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1 Introduction

ABSTRACT

Iron oxide is a promising anode material for lithium ion batteries, but it usually
exhibits poor electrochemical property because of its poor conductivity and
large volume variation during the lithium uptake and release processes. In this
work, a double protection strategy for improving electrochemical performance
of Fe;O, nanoparticles through the use of decoration with multi-walled carbon
nanotubes and reduced graphene oxides networks has been developed. The
resulting MWCNTs-Fe;O,~rGO nanocomposites exhibited excellent cycling
performance and rate capability in comparison with MWCNTs-Fe;O,,
MWCNTs-Fe;O, physically mixed with rGO, and Fe;O,~rGO. A reversible
capacity of ~680 mA-h-g™' can be maintained after 100 cycles under a current
density of 200 mA-g™.

abundance [6, 7]. However, Fe;O,-based anode materials
often suffer from poor cycling performance and low

Due to the growing demand for high energy and
power density of Li-ion batteries (LIB), transition
metal oxides have gained continuing research interest
for their higher specific capacity comparing to graphitic
anodes with theoretical capacity of 372 mA-h-g™ [1-5].
Among them, Fe;O, is considered as a more promising
anode material candidate than other oxides because
of its high theoretical capacity of 922 mA-h-g~, low cost,
being environmentally benign, and its high natural

rate capability due to large specific volume changes
upon cycling and the intrinsic kinetic limitations of
Fe;O,. To address these issues, various strategies have
been developed to improve the structural integrity
and electrical conductivity of Fe;O,-based materials.
These methods can be divided into two main categories:
One is to synthesis of Fe;O, nanostructures with
optimized particle size or morphology [6, 8, 9]; the
other one is to combine Fe;O, with conductive
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substrates (such as graphene [10-20] or carbon shells
[21-24]) to fabricate Fe;O,/carbon composites. Here,
we have combined these two approaches and produced
a MWCNTs-Fe;O,—rGO nanocomposite material with
excellent electrochemical properties.

As the impressive representatives of carbon
nanomaterials, carbon nanotubes (CNTs) [25-27] and
graphene [28-32] have been widely used in the field
of energy storage due to their high electrical con-
ductivity, large surface area, and chemical stability. In
previous reports, Fe;O, nanoparticles were directly
decorated on graphene to use as Li-ion anodes.
However, the loaded Fe;O, nanoparticles will detach
from the graphene easily if there is no protection
layer, which will further cause the decay of capacity
during the cycle process [19,20]. Although much
progress has been obtained for Fe;O,—graphene
composites, the use of CNTs-based Fe;O, for Li-ion
batteries has rarely been reported [33, 34]. A possible
reason may be the chemically inert feature of CNTs,
making it difficult to uniformly disperse Fe;O, directly.
High temperature treatment with concentrated acid
or doping with heteroatoms has usually been adopted
to functionalize the surface first [35-37]. However,
these methods generate waste acid and are also time-
consuming. Moreover, the resulting introduction of
defects and functional groups destroys the conjugated
structure system of CNTs, which further affects the
electronic conductivity of CNTs. Therefore, developing
a facile method to synthesize CNTs-Fe;O, without
any pretreatment of the CNTs is desirable. Moreover,
wrapping CNTs—Fe;O, with graphene to form mixed
conducting 3D networks may further enhance the
electrochemical properties of the Fe;O, nanoparticles.

Based on these ideas, we have developed a double
protection strategy for improving both the cyclability
and rate capability of Fe;O, nanoparticles through
the use of decoration with multi-walled carbon nano-
tubes (MWCNTs) and the formation of reduced
graphene oxides (rGO) networks. Fe;O, nanoparticles
with diameter of ca. 7 nm are first decorated directly
onto the surface of MWCNTs without any pretreatment,
forming conductive wires. Elastic rGO networks are
then introduced to wrap the MWCNTs-Fe;O, to form
MWCNTs-Fe;O,~rGO nanocomposites, which not only
provide a highly conductive network for electron
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transfer during the lithiation and delithiation processes,
but also serve as a buffer to alleviate the aggregation
and volume changes of Fe;O, nanoparticles. When
used as an anode material for Li-ion Dbatteries,
MWCNTs-Fe;O,~rGO nanocomposites exhibit much-
improved electrochemical performance in comparison
with MWCNTs-Fe;O, and MWCNTs-Fe;O, physically
mixed with rGO.

2 Experimental

21 Sample preparation
2.1.1  Synthesis of MWCNTs-Fe;O, (F-1)

In a typical procedure, 700 mg of Fe(acac); and 80 mg
MWCNTs were added to a 100 mL flask containing
48 mL of triethylene glycol (TREG). After ultrasonica-
tion for 10 min, the resulting solution was rapidly
heated to 190 °C under argon protection, maintained
there for 30 min, and then heated rapidly to 278 °C,
and held there for an additional 30 min. After cooling
to room temperature, the obtained mixture was
centrifuged and washed five times with ethyl acetate
and dried in vacuum at room temperature for 6 h.

2.1.2  Synthesis of MWCNT5-Fe;0~rGO (F-2)

Firstly, graphene oxide (GO) solution was prepared
through mixing 5 mL of 5 mg/mL GO with 10 mL of
ethylene glycol. The obtained MWCNTs-Fe;O, was
stirred directly with the above-mentioned GO solution
for 1.0 h. Then, the mixture was transferred to a
Teflon-lined autoclave (100 mL) and heated in oven
for 12 h (180 °C). After cooling to room temperature,
the obtained mixture was filtered through a PTFE
membrane with 0.2 um pore diameter. The composites
were washed four times with 100 mL of H,O and
freeze-dried in vacuum.

2.1.3  Synthesis of MWCNTs—Fe;04+rGO (F-3)

To maintain the same synthesized parameters,
reduced graphene oxide (rGO) was prepared through
the same procedure as the F-2 except the MWCNTs
and Fe(acac); were not added into the ethylene glycol-
triethylene glycol solution. Then, the obtained rGO
was mixed with 116 mg of F-1 in 20 mL of H,O for 1 h.
Finally, the obtained mixture was filtered through a
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PTFE membrane with 0.2 um pore diameter. The
composites were washed four times with 100 mL H,O
and freeze-dried in vacuum.

2.14 Synthesis of rGO-Fe;O, (F-4)

Firstly, graphene oxide (GO) solution was prepared
through mixing 2.5 mL of 5 mg/mL GO with 5 mL of
ethylene glycol. Secondly, 400 mg of Fe(acac); was
added to a 50 mL flask containing 24 mL of triethylene
glycol (TREG). After ultrasonication for 10 min, the
resulting solution was rapidly heated to 190 ‘C under
argon protection, maintained there for 30 min, and
then heated rapidly to 278 °C, and held there for an
additional 30 min. After cooling to room temperature,
the obtained Fe;O, was stirred directly with the
above-mentioned GO solution for 1h. Then, the
mixture was transfered to a Teflon-lined autoclave
(100 mL) and heated in oven for 12 h (180 °C). After
cooling to room temperature, the obtained mixture
was filtered through a PTFE membrane with 0.2 um
pore diameter. The composites were washed four
times with 100 mL H,O and freeze-dried in vacuum.

2.2 Characterization

2.2.1 Materials characterization

X-ray diffraction (XRD) patterns were recorded on
a Rigaku D/max-2500 diffractometer with Cu Ka
radiation (A = 1.5418 A) at 40kV and 200 mA. The
morphology and microstructures of the samples
were characterized by scanning electron microscopy
(HITACHI S-4800 SEM), transmission electron
microscopy (TEM, JEOL-1011) and high-resolution
transmission electron microscopy (HRTEM) (JEOL,
JEM-2100F). X-ray photoelectron spectroscopy (XPS)
measurements were performed on the VG Scientific
ESCALab220i-XL spectrometer using Al Ka radiation.
The loading content of Fe was determined by
inductively coupled plasma-atomic emission spec-
troscopy (ICP-AES) (VISTA-MPX). Thermogravimetric
analysis (TGA) was carried out on a Shimadzu DTG-
60H instrument under a flow of air with a temperature
ramp of 5°C/min from room temperature to 850 °C.
Fourier transform infrared (FT-IR) spectra were
obtained using a Bruker Tensor 27 spectrometer using
pressed KBr pellets to test the chemical bonding of
the products from 400 to 4,000 cm™. Raman spectra were
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measured on a Thermo Scientific DXR spectrometer
(excited by 532 nm He-Ne laser).

2.2.2 Electrochemical characterization

Electrochemical experiments were performed using
Swagelok-type cells. To prepare working electrodes,
carbon black, and
poly(vinylidene fluoride) (PVDF) with mass ratio
80:10:10 were mixed into a homogeneous slurry in
N-methylpyrrolidone (NMP) with a pestle and mortar.
The obtained slurry was pasted onto pure Cu foil
(99.9%, Goodfellow). The mass loading of the working
electrode materials was about 1.3 mg/cm?2. The elec-

active material, Super-P

trolyte was 1 M LiPF; in ethylene carbonate/dimethyl
carbonate (EC/DMC, 1:1 v/v) (Novolyte Technologies).
Glass fibers (GF/D) from Whatman were used as
separators and pure lithium metal foil (Aldrich) was
used as the counter electrode. Cell assembly was carried
out in an Ar-filled glovebox with concentrations of
moisture and oxygen below 1.0 ppm. It should be
pointed out that the specific capacity values are
calculated on the basis of total mass of the MWCNTs—
Fe;O,—rGO hybrid. The charge and discharge measure-
ments of the batteries were carried out on an Arbin
BT2000 system in the fixed voltage window between
5mV and 3 V vs Li*/Li at room temperature. Electro-
chemical impedance spectroscopy was performed on
a PARSTAT 2273 advanced electrochemical system
(Princeton Applied Research) over the frequency
range from 100 kHz to 10 MHz.

3 Results and discussion

A schematic illustration of the synthesis route for the
MWCNTs-Fe;O,~rGO nanocomposites is shown in
Fig. 1. Fe;O, nanoparticles were first coated directly
onto the surface of pristine MWCNTs through one-
pot thermolysis of Fe(acac); in triethylene glycol
(TREG), as reported previously [38]. The resulting
MWCNTs-Fe;O, (denoted as F-1) was mixed with
GO-ethylene glycol solution, and then treated
solvothermally at 180 °C for 5 h. The obtained black
products were washed several times with H,O and
then freeze-dried to produce the MWCNTs—Fe;O,—rGO
(denoted as F-2) nanocomposites. Under the solvo-
thermal conditions, GO was gradually reduced by
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ethylene glycol and wrapped MWCNTs-Fe;O, to form
rGO networks.

The typical XRD pattern of MWCNTs-Fe;O, (F-1)
is displayed in Fig.2(a), in which all of diffraction
peaks are in good agreement with the standard
patterns for Fe;O, (JCPDS No. 99-0073) and MWCNTs.
No other characteristic peaks from impurities were
detected. No obvious difference in the XRD pattern
was found after rGO wrapping, indicating that the
phase structures were maintained. The reflection
peak of rGO should be at 23.5° and this position is
obscured by the characteristic peak of MWCNTs. Due
to the similar XRD patterns of Fe;O, and y-Fe,O;,
X-ray photoelectron spectroscopy (XPS) analysis was
conducted to further confirm that Fe;O, was not
oxidized. Figure S1 (in the Electronic Supplementary
Material (ESM)) presents the Fe 2p high-resolution
XPS spectra of the nanocomposites. The two broad
peaks around 710.9 and 724.5 eV are typical charac-
teristics of Fe;Oy [16,39], and no satellite peak of
y-Fe,O; around 719.2 eV was observed in the spectra
of either the MWCNTs-Fe;O, (F-1) or MWCNTs-
Fe;O~rGO (F-2) samples. Figure S2 (in the ESM)

N

ﬁ F-1: MWCNTs—Fe;04
" F-2: MWCNTs-Fe;04—rGO

‘ —Fe30,
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Figure 1 Schematic illustration of the synthesis route for the MWCNTs—Fe;0,—rGO (F-2) nanocomposites: (a) One-pot synthesis of
Fe;0, nanoparticles decorated on the surface of MWCNTs without pretreatment; (b) solvothermal of MWCNTs—Fe;04 (F-1) with GO in
ethylene glycol solution to produce MWCNTs—Fe;04,—1rGO (F-2).
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(b)
GO

1

® Solvothermal

MWCNTs—Fe;0,~rGO

shows the FI-IR spectrum of MWCNTs-Fe;O,~rGO
(E-2). It can be seen the carboxyl peak at 1,732 cm™
disappeared after solvothermal treatment in ethylene
glycol. In addition, hydroxyl group peaks at around
3,400 and 1,112 cm™ decreased in intensity. Both
these observations suggest the reduction of GO [40].
Raman spectroscopy was employed to further confirm
the reduction of GO (Fig. 2(b)). The D band (disordered
induced phonon mode) at 1,343 cm™ and G band
(graphite band) at 1,601 cm™ of carbon can be clearly
seen in the spectra of both MWCNTs-Fe;O, (F-1) and
MWCNTs-Fe;O,~rGO (F-2). The intensity ratio In/Ig
changed from 0.82 for MWCNTs-Fe,O; (F-1) to 1.12
after wrapping with rGO. The slight increase in Ip/Ig
can be ascribed to weaker degree of graphitization of
rGO obtained by reduction in ethylene glycol
solution compared to pristine MWCNTSs obtained by
the chemical vapor deposition (CVD) method.

The morphology and microstructure of MWCNTs—
Fe;O, (F-1) and MWCNTs-Fe;O,—GO (F-2) were
examined via scanning electron microscopy (SEM),
transmission electron microscopy (TEM), and high-
resolution TEM (HRTEM). Figure 3(a) shows a typical

(b)
NN 160
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Wavenumber (cm™!)

1,000 3,000

Figure 2 (a) XRD patterns and (b) Raman spectra of MWCNTs—Fe;0,4 (F-1) and MWCNTs—Fe;0,—1GO (F-2) nanocomposites.
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low-magnification SEM image of the MWCNTs—Fe;O,
(F-1). The surface of MWCNTs was indeed very rough,
indicating a large number of Fe;O, nanoparticles
were decorated onto the surface of MWCNTs. TEM
image (Fig. 3(b)) further confirms Fe;O, nanoparticles
with diameter of ca. 7 nm were uniformly dispersed
on the surface of MWCNTs. In the HRTEM image
(Fig. S3 in the ESM), crystalline planes of Fe;O, as
well as MWCNTs can be clearly seen. The SEM and
TEM images of MWCNTs-Fe;O,—rGO (F-2) are shown
in Figs. 3(c) and 3(d). From the SEM image, it can be
seen that MWCNTs-Fe;O, (F-1) nanocomposites were
wrapped well with rGO after solvothermal treatment
of MWCNTs-Fe;O, (F-1) with GO in ethylene glycol
solution. Note that Fe;O, nanoparticles are still attached
on the surface of MWCNTs (Fig. 3(d)). No obvious
Fe;O, nanoparticles were observed on rGO, indicating
Fe;O, nanoparticles were decorated tightly on the
surface of MWCNTs. For comparison, a physical
mixture of MWCNTs-Fe;O, (F-1) with rGO only pro-
duced separated structures (as shown in Fig. 54 in
the ESM). The interactions between Fe;O, and the
untreated MWCNTs are still unclear, while there is
chemical binding between rGO and Fe;O, in F-2.
During the solvothermal process, part of the ethylene
glycol molecules could react with the surface of GO,
which contain abundant oxygen-containing groups,

serving as cross-linking sites to wrap the MWCNTs—
Fe;O, (F-1) to form rGO networks [14, 41].

ICP-AES analysis results showed that the Fe;O,
loadings were 53.4 wt.% and 52.3 wt.%, respectively,

& - o C e O g -
Figure 3 (a) SEM and (b) TEM images of MWCNTs—Fe;0,
(F-1); (c) SEM and (d) TEM images of MWCNTs—Fe;0,—1GO
(F-2) nanocomposites.
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in MWCNTs-Fe;O, (F-1) and MWCNTs-Fe;O,~rGO
(F-2); these values are very close to those in the
synthesis mixtures (TableS1 in the ESM). TGA,
carried out in air at a heating rate of 5 *C-min, also
confirmed that there was about 53 wt.% Fe;O, in the
final MWCNTs-Fe;O,—GO (F-2) nanocomposites
(Fe,O; is assumed to be the final product, and the
content of Fe;O, could be deduced from the amount
of Fe;Os, as shown in Fig. S5 in the ESM).

Galvanostatic discharge-charge measurements were
used to test the electrochemical performance of
the MWCNTs-Fe;O,—rGO (F-2) nanocomposites. The
discharge—charge voltage profiles under a current
density of 200 mA-g™ over the voltage range 0-3.0 V
of MWCNTs-Fe;O,~rGO (F-2) nanocomposites is
shown in Fig. 4(a). It can be calculated that the initial
discharge and charge specific capacities of the
MWCNTs-Fe;O,—rGO nanocomposite are 1,277 and
780 mA-h-g”, respectively. The large initial discharge
capacity of the nanocomposites could be attributed to
the small size of Fe;O, nanoparticles. However, a
large irreversible capacity loss due to the formation
of solid electrolyte interface (SEI) films between
electrolyte and the surface of Fe;O, was observed,
resulting in the low coulombic efficiency in the first
cycle [16,42]. In addition, the small size of Fe;O,
nanoparticles in MWCNTs-Fe;O,—rGO (F-2) nano-
composites leads to the formation of SEI films to
a greater extent. One possible way to improve the
coulombic efficiency in the first cycle is to carbon
coat the Fe;O, nanoparticles first.

For comparison, MWCNTs-Fe;O, (F-1) without rGO
and a physical mixture of MWCNTs-Fe;O, and rGO
(MWCNTs-Fe;O4+rGO, denoted as F-3, see Table S1
and Figs. S4-56 in the ESM), Fe;O,—rGO (denoted as
F-4, see Table S1 and Figs. 57 and S8 in the ESM) were
also prepared and tested. As shown in Fig. S9 in the
ESM, although MWCNTs-Fe;O, (F-1) showed a high
first discharge capacity (1,265 mA-h-g™), the capacity
decayed quickly and only 97 mA-h-g™ was maintained
after 11th run (Fig. S9(a) in the ESM). After physical
addition of rGO, the resulting MWCNTs-Fe;O,+rGO
(F-3) exhibited a higher specific capacity than
MWCNTs-Fe;O, (F-1). However, a capacity of only
200 mA-h-g” was maintained after the 50th cycle,
which is much lower than that of MWCNTs-Fe;O,—

www.theNanoResearch.com | www.Springer.com/journal/12274 | Nano Research
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Figure 4 (a) Charge—discharge curves of F-2 nanocomposites cycled at 0-3.0 V at a current density of 200 mA-g™'; (b) cycling
behavior at a current density of 200 mA-g™'; (c) rate performances under different current densities and (d) Nyquist plots of the electrode

of F-1, F-2, F-3, and F-4.

rGO (F-2) nanocomposites (Fig. S9(b) in the ESM). At
the same time, Fe;O,~rGO (F-4) with a uniform distri-
bution of Fe;O, nanoparticles on rGO was also
prepared using GO instead of MWCNTs (Figs. S7 and
S8 in the ESM). As shown in Fig. 4(b), Fe;O,—rGO
(F-4) exhibited a rapid decay of capacity. However,
the MWCNTs-Fe;O,—rGO (F-2) nanocomposites still
retained a reversible capacity of ~680 mA-h-g™ after
100 cycles under a current density of 200 mA-g?,
whereas the MWCNTs-Fe;O, (F-1) and MWCNTs-
Fe;O441GO (F-3) only showed specific capacities as
low as 54 and 115 mA-h-g™, respectively. The minor
capacity decay of MWCNTs-Fe;O,—+GO (F-2) can
be ascribed to that part of the Fe;O, nanoparticles
detached from the MWCNTs during charge—discharge
processes. In F-2, the binding contact between
MWCNTs and Fe;O, nanoparticles is not very strong

because the MWCNTs were not functionalized.
Compared with other work, this capacity is not the
best reported, but is still relatively high.

Comparison with the MWCNTs-Fe;O, (F-1),
MWCNTs-Fe;O,4rGO (F-3) and Fe;O,rGO (F-4),
MWCNTs-Fe;O,—rGO (F-2) nanocomposites
showed considerable improvement of the rate capability.
As shown in Fig. 4(c), the MWCNTs-Fe;O,—1GO (F-2)
nanocomposites show a much higher capacity than

also

other three control samples at all investigated current
densities. The much improved electrochemical
performance of the MWCNTs-Fe;O,~rGO (F-2) nano-
composites could be attributed to the unique structure
with double protection afforded by MWCNTs and
rGO networks. First, the MWCNTs act as a carrier for
direct decoration and combination of Fe;O, nano-
particles, forming conducting wires and facilitating
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the electron transmission. In addition, MWNCTs
were not treated by any strong acid or modified by
heteroatoms in this work. The intact structure of
MWCNTs is beneficial for maintaining a perfect
conjugated structure, which is ideal for the electron
transfer during the charge—discharge process. Second,
the rGO networks serve as not only the elastic
buffer protection for volume expansion of the Fe;O,
upon lithium insertion, but also as an electronically
conducting substrate, inducing further improvement
of electrical conductivity of the overall electrode.
It can be seen that most of Fe;O, nanoparticles with
small size were still attached on the surface of
MWCNTs, and the overall structure of MWCNTs—
Fe;O~rGO (F-2) was maintained well after cycling
(Fig. S10 in the ESM). However, MWCNTs-Fe;O,
without rGO, physically mixed with rGO, or Fe;O,~
rGO showed aggregation and detachment of Fe;O,
nanoparticles during the charge—discharge cycling
process (Figs. S11-513 in the ESM).

Electrochemical impedance spectroscopy (EIS)
further confirmed the enhanced electrical conductivity
of the MWCNTs-Fe;O,—rGO (F-2) nanocomposites.
The Nyquist plots of different samples are shown in
Fig. 4(d). The semicircle in the middle frequency
range indicates the charge transfer resistance R
relating to charge transfer through the electrode/
electrolyte interface [9, 13, 43]. It can be clearly seen
that the MWCNTs-Fe;O,—rGO (F-2) electrode showed
a much lower charge transfer resistance R. than
MWCNTs-Fe;0, (F-1) or MWCNTs-Fe;O,+rGO (F-3),
while having a similar resistance R, to that of Fe;O,—
rGO (F-4).

4 Conclusions

We have developed a facile two-step method to
produce MWCNTs-Fe;O,~rGO (F-2) nanocomposites
with double protection afforded by Fe;O, nanoparticles
through the use of MWCNTs and rGO networks. The
resulting MWCNTs—Fe;O,—rGO (F-2) nanocomposites
exhibited significantly improved electrochemical
performance in comparison with MWCNTs-Fe;O,
(F-1), MWCNTs-Fe;O,+1GO (F-3), and Fe;O,—rGO (F-4)
when used as an anode material for Li-ion batteries.
The excellent properties can be attributed to the
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electronically conductive nature of the MWCNTs and
rGO networks as well as the elasticity of rGO and the
small size of the Fe;O, nanoparticles. We believe this
double protection strategy can be extended to other
materials with large volume variations and low electrical
conductivities.
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