CV analyses (Fig. 4a). It is
worth noting that although the vesiculate structure forms, no
pulverization is observed from the TEM investigation, which
should be due to the protection of the capsulated carbon shell
around the Fe2O3 nanoparticles.5,26 This vesiculate mesoporous
structure can provide a large number of interfaces for the
interfacial Li storage, leading to a high reversible capacity (1139
mA h g�1, as shown in Fig. 3c) beyond the theoretical capacity.

Furthermore, electrochemical impedance spectroscopy (EIS)
was conducted at frequencies from 100 kHz to 0.01 Hz to
understand the effect of the structure evolution of the active
materials on their electrochemical performances. The EIS data
were analysed by tting to an equivalent electrical circuit shown
in the inset of Fig. 4b. It consists of the electrolyte (Rs), surface
lm (Rf), and charge transfer (Rct) resistances, two constant
phase elements (CPE1 and CPE2), and a diffusional component
Warburg impedance (W). As shown in Fig. 4b, the Nyquist plots
for the 2nd and 51st cycles are similar, exhibiting a high-
frequency depressed semicircle (corresponding to Rf) and a
medium-frequency depressed semicircle (corresponding to Rct)
followed by a linear tail (corresponding to W) in the low-
frequency region.42 The resistance values aer curve tting are
listed in Table 1. One can see that the Rf of the 51st cycle is
signicantly lower than that of the 2nd cycle. Generally, the
increased active surface area upon cycling may lead to the
increasing SEI layer, and thus increase the Rf. However, for our
core–shell structured g-Fe2O3@C material, the SEI layer formed
in the rst cycle will shield the vesiculate electrode from the
erosion of the electrolyte during the next cycles. In other words,
despite the increased active surface area within the g-Fe2O3@C
nanoparticle upon cycling, no extra SEI layer forms within the g-
Fe2O3@C nanoparticles. Hence, the Rf would not increase, but
will slightly decrease due to the partial decomposition of the
outer SEI layer,41 leading to the decrease of Rf. The change of Rct

from 123.2 to 50.9 U suggests a signicant reduce of charge
Table 1 Impedance parameters of the cell, with g-Fe2O3@C/MWNT
as the cathode and a Li-metal anode, during the 2nd and 51st
discharge/charge cycles at �1.0 V

Parameter Rs/Ohm Rf/Ohm Rct/Ohm

2nd cycle 3.6 45.9 123.2
51st cycle 5.1 33.1 50.9

This journal is © The Royal Society of Chemistry 2015
transfer resistance aer cycling, which should be attributed to
the formation of the vesiculate structure. The increase of the
active surface area arising from such a structure evolution of the
electrode can lead to rapid electron transport during the elec-
trochemical lithium insertion/extraction reaction, and thus
result in signicant improvement on the cycling performance.
This result suggests that it is effective to improve the electro-
chemical performance of metal oxides through the electrode
vesiculation.
Conclusions

To summarize, g-Fe2O3@C/MWNT nanocomposites have been
successfully fabricated by a facile and scalable synthesis
method in combination with a vacuum-carbonization process.
The g-Fe2O3@C/MWNT electrodes deliver increased specic
capacities along with cycles, which are closely related to the
increased effective active surface area and the porous structure
during the vesiculation of the electrode, and the robust struc-
ture composed of 3D MWNT networks and g-Fe2O3@C nano-
particles. Considering the low cost, environmental acceptance,
and large-scale production of the g-Fe2O3@C/MWNT in the
present work, such anode materials hold great potential for
practical applications in lithium ion batteries.
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