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ABSTRACT: In this work, we developed a facile hydro-
thermal method for synthesis of hybrid a-Fe,O;—carbon
nanotubes (CNTS) architectures (a-Fe,0;—CNTs-1 and a-
Fe,0;—CNTs-2). The CNTSs are in situ attached to the a-
Fe,05 submicron spheres and form three-dimensional network
robust architectures. The increase in the amount of CNTSs in
the network a-Fe,O;—CNTs architectures will significantly
enhance the cycling and rate performance, as the flexible and
robust CNTs could ensure the fast electron transport
pathways, enhance the electronic conductivity, and improve
the structural stability of the electrode. As for pure a-Fe,O;

submicron spheres, the capacity decreased significantly and retained at 377.4 mAh gt after 11 cycles, and the capacity has a
slightly increasing trend at the following cycling. In contrast, the network a-Fe,O;—CNTSs-2 electrode shows the most
remarkable performance. At the 60th cycle, the capacity of network a-Fe,0;—CNTs-2 (764.5 mAh g~*) is 1.78 times than that of
a-Fe,0; submicron spheres (428.3 mAh g=1). The long-term cycling performance (1000 cycles) of samples at a high current
density of 5 C showed that the capacity of a-Fe,O5 submicron spheres fade to ~37.3 mAh gt at the 400th cycle and gradually
increased to ~116.7 mAh gt at the 1000th cycle. The capacity of network a-Fe,0;—CNTs-2 maintained at ~220.2 mAh g=*
before the 400th cycle, arrived at ~326.5 mAh g~ in the 615th, cycle and retained this value until 1000th cycle. The network a-
Fe,0;—CNTs-2 composite could significantly enhance the cycling and rate performance than pure a-Fe,O5 submicron spheres

composite.
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1. INTRODUCTION

Recently, the consumption of fossil fuels increases significantly
due to the rapid scientific and technological developments.
Exploring novel clean energy to satisfy our future energy
demand is becoming an emergency strategic topic.'”°
Rechargeable lithium-ion batteries (LIBs) are deemed to be
the most promising candidate as the clean resources in the near
future. LIBs are typically consisted by a lithium metal oxide
(e.g,, LiCoO,) in the cathode, a carbon-based material (e.g.,
graphite) in the anode and together with electrolyte-filled
porous membrane separator.” During the charge/discharge,
lithium ions flow between the anode and the cathode, and the
electrons move to the cathode and combine with lithium ions,
enabling the storage/conversion of chemical energy and
electrical energy.®~*

Recent advances in nanomaterials open up new opportunities
to obtain different architectures with the desired shapes and
compositions as electrode materials for LIBs to further
improving their electrochemical performance.**=** These
special properties make nanostructured materials ideal
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candidates for the anodes of LIBs. To date, although great
progress has been made in the area of LIBs,*"~?° economical
implementation of LIBs on a global scale still requires great
advances in both advanced electrode materials and devices to
decrease the production cost and increase the electrochemical
performance. Recently, hematite (Fe,O;) was considered a
promising anode material for LIBs because of its high
theoretical capacity (1005 mAh g~%), low cost, and natural
abundance.*=2® However, the cycling performance and rate
capability of Fe,0O; electrodes still need further improvements
due to the large volume change and low electronic conductivity
of Fe,O; during the lithiation and delithiation process. Our
previous studies show that the cycling performance and rate
capability of iron oxides can be significantly improved with the
addition of carbon nanotubes (CNTs).**=%® On the other
hand, we have demonstrated that network nanocomposites of
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CNTs and metal oxides facilitate the charge transport and
maintain the structural integrity, leading to high capacity, high
rate, and excellent cycling performance.” Recently, Li et al. also
reported that three-dimensional network structured a-Fe,O,
exhibited high electrochemical performance as the anode
materials of LIBs.?® Although considerable advances have
been made in the synthesis of network architectures, there is
still much room to progress, especially for the construction of
well-defined three-dimensional network architectures for anode
materials of LIBs.

In this contribution, we developed a one-pot hydrothermal
method for the controllable synthesis of network a-Fe,O;—
CNTs hybrid composites. The formation process is shown in
Scheme 1. This method employed cetyltrimethylammonium

Scheme 1. Formation Process of Hybrid Network a-Fe,O;—
CNTs Architectures

bromide (CTAB) and F127 as soft template, the oxidized
CNTs as the frameworks, and FeCl;-6H,0 as iron resources.
With the addition of Na,CO, solution, CO42~ will react with
Fe* ions and produce numerous nuclei of Fe** precipitates. To
minimize the energy of reaction system, these nuclei of Fe®*
precipitates tend to aggregate and form irregular assemblies.
However, the agglomeration behavior can be effectively
controlled by the geometric constrains of long alkyl chain
CTAB and multiactive sites F127. Therefore, these nuclei of
Fe* precipitates are well dispersed. When the oxidized CNTs
were added in the solution, the surface of CNTs will be
homogeneously aggregated by the nuclei of Fe3* precipitates
due to the oxidized CNTs containing rich oxygen function-
alities, which can act as the active sites for the agglomeration of
Fe®* precipitates. During the hydrothermal process, Fe*
precipitates are decomposed into the a-Fe,O; particles, and
one-dimensional CNTs are in situ attached to the a-Fe,0O;
particles. The tangling effect of CNTs and the dispersive effect
of surfactant promote the formation of well-defined network a-
Fe,0;—CNTs composites. The main advantages of the current
synthetic method are (1) the introduction of oxidized CNTs
may improve the electronic conductivity of electrode, facilitate
charge transfer between the electrode and electrolyte, and trap
extra Li* via the inner holes and defects of the oxidized CNTs
in the discharge process; (2) the flexible and robust CNT
backbone can tolerate the large volume variation and inhibit the
severe particles aggregation during the repeated charge/
discharge cycling process; and (3) the CNTs are in situ
attached to the a-Fe,O5 particles, which will induce the
disassembly of the a-Fe,O; submicron particles from an
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integrated one into the assemblies composed of numerous
small-sized particles (5—10 nm). This evolution will be helpful
for further improving the electrochemical performance.

2. EXPERIMENTAL SECTION

2.1. Synthesis and Oxidation of Multi-walled CNTs. The muti-
walled CNTSs were synthesized according to our previous procedure.?®
This procedure involves the design of catalyst, the agglomerate
control, and the fluidization hydrodynamic process. The synthesized
CNTs were 20—40 nm in diameter and 30—100 xzm in length. After
the CNTSs were fabricated, they were oxidized by the strong mixed acid
solution. Typically, 1 g of CNTs was added into a Teflon-lined
stainless autoclave, then 10 mL of HNO; and 30 mL of H,SO, were
added. The mixture was stirred for about 20 min. After that, the
stainless autoclave was screwed down and heated at 80 °C for 20 min.
Then, the oxidized CNTs were cooled to room temperature, filtered,
washed with deionized water, and dried in a freeze-drying apparatus
for 24 h. The morphologies of CNTs and the oxidized CNTs are
shown in Figure S1 (Supporting Information).

2.2. Synthesis of Network a-Fe,0;—CNTs Architectures. In a
typical procedure, 0.2 M FeCl;-6H,0 solution was mixed with 0.1 M
cetyltrimethylammonium bromide (CTAB) and 0.05 g of F127 in a
volume ratio of 1:1. Then, 25 mL of Na,CO; solution (0.2 M) was
gradually added. The mixture was continuously stirred for 20 min.
After that, to the mixed solution was added different amounts of
oxidized CNTs (0, 0.02, and 0.05 g). About 10 min of ultrasonic
treatment for the mixture was necessary to fully disperse the oxidized
CNTs in the mixture. Then the mixture was transferred into a Teflon-
lined stainless autoclave and heated to 260 °C for 10 h. After reaction,
the obtained pure a-Fe,O5 and network a-Fe,O;—CNTSs composites
(according to the initial addition amount of CNTs (0.02 and 0.05 g),
the resulting network a-Fe,0;—CNTs composites (abbreviated as a-
Fe,0;—CNTs-1 and a-Fe,0;—CNTs-2, respectively) were filtered,
washed with deionized water, and dried in a freeze-drying apparatus
for 24 h.

2.3. Characterization. X-ray diffraction (XRD, Rigaku, Japan)
patterns of the samples were recorded by an X-ray powder
diffractometer using Cu Ka radiation (4 = 1.5418 A). Morphologies
and structures of samples were observed by scanning electron
microscopy (SEM, FEI-Sirion 200) and transmission electron
microscopy (TEM, JEM-2010). The magnetic behavior of the
synthesized a-Fe,0, particles and network a-Fe,0;—CNTSs architec-
tures was analyzed using a vibrating sample magnetometer (VSM,
Lake Shore 736, Westerville, OH). The weight percentage of CNTs
content in the network a-Fe,O;—CNTSs architectures was determined
by a thermogravimetric analyzer (Pyris 1 TGA, PerkinElmer, Waltham,
MA) under air atmosphere at a heating rate of 10 °C min~* from 20 to
800 °C. The particle size distribution of the a-Fe,O5 particles was
evaluated by a nano particle analyzer (NANOS/ZEN1600, Malvern).
The Raman spectrum of samples was taken by a SENTERRA R200
Raman microscope. Fourier transform infrared spectroscopy (FTIR)
was carried out by a PerkinElmer Paragon-1000 spectrometer.

2.4. Electrochemical Measurements. To evaluate the electro-
chemical performance of the synthesized a-Fe,O, particles and
network a-Fe,O;—CNTs architectures, we used CR2025-coin type
cells with the composites. The working electrode was prepared by
mixing the active materials, acetylene black, and polyvinylidene
fluoride (PVDF) with weight ratios of 80:10:10 in N-methyl-2-
pyrrolidone solvent. The resulting slurry was then uniformly coated on
a copper foil using a blade, and then dried at 120 °C in a vacuum oven.
Coin cells were assembled in an argon-filled glovebox with the water
and oxygen content less than 0.5 ppm. Pure Li foil was used as both
the counter electrode and the reference electrode. The electrolyte was
1 M LiPFg in ethylene carbonate, diethyl carbonate and ethylmethyl
carbonate (EC/DMC/EMC, volume ratio of 1:1:1) electrolyte. A
polypropylene membrane (Celgard 2400) was used as a separator.
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3. RESULTS AND DISCUSSION

The network a-Fe,O;—CNTSs architectures were synthesized
by a facile one-pot hydrothermal method using FeCl;.6H,0
and multiwalls carbon nanotubes (CNTSs) as raw materials. The
structure and phase information on composites were confirmed
by the XRD measurements, as shown in Figure S2 (Supporting
Information). Without the addition of CNTSs, pure a-Fe,O4
composites can be obtained. All of the diffraction peaks can be
well indexed to the hematite a-Fe,O5 structure (JCPDS No.
33-664) with lattice constants a = 0.5036 and ¢ = 1.375. The
sharp diffraction peaks show that the a-Fe,05 composites have
a relatively high crystallinity. With the addition of CNTs (0.02
g), the resulting composites are composed of hematite a-Fe,O4
and carbon nanotubes. The broad peak at 26 = 25.6° can be
assigned to the (002) plane of CNTs. With the further increase
in the amount of CNTs (0.05 g), the peak becomes increasingly
evident. On the other hand, it can be seen that the peak
intensity of a-Fe,05 has a descending trend with the increase of
CNTs. This reason may be attributed to the increase of CNTs
in the hydrothermal system influences the crystallinity of a-
Fe,Os. As for iron oxide nanomaterials, it is widely accepted the
crystallinity was related to their magnetic behavior. Generally,
the high crystallinity will lead to the high saturation
magnetization. To monitor the crystallinity evolution of
network a-Fe,0;—CNTs architectures, we evaluated the
resulting composites by a vibrating sample magnetometer
(VSM) analyzer at room temperature, as shown in Figure S3
(Supporting Information). It can be seen that pure a-Fe,04
composite has a high saturation magnetization (0.61 emu/g),
remanent magnetization (0.22 emu/g), and coercivity (1027.3
Oe). With the addition of CNTs (0.02 g), all of the parameters
have a decreasing trend. The saturation magnetization,
remanent magnetization, and coercivity are found to be 0.59
emu/g, 0.20 emu/g, and 287.2 Oe, respectively. With the
further increase of CNTs (0.05 g), the saturation magnetization
(0.57 emu/g) and remanent magnetization (0.18 emu/g) have
a continuously decreasing trend, but the coercivity presenting
an increasing trend (599.2 Oe). Compared with the pure a-
Fe,O; composite, network a-Fe,O;—CNTs architectures
exhibit the low saturation magnetization, remanent magnet-
ization, and coercivity, confirming the crystallinity a-Fe,0O4
becomes weak due to the influence of CNTs in the
hydrothermal system.

Figure 1a shows the microstructure of the as-prepared pure
a-Fe,O; composites. It is clearly seen that the pure a-Fe,O4
composites are composed of small-size submicron spheres
(~200 nm) and large-size submicron spheres (400—500 nm).
The ratio of small-size particles and large-size particles is nearly
1:1. The a-Fe,O5 submicron spheres are highly dispersed and
have a well-defined edge (Figure 1b). The average diameter of
pure a-Fe,05 composites was measured to be 537.1 nm, which
was slightly larger than the real size of a-Fe,O; particles
because the measured size was the hydrodynamic diameter of
the dynamic light scatting in solution. Figure 1c shows the
morphology of the as-prepared network a-Fe,O;—CNTs-1
architectures. It can be seen that the a-Fe,O; submicron
spheres are tangled by one-dimensional CNTs. Compared with
pure a-Fe,O5 composites (Figure 1a), the average size of a-
Fe,O; submicron spheres in the network a-Fe,O;—CNTs-1
architectures has a decreasing trend and is mainly distributed in
the range of 250—350 nm. No large-size a-Fe,O; particles (e.g.,
500 nm) are observed in the network a-Fe,O;—CNTs-1
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Figure 1. (a) SEM and (b) TEM images of the pure a-Fe,0,
composites, (¢) SEM and (d) TEM images of the network -
Fe,O;—CNTs-1 architectures, and (e) SEM, (f) TEM and (g and h)
HRTEM images of the network a-Fe,0;—CNTs-2 architectures.

architectures owing to the surface of oxidized CNTs having
numerous oxygen-containing groups, which may have a
dispersive effect for the nuclei of Fe** precipitates. Figure 1d
clearly shows that some CNTs are attached in the a-Fe,O;
submicron spheres. Owing to the tangling effect between the
attached CNTs in a-Fe,O; submicron spheres and the
peripheral CNTs, robust network architectures are formed.
With the further increase of CNTSs, a-Fe,O5 submicron spheres
are tangled by much more CNTSs, as shown in Figure le. On
the other hand, the average size of a-Fe,O5 submicron spheres
has a further decreasing trend, and the majority of the particles
are distributed in the range of 200—250 nm. The higher
magnification image in Figure 1f clearly shows that CNTs are
attached in the a-Fe,O5 submicron spheres and entangled by
the CNTs (Figure S4, Supporting Information). The diameter
of the attached CNTSs is found to be 20—40 nm. Compared
with the network a-Fe,O;—CNTs-1 architectures (Figure 1d),
many more CNTs are attached in the a-Fe,O5 submicron
spheres as for the network a-Fe,O;—CNTs-2 architectures
(Figure 1g). We also observe that some attached CNTs
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Figure 2. (a) Raman spectra, (b) FTIR spectra, (c) TGA curves in air, and XPS spectra of (d) O 1s region and (e) Fe 2p region for the a-Fe,0O;—

CNTs-2 samples.

exhibiting porous structure (Figure S5, Supporting Informa-
tion), which arose from the oxidation of CNTs by mixed acid
solution. The high-resolution transmission electron microscopy
(HRTEM) image in Figure 1h shows the clear and continuous
lattice fringe image for the a-Fe,O5 submicron spheres and
CNTs, revealing the high crystallinity of network a-Fe,O;—
CNTs architectures. As for the edge of a-Fe,0O4, the distance of
neighboring fringes was about 0.252 nm, which is close to that
of (110) lattice spacing (0.251 nm) in the a-Fe,O; structure.
The selected area electron diffraction (SAED) pattern in Figure
S6 (Supporting Information) shows the a-Fe,O; has good
single-crystalline structure, whereas the CNTs exhibit poly
crystalline feature (Figure S7, Supporting Information). In
solution, CATB can be dissociated into cations, R(CH;);—N*,
and anions, Br~ ions. Numerous growing particles formed
during the initial precipitated reaction. The surface of initial
growing particles will be covered with CTAB, with its
R(CH;);—N" group absorbed on the surface of particles and
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its long hydrophobic alkyl chain outward, in order to reduce the
attractive van der Waals or hard-sphere interactions. In our
experiment, CTAB was expected to control the dispersion
behavior of growing particles during the initial reaction process.
F127 has a long chain polymer, and it was expected to control
the orientation-assembly of the growing particles. Generally,
F127 was used to synthesize the porous nanomaterials, but our
experimental results confirmed that the presence of F127 did
not lead to the formation of porous a-Fe,O; nanomaterials.
The exact reason is not clear, but we think the formation of
porous nanomaterials is also related to the reaction conditions
(e.g,, temperature, time, and concentration), except for the
addition of F127. If only CTAB or F127 (Figures S8 and S9,
Supporting Information) was added in the hydrothermal
reaction system (the synthetic procedure is similar to the
synthesis of a-Fe,0;—CNTs-1), the synthesized a-Fe,O;—
CNT hybrid composites are composed of numerous large-size
a-Fe,0; particles (over 500 nm). It is clearly seen that the
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Figure 3. (a) Cycling performance, (b) the initial Coulombic efficiency, (c) discharge/charge profiles in the 1st and 50th cycles at a 0.2 C rate, and

(d) the rate performance of the samples.

presence of only CTAB or F127 in the hydrothermal system
will produce the formation of large-size a-Fe,O5 particles. As
for the coexistence of CTAB and F127, the majority of a-Fe,0O4
particles in the network a-Fe,0;—CNTs-1 were in the range of
250—350 nm. Moreover, we observed that the dispersion
behavior of a-Fe,O5 particles in the network a-Fe,O;—CNTs-1
becomes poor. Evidently, the coexistence of CTAB and F127 in
the hydrothermal system facilitates the formation of dispersed
small-sized a-Fe,O5 particles, which will be helpful for the
improvement of lithium storage performance.

Raman spectra of the synthesized a-Fe,O5 submicron
spheres and network a-Fe,O;—CNT architectures are shown
in Figure 2a. As for pure a-Fe,O; submicron spheres, the
characteristic peak of a-Fe,O, was observed at 1314.5 cm—23°
As for the network a-Fe,O;—CNT architectures, it is clearly
seen that there are three peaks at 1300, 1330.5, and 1585.8
cm~! which correspond to the characteristic peak of a-Fe,O,
the D band and G’ band of CNTSs, respectively. The Raman
profiles for both network a-Fe,O;—CNTs-1 and network o-
Fe,0;—CNTs-2 nearly overlapped, indicating that the increase
of CNTs amount did not influence the chemical/physical
properties of CNTs for the resulting composites. The D band is
related to the defects and disorders in the hexagonal graphitic
layers, whereas ‘G’ band is related to vibration of sp?-bonded
carbon atoms in a two-dimensional hexagonal lattice.** The
intensity ratio of the D and ‘G’ band (Ip/lg) of network a-
Fe,0;—CNTs architectures is about 1.65, which is higher than
that of the oxidized CNTs at 80 °C (1.13).% The increase of
Ip/1¢ ratio suggests that the surface defects of oxidized CNTSs
have an increasing trend after the hydrothermal reaction. On
the other hand, the intensity of characteristic peak of a-Fe,O4
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decreased significantly, indicating the crystallization degree of
a-Fe,0O; components in the network a-Fe,O;—CNTSs
architectures become poor compared with the pure a-Fe,O4
submicron spheres. The main reason is attributed to the
addition of the oxidized CNTs in the reaction system may
influence the ordered self-assembly of the initial nuclei of a-
Fe,O; precipitates. Although the addition of CNTs in the
reaction system lead to the crystallization decrease of a-Fe,04
components in the network a-Fe,0;—CNTSs architectures, they
are favorable for improving the electrochemical performance of
LIBs. The following coin cells tests also demonstrated that the
capacity and rate performance of network a-Fe,O;—CNTS
architectures have been significantly improved than the high
crystallization a-Fe,O; submicron spheres. Herein we also
clarified that the increase of capacity and rate performance of
nanocomposites are partially coming from the contribution of
oxidized CNTSs. In order to confirm the functional groups on
the surface of network a-Fe,0;—CNTSs-2 architectures, FTIR
spectra were investigated in the wavenumber range of 400—
4000 cm=! as shown in Figure 2b. The O—H stretching
vibration peak can be observed at 3450.8 cm~!, the C=0
stretching vibration peak from carbonyl and carboxylic groups
can be found at 1639.7 cm™?, and the skeletal vibration peak of
CNTSs can be observed at 1388.8 cm™? The peak at 11239
cm~t can be assigned to the C—O—C stretching vibrations, and
it my be arising from the surfactant of F127.* The peak at
around 1033.8 cm~! was attributed to the characteristic peaks
of CTAB molecules®* The peak at 5764 cm™ may be
attributed to the vibrations of Fe—0.% In the range of 400—
700 cm™, it is clearly seen that there are three characteristic
vibration peaks of a-Fe,O5, which are related to their structures
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and sizes.*® In order to evaluate the weight ratio between
organic additives and inorganic a-Fe,O; components, we
analyzed the obtained samples using TGA measurements in the
temperature range of 20—800 °C. Figure 2¢ shows the TGA
curves in air for the synthesized a-Fe,O5 submicron spheres
and network a-Fe,0;—CNTSs-2 architectures. The TGA curves
show that there are nearly no weight losses below 200 °C,
indicating the samples were completely dried. As for a-Fe,04
submicron spheres, the weight loss that takes place between
400 and 715.2 °C may possibly be ascribed to the removal of
F127 and CTAB due to only the two kinds of surfactants were
used in the hydrothermal reaction. Because the surface of a-
Fe,O; is not completely smooth (there are some pores or
defects in a-Fe,05), partial surfactant molecules may aggregate
into the inner of pores or defects. In the range of 300—400 °C,
the CTAB and F127 will be completely decomposed, but the
produced gas cannot be rapidly removed from the interior of
the pores or defects at a heating rate of 10 °C min~2. Thus, the
TGA curve presented a delaying behavior. As for the network
a-Fe,0;—CNTs-2 architectures, the weight loss (1.8%) below
567.6 °C is higher than that of a-Fe,O; submicron spheres.
Except for the removal of CTAB molecules, the removal of
labile oxygen functional groups on the surface of the oxidized
CNTs may also contribute to this weight loss. At the
temperature range of 567.6—786.6 °C, there is an obvious
weight loss (4.3%) in the TGA curve, which can be attributed
to the decomposition of CNTs. On the basis of the TGA curve,
we calculate that the loading amount of CNTs in the a-Fe,O5;—
CNTs-2 composites is about 5.1%. As for the TGA curve of
pure oxidized CNTs (Figure S10, Supporting Information), we
can see that the oxidized CNTs can be completely decomposed
after 800 °C. Figure 2d shows the O 1s X-ray photoelectron
spectra (XPS) for the synthesized network a-Fe,0;—CNTs-2
architectures. There are three peaks in the curve: the sharp Peak
at 529.8 eV can be attributed to the oxygen in a-Fe,05> the
peak at 532.1 eV can be assigned to the oxygen in the oxidized
CNTs, and the peak at 533.1 eV can be ascribed to the oxygen
in F127. Figure 2e shows the Fe 2p XPS spectrum for the
synthesized network a-Fe,0;—CNTSs-2 architectures. The main
two peaks of Fe 2ps,, and Fe 2p,,, are at 711.2 and 724.8 eV,
respectively, which is in good agreement with those of Fe,Os,
and the satellite peak is at 719.2 eV, which is the characteristic
peak of Fe®* in Fe,0,%

Figure 3a displays the long-time cycling performance of the
synthesized a-Fe,O5 submicron spheres and network a-Fe,0;—
CNT architectures at a rate of 0.2 C. As for a-Fe,O4 submicron
spheres and network a-Fe,0;—CNTs-1, the specific capacity
decreased significantly and was retained at 377.4 and 472.2
mAh g~! after 11 cycles, respectively. After the following
cycling, we note that the capacity has an increasing trend. The
capacity of a-Fe,O5 submicron spheres and network a-Fe,0;—
CNTs-1 reaches about 534.5 and 599.9 mAh g~! at the 90th
cycle, respectively. The increase of capacity can be assigned to
the activation and stabilization of electrode materials, and the
reversible growth polymer/gel-like film caused by the
decomposition of the electrolyte at low potential.* In contrast,
the network a-Fe,0;—CNTs-2 electrode shows the most
remarkable performance. The specific capacity slowly decreased
to 7825 mAh gt after 11 cycles, and then presented an
increasing trend. The capacity of network a-Fe,O;—CNTs-2
electrode arrived at 764.5 mAh g~* at 60th cycle, which is
almost 1.57 times than that of network a-Fe,0;—CNTSs-2
electrode (486.6 mAh g1), and 1.78 times than that of a-Fe,0,
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submicron spheres electrode (428.3 mAh g=!). The initial
Coulombic efficiency of network a-Fe,O;—CNTs-2 electrode
(70.84%) is higher than that of network a-Fe,O;—CNTs-1
electrode (69.02%) and a-Fe,O5; submicron spheres electrode
(68.21%), as shown in Figure 3b. Evidently, the electrochemical
performance of network a-Fe,0;—CNTs-2 is significantly
superior to a-Fe,O5; submicron spheres and network a-
Fe,0;—CNTs-1. The reason could be that the addition of
flexible and robust CNTs may improve the electronic
conductivity of electrode and inhibit the large volume variation
during charge/discharge process. On the other hand, the
electrochemical performance of network a-Fe,O;—CNTSs-1 is
slightly higher than that of a-Fe,O; submicron spheres,
indicating that fewer CNTs do not facilitate the cross-linking
of a-Fe,0; particles. Figure 3c shows the discharge/charge
profiles of the synthesized a-Fe,O; submicron spheres and
network a-Fe,O;—CNTSs architectures at a rate of 0.2 C within
the voltage window of 0.01—-0.3 V. Their long voltage plateaus
during the first discharge process were all located at ~0.86 V
and slightly increase at the 50th discharge process (0.95 V for
network a-Fe,O;—CNTs-2, 0.92 V for network a-Fe,O;—
CNTs-1, and 0.91 V for a-Fe,O5; submicron spheres), which is
similar to previous reports.*>! It can be seen that the discharge
capacities of a-Fe,O5 submicron spheres, network a-Fe,0;—
CNTs-,1 and network a-Fe,0;—CNTs-2 in the 1st cycle are
1411.8, 1177.5, and 1088.3 mAh g%, respectively, and in the
50th cycle are 689.6, 438.5, and 404.9 mAh g%, respectively.
The charge capacities of a-Fe,O5 submicron spheres, network
a-Fe,0;—CNTs-1, and network a-Fe,0;—CNTs-2 in the 1st
cycle are 1007.5, 820.7, and 745.3 mAh g~2, respectively, and in
the 50th cycle are 686.6, 435.8, and 4023 mAh g7
respectively. The irreversible capacity loss can be mainly
ascribed to the possible irreversible processes such as the
decomposition of electrolyte, inevitable formation of the solid
electrolyte interface (SEI) film and the formation of amorphous
Li,O.* It is interesting to note that the discharge capacities of
electrodes in the first cycle all exceed the theoretical value of
Fe,0; (1005 mAh g%), which can be attributed to the
decomposition of electrolyte, lithium storage on the surface of
polymeric layer, or interfacial storage.*® After the 50th cycle, the
Coulombic efficiency of a-Fe,O4 submicron spheres, network
a-Fe,0;—CNTs-1, and network a-Fe,0;—CNTs-2 increased
to 99.6, 99.4, and 99.3%, respectively. The rate performance of
a-Fe,O3 submicron spheres and network a-Fe,0;—CNTs was
also investigated under different current densities, as shown in
Figure 3d. It can be seen that the a-Fe,O5 submicron spheres
exhibited lowest capacities of 485.3, 294.8, 185.4, 118.4, and
70.6 mAh g~ at the current densities of 0.1,0.2, 0.5, 1, and 2 C,
respectively. The network a-Fe,O;—CNTs-1 showed higher
capacities of 496.4, 333.8, 222.1, 154.8, and 87.4 mAh g~ at the
current densities of 0.1, 0.2, 0.5, 1, and 2 C, respectively. It is
clear that the rate performance of network a-Fe,0;—CNTs-1 is
better than that of a-Fe,O; submicron spheres. In a high
current density of 5 C, both a-Fe,O4 submicron spheres and
network a-Fe,O;—CNTs-1 experience significant capacity
fading, and only ~20.1 mAh g~! can be obtained. This may
be attributed to the low conductivity and the aggregation of
iron oxides particles during the cycling process. The electrodes
prepared with a-Fe,O5 submicron spheres and network a-
Fe,0,—CNTs-1 were easily loosened and sloughed off**
leading to the loss of active materials and making the cells
invalid. However, network a-Fe,O;—CNTs-2 composite
displayed a much better stability and electrochemical perform-
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Figure 4. (a) Long-term cycling performance of samples at a high current density of 5 C, cyclic voltammogram profiles of network (b) a-Fe,0O;—
CNTs-1 composite, and (¢) a-Fe,0;—CNTs-2 composite, EIS spectra of samples (d) before cycling and (e) after 1000 cycles at the current density

of 5 C, and (f) an electrochemical equivalent circuit.

ance. It presented high capacities of 907.9, 798.9, 625.3, 479.5,
and 322.7 mAh ¢! at the current densities of 0.1, 0.2, 0.5, 1,
and 2 C, respectively. Even at a high current density of 5 C, the
capacity still exhibited as high as 168.5 mAh g~2, which is more
than 8 times than that of a-Fe,O; submicron spheres and
network a-Fe,O;—CNTs-1. This suggests that the introduction
of a suitable amount CNTs may significantly enhance the rate
performance. When returning to the initial current density of
0.1 C, the network a-Fe,O;—CNTs-2 composite returns to a
high capacity of 667.3 mAh g~X. The reasons for the high
capacity of the network a-Fe,O;—CNTSs-2 composite are that
(1) the introduction of oxidized CNTs can enhance the
electronic conductivity of network a-Fe,0;—CNTs-2 compo-
site, improve the charge transfer between the electrode and
electrolyte, and trap extra Li* via the inner holes and defects of
the oxidized CNTSs in the discharge process; the defects on the
surface of CNTs arise from the oxidation of CNTs in the mixed
acid solution; (2) the addition of CNTs could acted as an
excellent cushion to tolerate the large volume variation and
inhibit the severe particles aggregation during the repeated
charge/discharge cycling process; and (3) network CNTSs act as
the flexible and robust backbone for a-Fe,0;—CNTs-2
composite. Furthermore, the CNTs are in situ attached to
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the a-Fe,O; particles. Such special structure of network a-
Fe,O;—CNTs-2 composite is beneficial for maintaining the
structural integrity of electrode and improving the cycling
performance.

To evaluate the long-term cycling performance of samples,
we cycled cells at high current density of 5 C over 1000 cycles,
as shown in Figure 4a. As for the a-Fe,O4 submicron spheres,
the capacity quickly decreased in the eighth cycles (137.8 mAh
g™Y). Then the decreasing trend become slowly after the
following cycling, and the capacity fade to ~37.3 mAh ¢! at
the 400th cycle. After that, the capacity exhibited an increasing
trend and gradually reached at ~116.7 mAh g~ at the 1000th
cycle. As for network a-Fe,O;—CNTs-1 composite, the
capacity fading trend is similar to a-Fe,O3; submicron spheres
before the 118th cycle (1349 mAh g%). At the following
cycling, the capacity gradually increased to ~271 mAh gt at
the 477th cycle and arrived at ~311.2 mAh g* at the 1000th
cycle. As for the network a-Fe,O;—CNTSs-2 composite, the
capacity was significantly higher than that of a-Fe,0;
submicron spheres and a-Fe,O;—CNTSs-1 composite, and the
capacity maintained at ~220.2 mAh g~ before the 400th cycle.
With the further increase of cycling, the capacity arrived at
~326.5 mAh gt at the 615th cycle and retained this value until
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Table 1. Electrochemical Parameters Obtained from EIS Tests before and after Cycling

specimen R, (Q:cm?) Y, (Q tm=%"107%)
before cycling a-Fe,03 2.32 114
a-Fe,0;—CNTs-2 0.85 22.57
after 1000 cycles a-Fe,0;—CNTs-2 0.24 12.58

n, R, (Qcm?) Y4 (@ lem=%"107) Ny Ry (Q-cm?)
0.65 97.68 55.11 0.76 0.01
0.79 29.84 0.14 0.75 95.31
0.32 4041 91.59 0.65 0.01

1000th cycle. The cycling tests showed that the electrochemical
performance of network a-Fe,0;—CNTs-2 composite is
significantly superior to a-Fe,O; submicron spheres and
network a-Fe,0;—CNTs-1 composite at relatively short-term
cycling (400 cycles), and slightly superior to the network a-
Fe,0;—CNTs-1 composite at long-term cycling (1000 cycles).
This phenomenon confirms that (1) the introduction of CNTs
may significantly improve the electrochemical performance of
iron oxides particles at high current density, and (2) larger
amount CNTSs are significantly beneficial for the increase of
capacity in the relatively short-term cycling (400 cycles), but
the variation of CNTs amounts for the increase of capacity is
not evident in the long term cycling (1000 cycles). Figure 4b
shows the cyclic voltammogram (CV) curves of network a-
Fe,0;—CNTs-1 composite under a scan rate of 0.1 mVs™ at
room temperature. It can be found that there are two reduction
peaks (0.82 and 1.22 V) in the first cathodic sweep process—a
bulky peak and a tiny broad peak. This can be attributed to the
two lithiation processes,”® which are related to the reduction
reaction of Fe** or Fe?* to Fe® and the irreversible reaction with
the electrolyte.*® In the first step, a lithium will be inserted into
the a-Fe,O; components in the network a-Fe,0;—CNTs-1
composite to form cubic Li,Fe,O3 (a-Fe,05 + 2Li* + 287 —
Li,Fe,05). Second, Fe?* will be reduced to Fe® and
accompanying the decomposition of electrolyte (LiFe,O5 +
ALi* + 4e” — 2Fe + 3Li,0), and formation of amorphous Li,O
particles which are deemed as the main reason for the
irreversible capacity during the discharge process.*’ In the
anodic process, two oxidation peaks located at 1.64 and 2.19 V
are observed which are related to the oxidation of Fe to Fe?*
and Fe®* to reform Fe,0,.* In the second cycle, the peak
located at 1.22 V disappeared and only one peak at 0.79 V was
observed in the cathodic sweep. This can be ascribed to the
irreversible phase transformation from a-LiFe,O5 to cubic
Li,Fe,0O and the formation of SEI film.* In addition, we found
that the oxidation peaks shift from 1.64 and 2.19 V to 1.79 and
2.29 V, respectively. During the following cycles, the position
and integrated area of reduction and oxidation peaks remain
nearly unchanged, indicating the good reversibility reaction
between Fe® and Fe?". Figure 4c shows the CV curves of
network a-Fe,0;—CNTs-2 composite under a scan rate of 0.1
mVs~t at room temperature. There are two reduction peaks
(0.79 and 1.19 V) in the first cathodic sweep process—a bulky
peak and a broad peak. The intensity of broad peak located at
119 V becomes stronger than that of a-Fe,O;—CNTs-1
composite. In the second cycle, the peak located at 1.19 V
disappeared and the peak at 0.79 V still exits. In the anodic
process, two peaks (1.69, 1.86 V) are observed. This can be
attributed to the oxidation of Fe® to Fe*" and Fe** to reform
Fe,O5. The oxidation peaks shift from 1.69 and 1.86 V to 1.79
and 2.11 V, respectively. In the third cycle, the intensity of two
oxidation peaks decreased but the peak location does not
change significantly. At the following cycles, the position and
integrated area of reduction and oxidation peaks nearly
overlapped, suggesting the good reversibility reaction between
Fe® and Fe?*. To evaluate the electrochemical dynamical
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behaviors of samples before and after cycling, we carried out
electrochemical impedance spectroscopy (EIS) measurements,
as shown in Figure 4d,e. The EIS spectra of a-Fe,O4 submicron
spheres and network a-Fe,O;—CNTSs composites are com-
posed of a depressed quasi-semicircle in the range of high to
middle frequency and a straight sloping line in the low
frequency range. The capacitive arc diameter was acting as the
resistance, and the sloped line was related to the Warburg
impedance (Z,) of lithium ion diffusion. The EIS plots are
approximately semicircle shaped in the complex plane with the
center under the real axis. The depressed quasi-semicircle was
similar to a capacitor, which indicates (a) a homogeneous SEI
film was formed on the electrode surface and (b) a typical
behavior for solid electrodes that presented the frequency
dispersion of impedance data. After 1000 cycles, the capacitive
arc diameter of network a-Fe,0;—CNTs-2 composite is
significantly reduced than that of a-Fe,05 submicron spheres,
indicating the electrochemical dynamic behavior and cycling
capability of network a-Fe,O;—CNTSs-2 composite are much
better than that of a-Fe,O5 submicron spheres. Figure 4f shows
the electrochemical equivalent circuit model according to the
simulation. R, is the solution resistance, R, is SEI film
resistance, and R is charge transfer resistance. C, and Cy are
SEI film capacitance and double-layer capacitance, respectively.
To compensate the nonhomogeneity of electrode surface,>® we
substituted a constant phase element (CPE) for C, and Cy,
respectively, in the electrochemical equivalent circuit process. Y
and n are the parameters of CPE, and the unit of Y is
Q7lem™2s" and n reflecting a phase shift satisfying the
condition 0 < n < 1, s = iw where i is 4/-1 and w is the
angular frequency.>? Y can be regarded to be approximation
to the value of capacitance. The parameters associated with EIS
are listed in Table 1. As for a-Fe,O5; submicron spheres and
network a-Fe,O;—CNTs-2 composite, R, is 97.68 and 29.84 Q-
cm?, respectively. The low R, of a-Fe,0;—CNTSs-2 composite
is beneficial to enhance the Li* transmission in the SEI film and
provide efficient electrical conductive networks. Owing to the
surface of oxidized CNTs has much oxygen-containing
functional groups, the a-Fe,0;—CNTs-2 composite can
compactly bond to the electrode surface than that of the a-
Fe,0O5 submicron spheres. It will be helpful for the improve-
ment of the adhesion force between the active materials and
electrode surface. Figure S11 (Supporting Information) shows
the optical image of the a-Fe,O5 submicron spheres, a-Fe,O;—
CNTs-1 and a-Fe,0;—CNTs-2 composites after cycling at 0.2
C. It is clear that the active materials for a-Fe,O5; submicron
spheres were easily abrupt from the copper foil. On the other
hand, the improvement of adhesion force between the active
materials and electrode surface will influence the double layer
capacitance and lead to the increase of charge transfer
resistance (Ry). As for a-Fe,O; submicron spheres and a-
Fe,0;—CNTs-2 composites, the R, value before cycling is 0.01
and 95.31 Q.cm?, respectively. This suggests that the addition
of oxidized CNTs in composites has improved the adhesion
force between the active materials and electrode surface. This
was possibly the main reason that the introduction of oxidized
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CNTs in the composites led to the increase of resistance over
that of a-Fe,O; submicron spheres electrode in the middle and
high frequencies, and the capacitance behavior in the low
frequency does not present the improvement than a-Fe,O4
submicron spheres electrode. After 1000 cycles, the R, value of
network a-Fe,O;—CNTs-2 composite has a slight increase
(4041 Q-cm?), suggesting the quality of SEI film has been
improved. This can be attributed to the variation of
morphology and microstructure of SEI film during the repeated
cycling. The Y, value of network a-Fe,0;—CNTs-2 composite
decreased from 22.57 to 12.58 Q7 cm=2 " 10~* after 1000
cycles, indicating the thickness of SEI film has an increasing
trend. The variation of the n, value resulted in the modification
of the chemical composition film. The n, value of network a-
Fe,0;—CNTs-2 composite before cycling was ~0.79, suggest-
ing the SEI film was relatively homogeneous. After 1000 cycles,
the n, value decreased to ~0.32, indicating that the SEI film
becomes loose and porous, as suggested by the values of Ry
before cycling (95.31 Q-cm?) and after cycling (0.01 ©-cm?).
This evolution can be explained by an increase of cycling
leading to the appearance of defects and/or pores in the SEI
film, which facilitates the Li* into and from the film. Evidently,
the network a-Fe,0;—CNTs-2 composite can significantly
enhance the cycling stability and rate performance perhaps
benefited from its unique network structural characteristics.
The electronic conductivity measurements of the samples was
done at room temperature using the four-probe method
(Keithley 2636A). As for the CNTSs, the electronic conductivity
of CNTs is 13.8 S/cm. After the chemical modification of
CNTs by mixed acid, the electronic conductivity of oxidized
CNTs is 2.5 S/cm. As for the synthesized a-Fe,0;—CNTSs, the
electronic conductivity is 1.7 S/cm. It was known that the
Fe,O; has a poor electronic conductivity (e.g., y-Fe,05 < 107°
S/cm). The addition of oxidized CNTs will significantly
improve the electronic conductivity of Fe,O5-based hybrid
materials.

Different from previous publications® herein, we used the
agglomerated CNTs as raw materials. It is known that the
agglomerated CNTSs are in a severely agglomeration state, the
numerous 1-D nanotubes are tangled each other and formation
of large-sized agglomerates. We applied the mixed acid
oxidation and hydrothermal treatment strategy to disperse the
agglomerated CNTs into a well-ordered state. Our results
indicated that the agglomerated CNTs can be well attached to
the a-Fe,O; particles and form network a-Fe,0;—CNTSs
architectures. Our electrochemical results showed that the
synthesized network a-Fe,O;—CNTSs architectures exhibit
good performance, but the microstructure and compositions
(e.g,, reducing the Fe,O5 particle sizes and controlling the
amount of CNTs in composites and the oxidization time for
the agglomerated CNTS) still need further optimizing in order
to get a better performance. Generally, the SEI film is formed at
a voltage less than 1 V (vs Li*/Li) because there is no
electrolyte system stable at that range. During the first cycle, the
peak around 0.8 V represents such reaction. When the SEI film
is formed, this reaction is typically suppressed, indicating that a
stable process formed. Figure 5a shows the TEM image of a-
Fe,O5 submicron spheres after 50 cycles at a rate of 0.2 C. It
can be seen that the general morphology of samples does not
change significantly after cycling, but we can see that a thin
layer film is formed on the surface of a-Fe,O5 submicron
spheres after cycling. The thickness of thin layer film the ~5
nm, as shown in Figure 5b. From higher TEM image, the thin
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(a)

Figure 5. (a—c) TEM images of the a-Fe,O5 submicron spheres after
50 cycles at a rate of 0.2 C, (d—g) TEM and HRTEM images of the
hybrid a-Fe,0,—CNTs-1 composites after 50 cycles at a rate of 0.2 C.

layer film (Figure 5c) exhibited amorphous characteristics,
whereas the a-Fe,0O; substrate presented single-crystalline
structure (Figure S12, Supporting Information). We also
observe the morphology evolution of hybrid network a-
Fe,0;—CNTs-1 composites after 50 cycles at a rate of 0.2 C.
Interestingly, we observed that those a-Fe,O; particles that
were successfully attached to CNTs are completely dis-
assembled into the assemblies composed of numerous small-
sized particles (5—10 nm; Figure 5d.e and Figure S13,
Supporting Information), whereas those a-Fe,O; particles
that were not successfully attached to CNTs will maintain
their structures well (Figure 5f). Figure 5g clearly shows the
CNTs are attached in the a-Fe,O3 submicron spheres, and the
a-Fe,05 particles are also tangled by CNTs. The TEM images
indicated that the inserting of CNTSs into a-Fe,O4 particles will
induce the disassembly of bigger submicron particles from an
integrated one into the assemblies composed of numerous
nanoparticles (5—10 nm), which was regarded as one of the
main reason to enhance the lithium storage capacity. Yu et al.
reported the electrochemical property of Fe,O; nanoparticles-
filled carbon nanotubes.*® The electrochemical tests showed
that the Fe,Osfilled CNTs exhibted a reversible charge
capacity of 648.6 mAh g~* at a rate of 60 mA g1 At a high
rate of 1200 mA g%, a capacity of 335 mAh g=! can be
achieved. When the current rate is returned to 60 mA g2, a
capacity of 603 mAh g~* can be achieved. Xiao et al. reported
the single-crystalline mesoporous a-Fe,O5 and Fe;O, nanorods
as anode materials for LIBs. The rate performance tests showed
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that the discharge capacity is reduced to 980, 915, 820 mAh g~*
at rates of 0.1, 0.2 and 0.5 C, respectively.*® According to the
electrochemical data, it is clearly seen that our synthesized
hybrid network a-Fe,O;—CNTs composites are not the best
materials for Fe,O; based electrodes. However, it is still
comparable with the state-of-the-art of Fe,O; based electrodes
with good cycling and rate performance. The capacity of hybrid
network a-Fe,0;—CNTS composites can maintain at ~220.2
mAh g~! before the 400th cycle, arrived at ~326.5 mAh gt in
the 615th cycle and retained this value until 1000th cycle. To
validate that the addition of CNTs in the a-Fe,0;—CNTs
hybrid composites could tolerate the large volume variation and
inhibit the severe particles aggregation, we investigated the
cross-sectional images of a-Fe,O; particles and a-Fe,O;—
CNTs hybrid composites after cycling 50 cycles at a rate of 0.2
C. It is clearly seen that the pure a-Fe,O; particles electrodes
after cycling (Figure S14, Supporting Information) are loose
and easily break off from the substrates. As for a-Fe,0;—CNTSs
hybrid composites, the a-Fe,O;—CNTs hybrid composites
after cycling could form network architectures and the a-Fe,O;
particles are encapsulated in the substrates (Supporting
Information, Figure S15 for a-Fe,0;—CNTs-1 and Figure
S16 for a-Fe,0;—CNTs-2). The cross-sectional images of a-
Fe,O; particles and a-Fe,O;—CNTs hybrid composites after
cycling indicated that the a-Fe,O;—CNTSs hybrid composites
could tolerate the large volume variation and inhibit the severe
particles aggregation, which will be a benefit for the
improvement of electrochemical performance. Compared with
pure a-Fe,O5; submicron spheres, our synthesized hybrid
network a-Fe,0;—CNTs composites exhibited excellent
electrochemical performance.

4. CONCLUSIONS

In summary, we have successfully developed a facile hydro-
thermal method for the synthesis of network a-Fe,O;—CNTS
hybrid architectures. As for the pure a-Fe,O; submicron
spheres, the capacity decreased significantly and retained at
377.4 mAh g™t at 11 cycles. In contrast, the capacity of network
a-Fe,0;—CNTs-2 (764.5 mAh g71) is 1.78 times than that of
a-Fe,05 submicron spheres (428.3 mAh g~?) at the 60th cycle.
After long-term 1000 cycles at a high current density of 5 C, the
capacity of a-Fe,0, submicron spheres fade to ~37.3 mAh g*
at the 400th cycle and gradually increased to ~116.7 mAh g~*
at the 1000th cycle, whereas the capacity of network a-Fe,0;—
CNTs-2 maintained at ~220.2 mAh g~ before the 400th cycle
arrived at ~326.5 mAh gt at the 615th cycle and retained this
value until 1000th cycle. Our results confirm that the
synthesized network a-Fe,O;—CNTSs composites could sig-
nificantly enhance the cycling and rate performance over that of
pure a-Fe,0; composite. The three-dimensional network
architectures are promising candidates for anode materials for
LIBs in the near future.
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